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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 1973, held a Conference in Denver entitled
"High-Level Radioactive Solid Waste Forms" to audress aspects of this
important topic. The proceedings for this Conference .re 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 radiocactive waste
disposal and included solidification of wastes, waste canisters, and
potential buffering overpacks. The speakers were from both national
and intarnational 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 summary 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 tc 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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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 [ have virtually no
knowledge of most of the subjects to be uiscussed, 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 befere 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 vou to consider how you will translate your solutions to these

issues to the public at large.

Thank you and welcome to Denver.



Robert Leachman

Comments:

Denver has some 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 1like 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.



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 2 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






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, loes the

NRC plan tn regulate that or does the EPA?



achman




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

Comment:

The journal is in the process of appearing. It will initially be a
quarter'y . It will be international, and it will be devoted to the

>
topics in this tield.

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



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.
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RELATION 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 cond.tions 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 standprint of both the waste isolation system and of
the waste form in that system, 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, most physical and chemical changes
within the was:e form or host rock that would affect the relationships
among the waste, the host rock, and contained fluv.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 thoughtfulily
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.l:2,3
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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 migraticn
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 di:tsolved in the groundwater would decay to innocuocus
levels before reaching the biosphere. Finally, if strong coupling
occurs between dissolved radionuclides and the geologic media through
which the groundwater moves, by s '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 geolngic 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 vurial will
largely reflect the weight of the overburden, the tectonic history of
the region, and rheologic properties of ‘he rock. Figure 1 shows the
observed variation of vertical stress with depth based on the available
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datas from strain-relief measurements.4 The line corresponding to an
average Jdensity 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 “e about 16 MPa

(160 bars or 2,300 psi). The horizental stress will equal the vertical
stress only if the rock is iucapable 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., cataciastic 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-
dent 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. 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 common rock
types.® These results show the lack of effect of displacement rate
both on the differen:ial 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-
ferences can be expected to exist for indefinite periods, what are
these stress differences lik2ly 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 pressure; at more shallow depths the
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Figure 2. Stress-strain curves for marble deformed at different strain
rates under 200 MPa confining pressure.
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Figure 4a. Faulting stress vs. displacement rate, 80 MPa,

Figure 4b.
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head, as in the Gulf of Mexico sediments. There, the ratin 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 fau '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 ENVIRONMENT 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 would be of the order of 35°C. Because higher ambie.it
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
witkin 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
could adversely @rfect the integrity of the waste form, as well as the
hydraulic characteristics of the surrounding media and their retarda“ion
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 elabovate 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 tha* 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 repos.tory 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 presence of water.
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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 guartz sur-
“aces. 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
form. 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.? These
changes could occur within a relatively short time after closure of the
repository. Thus, 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
whos : 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 thut has led to emphasis on long-term stability and
inertness of waste forms. Considerable attenticon has been devoted to
the developrent 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 raste form might break
down completely, such that the contained radicuuclides would be avail-
able for .rausport, 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
phages 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 availatle

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.






Discussion Following
RELATION OF SOLIDS TO NUCLCAR 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 systers.

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 situaticns in which the horizontal stress, or one of the
horizontal stresses, will be the minimum principal stress and there will be
vertical fractures.

Barrv Naft - WUS 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 inan aquifer to the nearest discharge point of theaguifer 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 aguifer?
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Naft

Question:

If 1 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. 1 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.

Comment :

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 alasses 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 somewl it higher in temperature, but make much better use of the
propertie. of si*ic~ and aiumina. Alumina, in particular, is amphoteric,

and 1% has possibil ties of latching onto some of these ions we would like
to hold.

Donath

Response:

That appears to be a comment 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.




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 fori.ed Took 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 chains 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 trat 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 Convention 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 tlat 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. &, pp. 405-436, 1978, from which these figures were taken, which des-
cribes the techniques for stress measurement. In regard to your comment,
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. 1
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
meni ‘oned. 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 efiects that it did. That is only one specific natural type of
glass.



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, 'i11 improve the heat
transfer near the canister so that the canister tenperature 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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TABLE 1. Composition Ranges in Representative TRU Wastes

HLW Incinerator
Constituent Commercial Defense Ash
NaZOINa2C03 0-10 0-10 0-30
Fe203 3-29 6-61 0-11
Cr203 1-2 0-27 0-10
NiO <] 1-1 0-3
A1203 - 0-86 17-33
Mgl .- cen 0-8
Hn02 - 4-40 S
Ca0 - - 0-24
TiO2 - 0-18 ——
5102 .- -—— 10-55
Gd203 0-31 - .
C = - 0-28
CaF2 0-5 0-54 e
N82504 e i 0-5 0‘5
NaCl - cam 0-5
U308 0-12 2-14 -
FP Oxides 39-88 <l P

Actinides 5-15 <] s
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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.(s’s)

Historically the first waste forms 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 continuesd 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 term monolith for the
glass castings is used loosely since thermal and r=~har” 41 stresses
will produce some cracking in waste glass.

