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FOREWORD

. In planning the Conference on Alternate Nuclear Waste Forms and
Interactions in Geologic Media the intent and purpose was to organize a
meeting that could simultaneously address several important goals -
goals that, in retrospect, appear to be as ambitious now as they did
prior to the actual realization of the conference in Gatlinburg,
Tennessee, on the dates of May 13-15, 1980. The period of approxima-
tely two to two-and-one-half years preceding these dates had witnessed
a series of significant events - events in the form of the publication
of the results of some rather straightforward experiments. These re-
sults raised a serious fundamental question concerning the suitability
of borosilicate glass for the primary containment of high-level nuclear
waste in the environment of a deep geological repository. The raising
of this initial question, in turn, led to a closer scrutiny of the per-
tinent characteristics of glass waste forms and to deep concerns that
this approach might well have feet, in this case, not of clay - but of
glass.

The ensuing controversy resulted in, among other things, the con-
vening of a special committee by the National Academy of Sciences and,
to appreciate fully the furor during this time, one has only to read
the article entitled "Academy Squabbles over Radwaste Report” that
appeared in the July 20, 1979, issue of Science Magazine on pages
287-289. More significantly, this controversy created a revival of
interest in and research on primary waste forms that are alternatives
to borosilicate glass. Hence, the context of "Alternate Nuclear Waste
Forms,” in the present case is that of nuclear waste forms which repre-
sent alternatives to encapsulation in borosilicate (or similar) glasses.
This same controversy also led to a deeper appreciation of the need to
consider not only the intrinsic chemical and physical characteristics
of the waste form itself but how these properties might be modified by
interactions associated with the immediate environment. Hence, the
inclusion in the conference of topics related to "Interactions in
Geologic Media."

The primary purposes of the conference on "Alternate Nuclear Waste
Forms and Interactions in Geologic Media" were: First, to provide an
opportunity for a review of the status of the research on some of the
candidate alternative waste forms; second, to provide an opportunity
for comparing the characteristics of alternate waste forms to those of
glasses; and third, to stimulate increased interactions between those
research groups that were engaged in a more basic approach to charac-
terizing waste forms and those who were concerned with more applied
aspects such as the processing of these materials. The motivating phi-
losophy behind this "third purpose" of the conference was based on the
idea that by operating from the soundest possible fundamental base for
any of the candidate waste forms, hopefully any future unpleasant
"surprise" -such as that alluded to earlier in the case of glass waste
forms - could be avoided.
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The conference was supported by the 0Oak Ridge National Laboratory
and by The Division of Materials Sciences, Office of Basic Energy
Sciences, USDOE.

The cooperation and participation of other groups supported by the
U.S. Department of Energy were, of course, vital. Their complete co-
operation is simply evidence of the desire that we all share -~ namely,
the desire to provide the American people with a nuclear waste disposal
system that can be deployed with the highest possible level of confi-
dence in the safety and security of that system.

The papers and discussions contained in these proceedings were
subjected to what the Editors felt was the minimum possible level of
editorial tampering. The authors and participants, therefore, remain
responsible for the content of their papers, questions, and comments,
as well as for the style of presentation. The style of presentation,
in fact, will be found to vary substantially from cne paper to another.
A1l of the oral presentations at the conference were recorded and the
authors were furnished with typed transcriptions of their talks. Some
authors edited these transcripts and others chose to prepare a separate
version of their paper in the usual way. These two methods of pro-
ducing a manuscript account for that portion of the disparity in style
that could not normally be accounted for by the individual idiosyncra-
sies that, as authors, we all exhibit.

These proceedings have been prepared in the hope that they will
provide a useful survey of activities for those entering the alter-
native waste form field while serving as a resource document for the
veterans.