Although many different solidified waste forms 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 form
separately since solidified wastes with different internal structure
can have the same outward physical form. Currently, most of the atten-
tion concerning internal structure is focussed on differences between
alass andcrystailine forms; the attention in physical form is mainly on

"monolithic" glass compared with many small spheres of solidified waste
imbedded in a metal matrix.







important factors, therefore, compromises are required. Such compro-
mises form the basis of the ALARA procedure,

The remainder of this paper will consider the waste foim 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 forms.

4.1 WASTE ACCEPTANCE FLEXIBILITY

Waste acceptance flexibility refers: (1) to the ability of @ waste form
to incorporate the large nuaber of 4iverse components characteristic of
radioactive waste streams, and (2) to the ability of the waste solidifi-
cation process to operate with an i1l-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.
F-"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 significantiy 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.(s)

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 3 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 dcmonstrate that the waste







52

process the melter also becomes the container, or canister, for the waste
glass, hence the nume in-can melting. The non-radiocactive pilot plant
unit at PNL, shown in Figure 3, can handle ~ver 220¢ 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 vessei 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
for alternative processes to follow. 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 invelve 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 anneal+'.g specially prepared
vitrified waste forms. Cermets will require extrusion.

In summary, 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 evenarelatively 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
sterage. The canister must maintain its integrity during interim storage

10






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.

A11 of the information is available to engineer the system for waste glass.

The thermal 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 ronductvity of unconsulidated 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, wes 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
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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 nou
change appreciably. Most important, the glass does not fall apart, as
is sometimes implied.

When waste glass is held at temperatures between 550 and 850°C., devitri-
ficaticn 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 Fiqure 5, designed
for quite different waste compositions, have differences in their base-
line lTeach rate which are as great, or greater, than the maximum effect

of devitrification.

13



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 tc cause more than an increase
of a factor of 10 in leach rate, well within the leach rate variations
observed petween 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 heing, evaluated with respect to radiation
effects. Waste glasses have been most thoroughly studied, with specific

reports of stored energy(lo)
(4,11,12)

and helium diffusion(]]) as well as more

general discussions 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,
using short half-l1ife alpha emitters such as 244Cm or 238Pu. Using 244Cm,
and doping levels in the 1-8 wt% range, it is possible to simulate in

a few years the damage which would occur in >105 years in commercial HLW.
Because of its lower alpha activity, even longer times, beyond 106 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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experimental work., The simplest models(]4) and more sophisticated con-

cepts(‘s) both suggest that a single 5 MeV alpha event will cause about
3000 displacements, with the alpha particle contributing only 10-20%

of the total damage.(]ﬁ) in a homogeneous glass there are 2 x 1022
"Siox" units per cm3 glass. Consequently, o?g expegts that the entire
glass network will have been affected at +10 ~ a/cm™ 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. A1l showed exponential tailing to a saturation, or
equilibrium volume change, beyond which additional radiation had no effect.

A review of work onpure actinide compounds was presented by Fuger.(]7)

Some wastes won't contain enough alpha-active isotopes to cause radiation-
induced effects to reach saturation even in 10° 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. Emnhasis
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, <tored 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 been 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
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each of the latter studies, crystalline phases concentrate the 244Cm

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 now 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+4. Because of its random structure,
transmutation is not expected to affect glass stability, except perhaps

in some devitrification crystals, if they tended to concentrate 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 commence
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
< one percent

®* Leach Rate
< factor of two increase

Physical Strength
Ne change (limited data)

Transmutation
No effects expected
Investigation continuing

18
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management system will be designed: (1) to prolong the 1ife 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, perhaps 10 or more km, before entering the
biosphere. Tests have shown that all radioisotopes in waste, except

gch and 13]1, 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 form 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
temperature, 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
thermodynamically-stable hosts for certain radioisotopes, may actually
be beneficial.

A large amount of work to define the hydrolhermal reactions of waste forus
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

provide a barrier to the release of 137 90

Cs and “"Sr at extreme hydrotheirmal
conditions in salt brine. Figure 7 shows that the hydrothermal attack

on several other materials, including granite, is of the same order of
maanitude 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, temperature 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”5 of glass/cm?-day.

Representative leach rates at 40-50°C, the ambient temperature at repository
depths, are 5 x 107® to 5 x 107%g 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 =m diameters would require sev:ral thousands of years. Actually the
leach rate will cuntinue to decrea. , and lifetime of hundreds of thousands
of years are possible. The leach rate of waste glass buried at Chalk River
decreased to 5 x 107!!g of glass/cm?-day in just five years.(ls)
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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 nomally 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 imp1ementation.(]9) 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 commercial 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 permit having a full
scalevitrificationplant 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 geoiogic repository.

22






66

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 accomodate a very
wide ranje 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 h'5 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
PHYSICAL 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 -4 which we are talking
about is many 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 human care?

Mendel

kesponse:
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 usingglassor 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, 1 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 [ 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 strontium are not being stored
as a titanate; they are being stored 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 sc2’ . 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 compusition as an input stream, I would like to ask Fred
Donath if he would conrede 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 - versity of I1linois

Response:

I am already on record in the APS study as stating that glas: is an
acceptable first generation waste form. [ 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, totaily different type of philosophy
of deliberately designing a glass that would break down *o provide different
types cf components which might be more stable in the long term. But in
terms of the short term and initial em lacement and concern over transpor-
tation and placement, glass certainly s 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 eath canister.
If you are making glass, this can be done either by simply diluting the
glass or by longer interim storage on the surface before you place it in
the repository. As far as the methods of keeping the repository dry, again,
one method certainly i..olves 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 goud 1ikelihood that the heat from the canisters
will tend to keep the repository dry for some length of time.
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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 des.gned to expose a minimum surface area initially.
However, 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
m~rdia 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. Most matefials
fall within the range of dissolution rates of 10~4 to 10~ g/cm2
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 c.ystallized glasses have dis-
solution rates of 104 to 10-7 g/cmzday and the cryitalline 2
ceramics of synroc and the supercalcines are at 104 to 106 g/cm
day. On the other hand, the high silica glasses are at 10~2 to
10711 g/cmzday whether completely amorphous or partially crystal-
lized. These similarities in behavior only occur initially. 1If
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
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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
gggﬁgen 20° and 70°C and by a factcr of 30,000 between 20" and

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
sealed mines that the temperature of the storage medium will
exceed 600°C. This is highly detrimental to the chemical stabili-
ty qf all fixation media. In this case, the crystalline ceramics
exhibit a smaller degradation than the borosilicate glasses.
Howeyer, 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 firxation solid
has a large effect 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 HC1l and HF
acids as a result of the irradiation from the radiocactive wastes.
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. There
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 gencrally high, which enhances diffusion along the
boundary and dissolution of the material through the boundary.
This effect 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.
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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 ylasses 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 50°C 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 effect of lowering the viscosity, which requires an in-
crease in safety margin of 75 to 100°C 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 «-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 ic 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 area associated with a fracture
structure consisting of cracks several microns apart is of the
order of 10® times. 1In 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 diagrar studies
of similar systems, and a valence change experiment on a svstem
containing some of the basic elements of synroc. Combined, these
analyses show that transmutation from Cs*l to Ba*? and from sr+2
to 2rt4 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.
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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).
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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 final 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
rate4 that their long term chemical and structural stability is of
no consequence since they will totally dissolve in the short term.






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 configurationf39nd their
equilibrium coordination numbers. gor 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. 8r%0 which is divalent decays
similarly to Y90 which rapidly decays to 2r?0 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, howev.r, 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 lonc time periods before fixation in
solids can help reduce the effect of transmutations of thre 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 problems. The
formation of these gases may have an incluence upon waste loading
levels and the design of canisters.

E. Agqueous 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. 1In this case, the material property
of importance is the chemical durability of the fixation material
in an aqueous enviror.ent.




I1I. 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 formed. The liquid present will consist

of water containing HC1l 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 agqueous 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 Eresently undertaken for the International Standards
Organization. Data is available on some materials soaked in
neutral, clean deionized water.

In general at room temperature, the ropossd fixaticn media
exhibit release rates of 10~2 to 10~% g/cm“d for cement; 10~4

to 10-6 g/cmzd for the multibarrier supercalcines; 107% to 10-7
g/cm2d for the borosilicate glasses; and }079 to 10-11 g/cm24

for the multibarrier high silica glasses. +10  In comparing
initial chemical durability at room temperature, differences
appear according to chemical composition. There do not appear

to be large differences 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 E{ocass. The activation energy is generally

9 to 15 kcal/mole. The increase in rate is shown in Table 1.

It is guite obvious that with an activation energy of 15 kcal/mol,
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.