L. A. Boatner
Conference Chairman



ACKNOWLEDGMENTS

The conference chairman, the members of the organizing
committee, and the editors of these proceedings are all
indebted to a number of individuals who contributed substan-
tially to the organization of the meeting in Gatlinburg and to
the subsequent publication of the present document. Special
thanks go to the authors and speakers, to Bonnie Reesor of the
ORNL Conference Office and her staff, and to the staffs of the
Photography, Graphic Arts, and Technical Publications Depart-
ments at ORNL. Special thanks also go to Anne M. Keesee, who
transcribed all of the recordings of the oral presentations
and performed a multitude of other tasks, and to Lazelle S.
Tyler, who handled a heavy load of correspondence prior to the
meeting and later retyped many of the manuscripts - all in
addition to her regular secretarial duties. The assistance
of M. M. Abraham, M. Rappaz, and J. 0. Ramey in performing
numerous tasks is also gratefully acknowledged.



CONTENTS

Foreword « « o o« o o o o o o ¢ o o o ¢ o s o s @
Acknowledgments « « ¢ ¢ & ¢ ¢ o ¢ o o o 4 o o

"Welcoming Remarks"
Alex Zucker
O0ak Ridge National Laboratory . . « « . « « . .

"Purpose and Objectives of the Workshop"

Mark C. Wittels

The Division of Materials Sciences

USDOE & @ v ¢ 6 ¢ ¢ o o s o o o o o o s o o o o

"The Application of Synroc to High-Level

Defense Wastes"

J. D. Tewhey, C. L. Hoenig, H. W. Newkirk,

R. B. Rozsa, D. G. Coles, and F. J. Ryerson
Lawrence Livermore National Laboratory . . . .

"On the Thermodynamic Stability and Kinetic
Dissolution of Perovskite in Natural Waters"

H. W. Neshitt, G. M. Bancroft, W. S. Fyfe,

S. Karkhanis, P. Melling, and A. Nishijima
University of Western Ontario, Canada . . . . .

"A Review of Ceramic Nuclear Waste Forms Through
Gregory J. McCarthy

North Dakota State University

and Rustum Roy

The Pennsylvania State University . . « . . . .

"Hydrothermal Interaction of a Ceramic

Waste Form with Basalt"

B. E. Scheetz, S. Komarneni, D. K. Smith,

and C. A. F. Anderson

The Pennsylvania State University . . . . . . .

"Probable Leaching Mechanisms for Spent Fuel”
R. Wang and Y. B. Katayama
Pacific Northwest Laboratories o« e e o o o o s

"Short-Term Leaching Behavior of Waste Forms -
A Potential Area for Improvement"

Albert J. Machiels

University of I11in0ois « ¢« ¢« ¢ ¢« « ¢ ¢ ¢ ¢ « « &

"Radiation Damage in Natural Materials:
Implications for Radioactive Waste Forms"
Rodney C. Ewing

The University of New Mexico . . . . . . « . ..

vi

. » ®

1978"

iii

25

37

a4

58

70

81



vii

“Radiation Damage Studies on Natural and
Synthetic Rock Salt"

P. W. Levy and K. J. Swyler

Brookhaven National Laboratory . . . . « . .

"A Review of Heat Dissipation in Geologic Media"

R. 0. Pohl and J. W. Vandersande
Cornell University « « ¢ ¢ o o o o o o o o

"Spent Fuel Resistance to Internally Produced
Cladding Degradation"

* 2 & & = 0

R. E. Einziger, D. A. Cantley, and J. C. Krogness

Westinghouse Hanford Company

and

D. Stellrecht and V. Pasupathi

Battelle Columbus Laboratories « « « « ¢« « .«

"A Review of Research on Analogs of Monazite
for the Isolation of Actinide Wastes"

M. M. Abraham, L. A. Boatner, G. W. Beall,
C. B. Finch, R. J. Floran, P. G. Huray,

and M. Rappaz

Oak Ridge National Laboratory . « « « « o« & &

"The Application of EPR Spectroscopy to the
Characterization of Crystalline Nuclear Waste
M. Rappaz, L. A. Boatner, and M. M. Abraham
O0ak Ridge National Laboratory . . . « . . .

Forms"

e o o o @

“"Hot and Cold Pressing of (La,Ce)POg-Based NucTear

Waste Forms"

R. J. Floran, M. Rappaz, M. M. Abraham,

and L. A. Boatner

Oak Ridge National Laboratory . . . . . . .

"A Survey of Concrete Waste Forms"
J. G. Moore

O0ak Ridge National Laboratory . . . . . . . .

"Solidification of Nuclear Waste in Concrete"
Hans Christensen
ASEA-ATOM, Vasteras, Sweden . « « ¢« ¢ o & &

s e & 8 ¢ o »

"Waste Form Characterization and Its Relationship

to Transportation Accident Analysis"

E. L. Wilmot and J. D. McClure
Transportation Technology Center

Sandia National Laboratories . . . « ¢ « . .

ooooooo

100

117

135

144

170

185

194

217

229



viii

"Sol-Gel Technology Applied to Alternative
High~Level Waste Forms Development"

P. Angelini, D. P. Stinton, J. S. Vavruska,
A. J. Caputo, and W. J. Lackey

Oak Ridge National Laboratory . . . « . « « « « &

"Chemically Vapor Deposited Coatings for
Multibarrier Containment of Nuclear Wastes"
J. M. Rusin and J. W. Shade

Pacific Northwest Laboratory

and

R. W. Kidd and M. F. Browning

Battelle Columbus Laboratories . . . . . . .

"A Review of the Sorption of Actinides

on Natural Minerals"

G. W. Beall

Radian Corporation . . « « ¢« ¢« ¢« ¢ ¢« « o &

"Influence of Waste Solid on Nuclide Dispersal”

M. G. Seitz and M. J. Steindler
Argonne National Laboratory . . . . . « . .

"High Level Waste Fixation in Cermet Form"
E. H. Kobisk, W. S. Aaron, T. C. Quinby,
and D. W. Ramey

Oak Ridge National Laboratory . . . . . ..

"High-Silica Glass Matrix Process for
High-Level Waste Solidification"

Joseph H. Simmons and Pedro B. Macedo
Catholic University .+ « « o ¢ ¢ ¢ o ¢ ¢ « &

"A Review of Glass Ceramic Waste Forms"
J. M. Rusin
Pacific Northwest Laboratory . « « « ¢« « ¢« .

"Solid Radionuclide Waste Form Development
in the United States”

D. E. Gordon

Waste Management Planning Division

Savannah River Laboratories . . « « « « ¢« .

"The Identification of Basic and Applied Research
Needs in the Development of Radiocactive Waste
Forms - A Combined Presentation and Open Group

Discussion"

L. A. Boatner, ORNL, Chairman . « « « « « « .

Appendix A. Program . ¢« « ¢ ¢ 4 . o o o o

Appendix B. Attendees « « « ¢« ¢ ¢ ¢ ¢ ¢ o o o o .

262

242

248

287

297

317

331

355

369
377
382



WELCOMING REMARKS

Alex Zucker
Associate Director
Oak Ridge National Laboratory

Discussions of nuclear waste disposal are particularly appropri-
ate to a multidisciplinary laboratory such as ORNL, since science and
technology are closely linked in the nuclear waste field. If the
discussions during this workshop can result in an agenda for research
that will enhance our understanding of structures and chemical pro-
cesses in nuclear waste forms and their interactions in geologic media,
then real progress will be made toward making radioactive waste dis-
posal safe and acceptable to the world at large.