Table 1. Increases in Dissolution Rates with Temperature

Temperature Di?;glzziggmgife Dl?go%::;$;o¥?te
20°C 1 1
40°C 5 3
70°C 40 10
100°C 240 30
200°C 104 3 x 10°
400°C 2 x 10° 6 x 10°
600°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 obviousiy
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 forme: 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 suitabie cooling
measures as chosen by the Swedish Waste Disposal (KBS) Report,
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 decreasirg the loading levels
and increasing the thermal conductivity of the waste material-
canister system.
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stage Yg attack leads to the formation of a silica-rich protective
layer. Under steady-state conditions, this layer achieves a
constant thickness when the rate of diffusing 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, promoted
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 conditicns, i.e., at

a level controlled by the dissolution of the netwo.k, the rate
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 obtiined by integration over a period corresponding to a
representative cycle.

When cyclic variations in dissclution 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
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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 gnd sodium dis-
solution_become stabilized at levels of 61 ng/cm<d §i0, and

10 nq/cmzd 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:Si0; ratio decreases from an initial
value of 3.5:1 to a plateau value »f 0.75:1. The corresponding
ratio in the solid glass is 0.096:1. 1In 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
of the sodium glass, silica dissolution also appeais to approach
stabilization after 8 days, but in both cases the ratio of
sodium 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 period: are required for the
establishment of steady-state conditions is in agreement with
results obtained in zinc 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.l4 The observed rates of corrosion in this case are
considerably higher than in our experiments, levebing off at
about 650 ng/cméd at 22°C and at about 7500 ng/cm“d at 70°C.

In the case of Naj0-Ca0-S8i0; and K,0-Ca0-SiO; it has been
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 fhe solid glass even when dissolution
becomes linear with time.l3 In the extreme case of the low-
durability glass 3K,0:178i0, potassium is leached out in strong

10
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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. 1In 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, Durin; a rugturei an extra amount of silica will dissolve,

which w € equivalent to the amount of sodium leached during :
the previous cycle. According to this model, every time a |
sodium atom is leached away 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-0-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 kiretic 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
fragments 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 gquantity 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

off 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 remair
effectively 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 staces. To

12
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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. 1In
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 rate of dissolution and the estimates
of the upper limit of this rat: 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 i.. the case of
excessive leaching stress are also inapplicable tc 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 dissoluticn
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 pretreated 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 offered above for
estimation of excess matrix dissolution.

c. Composition effects. Since several multivalent elements,
such as Ca and Ba are known to reduce the extent of
selective alkali leaching (see Ref. 13,15) the presence
of such components may reduce the danger of the buildup
of an excessively thick leached layer. Systematic
studies of the effects of various components on the
rates of hydration as wel®' as the rates of dissolution
have to be carried out.

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

e. Attempts to estimate the characteristic stress relaxation
time in the hydrated layer. If it can be shown during

14



any staye of oxposure 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 ~ffective release rates for the long
term. The results can ch’ .ge the actual rate of release of
materials. For 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 Composicion

In order to deterrine 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
from which to evaluate the comparative effects of various leach

rates.

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

M, e-t/Ti (20t _ D2¢2
My i or, ;Zroz
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where the isctope 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); p is the density of the
fixation medium; ro, is the radius of the cylindrical fixation
medium; 71; and 14 are the mean lifetimes of isotopes i and j
respectively; t 23 the storage time, and a; and a4 are the
fractional concentrations of isotopes i and j in ehe dissolved
material. Generally, aj and a4 are unity, uniess a multibarrier
protection system is used a% waich point o and a4 take on the
value of the fractional concentrations of the isozopes in the
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 yearf The calculationg are conducted
for two specific isotopes: Cs 37 and Pu23?, c¢sl37 js chosen to
regresent the short-lived isotopes (half-life of 30 years) and
Pu?3? is chosen to represent the long-lived iggtopes (half-life
of 24,400 years) in the waste solutions. Pu is expected to
b~ the worst case, since ig gddition to its long life, it is
also a decay product of Am 43 with a half-life of 7,400 years.
The calculations for room temperature storage were made using

3 different dissolution rgtes ogtained following model 1 in
Section B above: 1 x 107° g/cm“d which represents a typical
value for borgsilicate glasses and supercalcine solids,

2 x 10-7 g/cmzd which is the best borosilicate glass value, and

5 x 10-10 g/cmzd 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 expe-ted shave of most samples including

the borosilicate giass samples followiag breakage during cooling
after fabrication.l4

The values of constant assumed in these calculations are repeated
in the figsre captiggs. The results are plotted in Figs. 2 and

3 for Cs amd Pu assuming room temperature dissolution
rates. The graphs clearly show that the accumulation of Pu23?