I would like to suggest to you that the scientific aspects of the
nuclear waste problem are really only half the battle. They are, in
fact, the easy half. The most difficult part of the problem is to con-
vince the country as a whole that scientists in this field are compe-
tent, that they do know how to dispose of nuclear waste, and that nuclear
waste can be disposed of safely in many ways. The public at large must
be convinced that the scientific community is a credible community:
when statements are made they are based on fact and when the errors in
our evaluations are considered, these too should be based on fact. It
is important to show that nuclear waste is a problem that can be dealt
with, as many other problems have been dealt with in a technologically
advanced society, and that scientists are worthy of the public trust
and that we, no more than others, want to risk our children and our
childrens' children. The growing public mistrust of science and tech-
nology is probably the most serious problem that faces this country and
is at the root of many of the things that we see happening in the world
today. Nuclear waste is a symbol of this problem. I would like to
urge those of you who are so inclined to consider seriously, while you
are here, that the next conference might deal with such matters. You
might consider a conference that includes not just your fellow scien-
tists, but the nonscientific community as well. This must be done with
some care, but the benefits could be very important. It is essential
that the country regain an objective view of natural processes; and it
is our duty as scientists to restore confidence in the validity of
science.



PURPOSE AND OBJECTIVES OF THE WORKSHOP

Mark C. Wittels

Division of Materials Sciences
Office of Basic Energy Sciences
United States Department of Energy

I would 1like to begin by emphasizing that in my remarks today I
am not functioning as a spokesman for the Office of Waste Management,
and I will not be stating any official policy of the Department of
Energy. I am, in fact, only going to act as an ombudsman and speak as
an outsider. During the course of these opening remarks, you may hear
some things that are controversial.

The purpose of the workshop is quite obvious. I believe that in
the past year there have been some notable advances, and I think that
this is a good time for an exchange of information among the scientists,
the technologists, and the engineers in a multidisciplinary fashion.
This may be one of the first times that such mixed disciplines includ-
ing those studying the material nature of the waste form itself and
those studying transport in geologic media have been brought together.
I hope that as a result of this conference a few key problems will
emerge that can be attacked in a cooperative way by scientists with
very different disciplines. There is a tendency for too many isolated
ongoing programs and too many individual projects continuing to grope
for long periods of time.

At the conclusion of this conference we should ask ourselves a
number of questions, and they should be serious questions that really
drive to the heart of the waste program: Can reprocessing and separa-
tions be avoided? Our present policy of nonproliferation dictates a
certain avenue of approach, but I think that, as scientists, we have to
continue to ask ourselves, "Can we really accomplish this task without
a separation of the radionuclides?"” The adequacy of "standard" leach-
ing tests as we presently understand them is highly questionable. I
have read a lot of the publications in this field and very frankly, I
am dismayed by the scores of tests that are made, for example, in quote
"distilled water." This field needs to get down to a "real world"
approach on standard leaching tests. One of the key elements that
disturbed me recently was a scientific report by a group at Sandia,
Albuquerque, in which they showed that leaching in brine was most
seriously affected if magnesium impurities were present. We have to
be very concerned about impurities, even in very minor amounts.
Standards have to be set very critically.

I raise the question of multiple waste forms and their complex-
ities. Again, because of some scientific results I have seen, I want to
refer to microscopic observations. When one talks about a multiple
waste form, whether it is polycrystalline, cermet, concrete, or glass,



as a scientist one has to be very careful about generalizing. If one
looks at the scientific evidence microscopically in a multiphase system,
one has the problem of grain boundaries. Do we really have the facil-
ities, the spectroscopy, to look at systems on this scale and to make
definitive statements?

Regarding the questions of analogs and limitations, I refer to
the research efforts which substitute nonradiocactive materials in order
to conduct the research in an atmosphere which cannot handle radioac-
tive material. I think this is necessary; this is done in universities;
it should be continued. However, one must be very careful in drawing
broad conclusions from these kinds of tests. These kinds of experi-
ments can be very valuable if they are coupled with tests on similar
systems which employ actual radiocactive materials. We have already
alluded to the question of policy limitations. We are Tlimited by
President Carter's nonproliferation policy. But, again I repeat, I
think it is our duty to see the science as it really is. If we must
come to the conclusion on a scientific and technological basis that
wastes cannot be sequestered in one, solid, complex form without first
separating them, I think that that fact should be honestly expressed.

Finally, I would like to comment on the question of scientific
truth and the public perception that Alex Zucker referred to. This is
a key issue. In the past year or two we have seen many public documents
appear with a very high level of public acceptance. We see correspon-
dence to the notable public literature - the New York Times - claims
being made, counter-claims being made. It is time for scientists and
technologists in this field to lower their profile. This is a very,
very sensitive, difficult political problem, and I think the public
would be well served if we pursue science and let the chips fall where
they may, because credibility with the public will only decrease if we
continue to hear public statements that are slightly shaded.



THE APPLICATION OF SYNROC TQ HIGH-LEVEL DEFENSE WASTES

J. D. Tewhey, C. L. Hoenig, H. W. Newkirk,
R. B. Rozsa, D. G. Coles, and F. J. Ryerson

Lawrence Livermore National Laboratory, University of California
P.0. Box 808, Livermore, California 94550

ABSTRACT

The SYNROC method for immobilization of high-level nuc-
lear reactor wastes is currently being applied to U.S. de-
fense wastes 1in tank storage at Savannah River, South
Carolina. The minerals zirconolite, perovskite, and holland-
ite are wused in SYNROC D formulations to immobilize fission
products and actinides that comprise up to 10% of defense
waste sludges and coexisting solutions. Additional phases in
SYNROC D are nepheline, the host phase for sodium; and spi-
nel, the host for excess aluminum and iron.

Up to 70 wt¥ of calcined sludge can be incorporated with
30 wt% of SYNROC additives to produce a waste form consisting
of 10% nepheline, 30% spinel, and approximately 20% each of
the radioactive waste-bearing phases. Urea coprecipitation
and spray drying/calcining methods have been used in the lab-
oratory to produce homogeneous, reactive ceramic powders.
Hot pressing and sintering at temperatures from 1000 to
11009C result in waste form products with greater than 97%
of theoretical density. Hot isostatic pressing has recently
been implemented as a processing alternative.

Characterization of waste-form mineralogy has been done
by means of XRD, SEM, and electron microprobe. Leaching of
SYNROC D samples is currently being carried out. Assessment
of radiation damage effects and physical properties of SYNROC
D will commence in FY81.

INTRODUCTION

A considerable amount of research effort is currently being de-
voted to SYNROC applications for both commercial wastes and defense
wastes. The focus of this presentation will be on high-level defense
wastes, although I will be reviewing some of the work currently being
done on civilian wastes. A synopsis of the presentation is as fol-
lows: First, I'll give an overview of SYNROC research as I know it.
I will try to bring you up to date on SYNROC-related work in various
universities and national laboratories. Second, I will present a
brief overview of the nature of U.S. defense wastes. The major por-
tion of the presentation will focus on the mineral waste form



development work being done at the Lawrence Livermore National
Laboratory in the areas of powder preparation techniques, waste-form
synthesis and characterization, leaching studies and, finally, some of
our early thoughts on production technology schemes.

CURRENT SYNROC RESEARCH EFFORTS

SYNROC came on the scene in November, 1978, when it was introduced
in a paper! by Professor A. E. Ringwood of the Australian National
University. Ringwood's concept is a notable variation on the ceramic
waste-form theme introduced earlier by Rustum Roy2 and Gregory
McCarthy3 at Pennsylvania State University. During the past two
years, a considerable amount of research and development has been done
on SYNROC, and I will briefly review some of those efforts (Table 1).

At the Australian Atomic Energy Commission, Keith Reeve and his
colleagues have been conducting waste-form synthesis studies on SYNROC
C (both hot pressing and sintering), leaching studies, and studies of
radiation effects#. They are also working on production technology
aspects of SYNROC, focusing on uniaxial hot pressing.