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 after 40 years is 8% of the original amount loaded. Pu?39,
after 800 years, reaches a maximum near 90% of the initial
loading. The dissolution rate of 2 x 10~/ g/cmzd which is the
best achieved with borgsilicate glasses is improved in its
safeguard against Csl37 reaching a maximum of 0.1% of the initial
amount. However, it is not effective in the fixation of Pu239,
After 20,000 years the accumulated dissolved Pu?39 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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24 the fixation of Pu>>’

at dissolution rates above 2 x 10~/ g/cm
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 hiqh-silica multibarrier glasses with a
dissoiution rate of 5 x 10~1 g/cmzd. The maximum accumulations
achieved are 0.& gem (10-5 percent) for Csl37 and 80 ppm (8 x 1073
percent) for Pu 39, rThese levels are extremely low and can be
considered tc offer safe fixation of both short-lived and long-
lived radiocactive 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 dissolusion rates
of the borosilicate glass and supercalcines are near 107 g/cm d
while the high-silica glass has a rate below 2 x 10°6 g/cm<4a

at 100°C. Calculations were made using these two rates for the
first 100 year period to evaluate the resulting decrease in
safety.

The accumulation of released Csl37 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
g/cmzd while the Tg;id curve represents the high silica glass.
The accumulated Cs'?’ released to the environment by the boro-
silicate glass reaches a maximum after 30 years of 40% of the
total amount loaded in the glass, clearly posing a sericus
hazard. The high silica multibarrier glass, however, only

peaks at 0.03% and remains well within safe limits.

A calculation of the rate of relsage of Pu239 from the borosilicate
glasses shows that all of the Pu 39 will be released *o the
envirorment within 40 years. The high-zilica 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. STRUCTURAL 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.

I1f cracking does not occur, the shase 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 McCarthyl? and Ringwood?0, 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-
tior are oxides, the anion radius for 02~ 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. R&/Ra ARC 1/2 ARE
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 sizcs corres-
ponding to the same coordination number is shown in the ARc 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 ARc of 1/3 ARc. The ionic
radius change of the transformation from Csl+ to Ba?* is -0.34A
while the change from Sr2+ to 2r4+ 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 ¢ . a result of the ~hanges in valence and ionic radii,
new crystalu 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 subsiitutional
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, recrystailization 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 congrcted by R.S. Roth et al. on the systems
K-Al-8i-0 and Ca-Al-S5i-0. These systems readily simulate the
radwaste fixation 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 supevcalcine ceramics. It was
found that the system does not allow for the formation of iglid
solutions over any range at low temperatures (see Fig., 5). A
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: KAlSi3Og +
CaAl28i20g8. The Al/Si ratio therefore had to be changed from

1:3 to 2:2. 1In 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 thg
materials formed were weak and readily crumbled to powder.2

Further evidence of the effect of transmutaticns on crystalline
ceramic materials is provided also bg Roth et al.24 They studied
the effect of the valence change, Ce3* to Ced3¥ 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 tne 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 radiocactive elements gives a strong indica-
tion that metamictization resulted from decomposition at low tem-
peratures associated with the slow oxidation cf Ce3+ to Cedt,
Metamictization of crystals is generally accompanied by a large
volume change (increase) and microfracture due to the build-up of
local stresses.

It ig 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 10é times. Metamictization will either lead to powdering
or will form a structure of microcracks as shown in Fig. ¢ for
Zircon?5 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 ccnsideration 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 guarter 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
rearrangemenc.

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 evaluatiocn 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 +<»vere metamictization over long periods of time. The condi-
tion. which 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 orystal 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 proposed 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 veramics. A detailed evalu-
ation of the susceptibility of natural minerals to metamictization
is present in a paper by Rodney C. Ewing28 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 will 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 toc 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. Ir 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 usin? Cm244, pyz38

or Am241l, as was done for some glass candidates.l,2,3

3) Thermal Output in an Agueous Environment

The supercalcines will experience hicher 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 100°C, 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. Classes,
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
Oor growth hindrance is often the most effective of the two con-
straints as nucleation generally can occur at temperatures where
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b. Theory of Crystallization

The time t required for crystallization of a volume fraction X of
a glass or liquid is given approximately by29

. (3X/n1vu3)l/4 (1)

where u is the crystal growth velocity and Iy the overall crystal
nucleus formation rate. Iy is the sum of the homogeneous and het-
erogeneous nucleation rates, (Ie0 + I&e). According to the kinetic
theory of crystallization30.31