At Australian National University, Professor Ringwood and his col-
leagues are working on waste-form "optimization,” i.e., they are ex-
perimenting with various modifications of the SYNROC C and SYNROC D°
formulations in order to get the best possible waste forms for commer-
cial and defense applications. They are also doing radiation effects
studies on natural zirconolite and perovskite and are thinking about
various production technology schemes. Conceptual flow sheets for
SYNRQC processing are being evaluated, and I expect that a consider-
able effort will be devoted to that area of research during the next
year. Professor Ringwood has recently published a paper which out-
lines his concept of a deep-hole waste repository®.

At Argonne National Laboratory, Chris Kennedy/ and Rich Arons
are doing single-phase synthesis of hollandite, zirconolite, and per-
ovskite as well as SYNROC C, and Kevin Flynn is doing leaching studies
by means of neutron activation analysis. B8ill Primak, who has been
engaged in experimental research on radiation-effects in non-metallic
inorganic solids for over three decades, will be involved in radiation
damage studies of SYNROC phases.

At the Idaho Chemical Processing Plant (ICPP), they are looking at
the potential application of SYNROC to some of their calcines, and
have been doing waste~form synthesis, leaching, and characterization
work.

At Los Alamos Scientific Laboratory, Frank Clinard's group is do-
ing single-phase synthesis and radiation effects studies on the
fluorite~type structures and zirconolite.



TABLE 1.
OVERVIEW OF CURRENT SYNROC RESEARCH

INSTITUTION

RESEARCH AREA

AUSTRALIAN ATOMIC ENERGY
COMMISSION

AUSTRALIAN NATIONAL UNIVERSITY

ARGONNE. NATIONAL LABORATORY

IDAHO CHEM. PROC. PLANT

L.0S ALAMOS SCIENTIFIC LABORATORY

NORTH CAROLINA STATE UNIVERSITY

OAK RIDGE NATIONAL LABORATORY

SANDIA

BATTELLE (PNL)

UNIVERSITY OF WESTERN ONTARIO

STATE UNIVERSITY OF NEW YORK
AT STONY BROOK

LAWRENCE LIVERMORE NATIONAL
LABORATORY

WASTE FORM SYNTHESIS
LEACHING

RADIATION EFFECTS
PRODUCTION TECHNOLOGY

WASTE FORM "OPTIMIZATION"
RADIATION EFFECTS
PRODUCTION TECHNOLOGY
REPOSITORY DESIGN

SINGLE PHASE SYNTHESIS
LEACHING
RADIATION EFFECTS

WASTE FORM APPLICATION

SINGLE PHASE SYNTHESIS
RADIATION EFFECTS

RATE-CONTROLLED SINTERING
CHARACTERIZATION
LEACHING

PRODUCTION TECHNOLOGY (SOL GEL)
WASTE FORM SYNTHESIS
CHARACTERIZATION (AUTORAD.)

TITANATE CERAMICS
WASTE FORM SYNTHESIS

LEACHING
RADIATION EFFECTS

PHASE STABILITY IN AUEOUS SOLUTION

MINERAL SYNTHESIS
PHASE HQUILIBRIA

WASTE FORM SYNTHESIS
LEACHING

RADIATION EFFECTS
PRODUCTION TECHNOLOGY




At North Carolina State University, Hayne Palmour III and his col-
leagues8 are doing rate-control sintering, characterization of the
sintered forms, and leaching studies.

At Oak Ridge National Laboratory, Jack Lackey, Pete Angelini, and
Dave Stinton are doing productlon technology work in the application
of sol gel techniques to SYNROC®. They are doing waste-form syn-
thesis via the sol gel route and characterization of the waste forms
by means of x-ray diffraction, microprobe analysis and autoradiography.

At Sandia Laboratories, they have been working on the titanate
ceramic process for waste encapsulation for a number of years10
The phases that are produced from their titanate formulations are, in
some cases, similar to the mineralogy of SYNROC. In addition to syn-
thesis studies, they are also doing characterization of the micro-
structure, leaching studies and have been thinking about innovative
ways to facilitate production technology. They are applying the ti-
tanate ceramic work to both commercial and defense wastes.