(fp/a ) (1 - exp(-AGvV/kT)]

(N,D/a2) (exp(-167y>/3KTAGD) ]

3 - 2 .
Astv[exp(-16ny g(e)/akTAGv)] (4

]

where £ fraction of crystal surface sites at which atoms can

be added or removed

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

w
"

molecular diameter

AG_ = Gibbs free energy difference per unit volume betwecn
ligquid and crystal

V = molecular voclume
k = Boltzmann constant
N, = number of molecules per unit volume

y = crystal-liquid interfacial tension

>
"

surface area of nucleating substrate per unit volume

2
W

- number cf molecules per unit area of substrate

v = frequency factor

a

e ]

S
il

numerical factor which depends on crystal-liquid
~heterogericity interfacial tensions
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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 té the calculation of crystallization times at storage
temperatures.

c. Experiments and Results

; 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 PWBa-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.

i1, Heat Capacity and Electron Microscopy Studies

Determinations of the time t(Tpef) 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 Cp in the glass
transition region. The C, determinations were conducted over the
temperature range 427 to g27°C at a heating rate of 20 K/min using

a Perkin-Elmer Model DEC-2 differential scanning calorimeter (DSC).
Glass samples of approximately 35 mg encapsulated in gold sample
pans were used. Single crystal Al;03 was us 1 as a heat capacity
standard.

Typical C, results are shown in Fig. 8. Detailed explanations of
the shapeg of the C, curves are given in previous papers from this
laboratory32-34 and will be discussed only briefly here. At high
temperatures (above 600°C 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,e. At
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 low
temperatures the system thus exhibits a lower, solid- or glass-like
heat capacity C,,. Generally the heat capacity exhibited by a glass
and that exhibiggd by the corresponding crystal differ very little,
if at all. The intermediate temperature region (475 to 600°C in
Fig. 8) in which during heating C, rises fairly rapidly above the
glass-like value C,4, passes throggh a maximum, and then assumes
the equilibrium liguid value C,. is called the glass transition re-
gion. The complicated behaviog of C, in this region is due to
structural relaxation effects explained in the previously cited
papers32-34 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 associabéd wibf structural rearrangement in the
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liquid. Thus the fact that CBe for the SNWDG heat treated for
pe

330 h at 870°C is lower than for the SNWDG "as received" in-
dicates that during its high temperature heat treatment the melt
underwent partial crystallization. We thus propose that the
decrease in (Cpe = Cpg) can be used as a measure of the extent of
crystallization. That is the fraction of glass, 1 - X, in a par-
tially crystallized sample given by

(Cpe - Cpg)t (11)

(Cpe = Cpg’o

l-X-=

where (Cpe - ¢ )¢ refers to a glass heat treated for time t at
temperature whgge crystallization may occur, and (Cpe - Cpg)lo
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 87C°C for times rancing from 162 to 564 h
after which C, was measured in the range 427 to 627°C. The same
experiment was also carried out for heat treatment for a single
time interval, 162 h, at 800°C. Measured values of Cp g Cpe and
(Cpe - Cpg) are given in Table 6. The statistical scagter in the
Cp values for the "as received" and heat treated samples is suf-
flgiently large that the C values for all the samples in Table
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 to
give a large value of Cpe: SO that the statistical scatter in the

(Cpe - Cpg) values is generally smaller than the scatter in the
Cpg or Cpe values.

’

The slow crystallization of the SNWDG at 870°C is reflected in

the decrease (C,e - Cpy) with increasing heat treatment time.

The % glass in Ehese ggmples, calculated from Eg. (1ll), is plotted
versus heat treatment time in Fig. 9. It appears that even after
some 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 870°C. This point is plotted in Fig. 9 and falls within
experimental error on the curve determined from Cp data, showing

that Eq. (11) 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(Treg) = 40 h and Tyof¢ = 627°C.
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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 T¢ (defined
in Fig. 7) with a decrease in cooling rate g. 1ne interdependence
of these two guantities is given by:33

inq/d(1/Tg¢) = -AH*/R (13)

We cooled a sample of the "as received" SNWDG on the DSC through
the glass transition region (627 to 427°C) at a variety of rates g
ranging from 1.25 to 40K/min. After each cool C, was measured while
reheating the glass over the same temperature range at 20 K/min.
The value of T¢ attained by the glass at a given cooling rate was

calculated from the Cp data obtained during reheating using the
expression:33

P lefrzfgddT (14)

In Fig. 11 is shown the semi-logarithmic plot of g vs. 1/T

The slope gives via Eg. (13) an activation enthalpy AH* = £59
kcal/mol.