At Battelle Pacific Northwest Laboratories (PNL), they have done
some early work in alternate waste-form synthesis and leaching, and
more recently they have done radiation damage studies on synthesized
zirconolite.

The University of Western Ontaric personnel will present a paper
at this symposium on the stability of perovskite in natural waters.

I have recently heard that Professor Don Lindsley, an experimental
petrologist at SUNY, Stony Brook, will be dolng phase equ111brla work
on SYNROC-type Formulatlons

Finally, at Lawrence Livermore National Laboratory, we are doing
waste-form synthesis, characterization, and leaching. Production
technology work is at the conceptual stage, and we are planning to
study radiation effects in FY8l. We have divided the effort into five
tasks: waste form development and synthesis; characterization; stab-
ility assessment (leaching and radiation effects); ceramic processing;
and production technology. We began our waste-form development work
in Jduly, 1979, and have progressed through the various SYNROC formula-
tions during the past year. We began with SYNROC B (no radwaste),
progressed to SYNROC C (the waste form for commercial radwaste appll-
cations), and are now working almost exclusively on SYNROC D (defense
waste). A synopsis of the activities done in the five separate re-
search and development areas under the LLNL program are given in Table
2.

U.S. DEFENSE WASTES

I will present a brief description of U.S. defense wastes for
those who are not familiar with the particular characteristics of that



TABLE 2.
MINERAL WASTE FORM DEVELOPMENT PROJECT

AT
LAWRENCE LIVERMORE NATIONAL LABORATORY

WASTE FORM WASTE FORM STABILITY CERAMIC PRODUCTION
DEVELOPMENT CHARACTERIZATION ASSESSMENT PROCESSING TECHNOLOGY
POWDER PREP OPTICAL ACCELERATED PROCESS DEVELOP- ENGINEERING

LEACH MENT ASSESSMENT
HOT PRESSING XRD CONTINUOUS SCALE UP ENGINEERING

FLOW LEACH DEVELOPMENT
SINTERING XRF RADIATION HOT CELL QUALITY ASSURANCE

EFFECTS OF THE WASTE FORM
HOT [SOSTATIC SEM PHYSICAL PROP-  TRACER LOADING
PRESSING ERTIES
PHASE EQUI- MICROPROBE LEACH MECHAN- SYNROC C
LIBRIA ISMS

STEM

material. High-level defense wastes are generated by (1) the produc-
tion of plutonium and tritium for nuclear weapons work at Hanford,
Washington, and Savannah River, South Carolina, and (2) by processing
of spent naval reactor fuels at the Idaho Chemical Processing Plant in
Idaho Falls. Current inventories total approximately 76 million gal-
lons. The distribution of wastes among the four storage sites is
given in Table 3. Defense wastes, as it exists in tank storage, is
made up of three components: sludge, salt cake, and supernatant
liquid. The sludge and salt cake result from a process by which the
acid waste stream from the nuclear fuel reprocessing cycle is neutral-
ized with NaOH. The sludge is the focus of interest in the waste-form
development work because all of the radionuclides, with the exception
of cesium, are strongly partitioned into that material. The proces-
sing of the sludge results in the encapsulation of the actinides and
most fission products. Cesium is strongly partitioned into the super-
natant liquid which is processed in a separate line initially, but the
cesium is ultimately incorporated with the other radwaste into a sin-
gle waste form. The defense wastes at the Savannah River Plant are
scheduled to be the first wastes processed for permanent storage.
Hanford and the ICPP are currently in the process of evaluating the
potential application of alternate waste forms to their diverse waste
inventory.

Defense waste sludge is a formidable material with which to work.
Physically, it is the color of axle grease, has the consistency of
mayonnaise and consists of approximately 95% fluid and 5% solids.