1ii. Shear Viscosity Measurements

Shear viscosity of the "as received" SNWDG was measured over the
temperature range 525 to 700°C (viscosity range 107 to 1013 p)
using a Perkin-Elmer Model TMS-1 thermomechanical analyzer as a
parallel plate viscometer.-’/ 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 1is monitored; the viscosity is
given by

= __2mmgh3
3v(2rh3 + 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
organic and inorganic 9 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

1n n(P) = A + AH*/RT(K) (15)

with A -60.01

AH*/R = 7.178 x 104K

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 Tg 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. 1In
recent detailed treatments have been developed for calculating

the time-temgerature evolution of glass properties due to structural
relaxation.34,40 1In addition extensive experimcntal studies have
been carried out on the effect of structural relaxation on shear
viscositX of silicate glasses in and below the glass transition
region.4 = L

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
vs. 1/T plot resembles the shape of the V or H vs. T plot, as is
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 n/d(l/'r)|T<Tg « 0.5 H*/R = 0.5d1ln n/d(l/T)lT>Tg (16)

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 Tg¢. Consequently
the location of the glass viscosity line depends, via Eq. (13),
on the cooling rate. 1In 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 508°C

= T¢ for g=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(Treg) = 40 h = 0.0046 yr
n(Treg) = 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 1092 yr).

Even at a temperature of 450°C the STL is about 104 yr, much longer
than the estimated 10 yr period that the glass might experience this
temperature due tc self-heating during storage.%> 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 T¢ at which the glass STL curve
departs from the equilibrium liquig curve. Since T¢ 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. 1In fact, if a glass is cooled to a temperature well
below Ty and then held isothermally, properties such as V, H or
log n 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 t}mes measured for silicate glasses in the glass transition
region4® 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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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 olidasst 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

duta 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 timel0,49 are found in Tektites
collected both from the earth's surface and the bottom of the o-
cean.?> 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.?l 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

10u in depgg over the 35 million years spent at the ocean bed
(Fig. 15).

The high chemical and structural stability exhibited by the North
American tektites is a result of their composition and in particu~
lars 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 prewent cCevitrif: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 r~main amorphous in the presence of water over long time
perious and can be fabricated to exhibit extremely low dissolation
rates also in the presence of water at room temper.iture. The
critical characteristic for this 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
radiocactive wastes if the temperature is maintained near room
temperature or belew 100 to 200°C.
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Table 7. Tektite Compositions and Age>0
Australite 700,000
Indochinite 700,000
Aouelloul 18,600,000
North American Microtektite | 34,000,000
Georgia Tektites 34,000,000
Lybian Desert Glass 28,000,000
Moldavites 14,000,000
Ivory Coast 1,000,000
Badiasite 34,000,000
North American 34,000,000

Crystalline Spherule

SiO2
70
73
85
64
84
98
84
68
76

58

Al.,0
14

13

17

10

17

13

Ti02

1.5

RO

10

Total
Formers

85

Total

Modifiers

14

821
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Expanded Figure Captions

Figure 1. Corrosion tests on borosilicate glasses in water

- dissolved SiO, from sodium glass at 22 C

dissolved Na %rom sodium glass at 22 C
dissolved SiO, from Pyrex at 70 C

dissolved Na %rom Pyrex at 70 C

TOw»
1

Figure 2. MAccumulated Cs137 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

solid with a dissolution rate of 1 x 10~3 g/cmzd.

The dashed line represents the best borosilicate

data with a dissolution rate of 2 x 10~/ g/cm2d.

The solid line represents the high-silica glass with

multibarrier protection and a dissolution rate of

5 x 10710 g/em24.
|
|
|

Figure 3. Accumulated Pu239 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 Cs137 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 borosilicate2
glasses with a dissolution rate of 1 x 10~4 g/cm“d
at 100°C. The solid line represents high-silica

glasses with mu%tibargier protection and a dissolution
rate of 2 x 107° g/cm<d.

Figure 5. Phase diagram of the K30-Ca0-Al503-Si0, system.
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 for (1) equilibrium liquid, (2) glass
formed by cooling of equilibrium liquid, and (3)
crystal.
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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 the successful operation of PIVER, it was decided in 1972 to
built an industrial vitrification plant at Marcoule. The continuous
nrocess 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 1978 [9].

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.

MARCOULE VITRIFICATION PLANT (A.V.M.)

flass involved in the vitrification process.

The main 1iquids to be vitrified at Marcoule fall in 3 types related to
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be removed for taking off or refitting by means of the following devi-
ces :

- a 20 ¥ bridge-crane which supplies the whole cell and ensures the
needed tocls 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 dismantiing 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 :
- a solution storage cell which comprises two 10 m3 buffer tanks.

- a decontamination 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 2nd 4. a garage for the bridge-crane.

- a gas off treatment cell (showed on the cross section of the figu-
re 3) which contains a column for the recombination of nitrogeneous
stream and another one as a washing column which collects 27352 the gas
issued from 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.

The alass 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 avoid filtration after a ra-
ther long-term 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
. .derground. The vaults are stuffed with impervious stainless steel
barrier. The one meter high containers are piled up in ten meters high
vertical pits fitted in the vaults.

Two vauits are presently equipped with respectively 80 and €0 metallic



pits. The third one is in stand by (with 80 pits). The 2 J pits take
a ground surface area of 415 m¢ and correspond to the need of Marcoule
until 1990. A further extension is available.

The ventilation has been desigred in order the maximum temperature of
the forced air is not in excess of 100°C when the maximum specific po-
wer (50 W/1) 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 own ventilation device. The stream
flows first alon; 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 s fitted with a throttie valve which can lessen
the stream according to the directions of : thermocouple located in
the valve stand.

An absolute filtration is operated on the exiiausted air. This one is
drained out to a stack fitted in each vault.

Practical experience has already pointed out this filtration is not ne-
cessary.

Cue to the level of the steady temperature, 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 conta’ners 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.

Ths solutions coming from the 1iquid storage tanks are transfered

in 10 m” batches in the 2 A.V.M tanks. These tanks are cooled and me-
chanically stirred. The solutions are sampled for analysis and eventu-

a}l{ chemically adjusted to cope with the composition of the raw mate-
rials.




165

9.

A double air-1ift exhauts them to the vitrification cell intc a mete-
ring device which is able :o feed the calciner with a flow-rate in the
range of 30 to 36 1/h ac- ding to the concentration of the 1liquid.

At this step, a chemica: sdditive is introduced at a rate of 2 1/h.
This additive is an organic product(azodicarbonam le - Trade mark =
Ferupore -) the aim 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 4 1/h . Consequently the total liguid flow-rate

can vary from 36 to 42 1/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 XW 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 KW 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 fixec the device
which ensures the tightness. This device comprises a graonite ring.

The feeding solution is injected continuously through the ucper end-
fitting. The consequent calcined product (8 to 9 Kg corresponding to
30 1 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 % 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 form 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 cvlinder 17m 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 KN. The through-put is about 1Z Kg/h of glass relted at 1100 -
1150°C. The pouring is initiated every8 hours by heating the cold glass
plug located inside the drain tube. Every eight hours, 120Kg of glass
are cast,

The gas elaborated in tae melting furnace and the calciner 1s
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 part of which beeing soluble in nitric acid. For this reason
the first step of the gas off trezinent is a counter current washing in
a "deduster". The used liquid is cocntinuously recycled in the calciner
(Figure 3).

The stream flows then in a condensor and in a standard equipment com-
cosed of : an absorption column, 3 washing column, an absolute filter
and a fan ensuring the wanted negative pressure.

The glass is cast in metallic containers made of refractory stain-
less steel. They are 50 cm diameter and 1 m high. They receive 2 casts.
The weight of the glass is measured during peuring,

Jne container loaded with 360 Kg of alass (150 liters) is thus vielded
per day. This is equivalent of about 200 liters of fission products
solution.

Some hours after filling, the container is shifted to the welding area
where it is covered with a 1id 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 out 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 countina.

The process of the 1iquid wastes depends of their specific activi-
ty.

- The condensate and used liquids ssued from the first column are
estimated as highly radioactive liguids 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 1iquids of the washing column and of the 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 low-level was-
tes‘treatment plant. They are in a way the only liquid wastes released
bv AV 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 removed every
2000 bhours.

The wastes are able to be submitted to a previous decontamination in
the vitrification cell by dipping in a special tank. It is also possi-
ble to cut them 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, when used,
put in a container. This one is welded and disposed in a narticular
storage pit orior to be conditioned by melting as the major nart of the
metallic wastes will be later on.

The glass storage coolig s;stem facility does not nea:, when it
1
\

runs normallv, any workers., Tie air stream must be only fel oack accor-
ding to the temperature of the exhauted air when a pit was just filled,
Control is automatically orcrated. The main items involved in it are

as following :

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

- air flow-rate at the stack level
- presence of liquid in the bottom of the vaults

- temperature of in and nut airstream and temperature 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 supplyina 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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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 feedin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>