TABLE 3.
CURRENT INVENTORIES OF U.S. DEFENSE WASTES

106GALS LOBCURIES 106GALS SLUDGE
HANFORD 50 540 11
SAVANNAH RIVER 22 - 5100 3
IDAHO FALLS 3 - 85 *
WEST VALLEY 1 65 .03
76 1.2x107 14+

FOR COMPARATIVE PURPQOSES, THE CURRENT INVENTORY OF U.S.
COMMERCIAL WASTES (SPENT FUEL) IS 1.9x10% CURIES.

*#200 CU. YARDS OF ICPP WASTES EXIST AS DRY CALCINE POWDER.

Chemically, the material is diverse. Table 4A lists the major compon-
ent compositions of specific tanks that have order-of-magnitude dif-
ferences in iron, aluminum, uranium and others. Also listed is the
composite or average composition for the total inventory. Minor ele-
ment chemistry is also varied and diverse. A waste form that is to be
applied to defense wastes must have the flexibility to incorporate the
extreme differences in sludge composition.

, TABLE 4A. v
MAJOR COMPONENTS IN SIMULATED SRP WASTE CALCINES

Component High Fe Composite High Al

Fe,0, 5317 36.13 5.32
AlLO, 4.89 28.26  76.05
MnO, 356 9.4 4.37
U,0, 12.34 3.26 1.28
ca0 3.62 2.69 0.35
NiO 9.08 4.47 0.78
Si0, 0.40 0.85 0.56
Na,0 452 5.08 1.96
Na,S0, <0.50 093 <050
lon-Siv IE-95* 882 8.93 19.33

*Mixture of CaAl,Si 0]

4 12'6H2Q and (NaKCa)3A|38i024'8H20
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Strontium is the principal radionuclide in sludge, followed by
cesium, ruthenium and europium. There is a minute amount of cesium in
the sludge. The level of cesium in the supernatant liquid is equiva-
lent to the strontium level in the sludge. Alpha activity level is
guite low (Table 4B).

TABLE 4B.
RADIONUCLIDES IN WASHED, DRIED SLUDGES
mCi/g
Tank 5 Tank7 Tank 13 Tank 15
90gy 74.7 27.0 15.5 25.6
144ce 4.8 0.2 2.0 16.9
106Ry, 2.7 1.4 0.4 1.7
154gy 0.5 - 0.3 1.2
137¢s 1.3 1.3 0.3 0.1
Gross « 0.1 0.1 0.3 0.1

Source: Stone, J. A. et al, (1976), Sampling and Analysis
of SRP High Leve! Wastes.
SR Publication DP-1399.

SYNROC MINERALOGY

The principal minerals in SYNROC formulations are titanates; hol-
landite (BaAloTig0g), zirconolite (CaZrTip07) and  peraov-
skite (CaTiDz). All three are made up of Ti-O octahedra networks.
In SYNROC D formulations, nepheline  (NaALSiO4) and spinel
(R5*+Q3 - R**0) are additional phases. = Hollandite is the
principal host for Cs in SYNROC, Sr goes into solid solution in perov-
skite and the rare earths and actinides are partitioned equally be-
tween perovskite and zirconolite. Uranium is partitioned into zircon-
olite (Fig. 1). The small amount of cesium that is present in the
sludge enters into solid solution in nepheline. The theoretical den-
sity of SYNROC D formulations ranges from about 4.1 to 4.5 g/cc, de-
pending on the spinel composition.

POWDER PREPARATION TECHNIQUES

Compositionally homogeneous and chemically reactive starting pow-
ders are necessary in order to sinter/hot press ceramics to full den-
sity at temperatures below the solidus. Three techniques have been
used at LLNL to prepare reactive starting powders. The first tech-
nigue is that of simply grinding and mixing oxides, hydroxides, and
salts. The principle mode of mixing this material has been in a
"vibro-energy" mill consisting of small alumina or zirconia pellets in
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Fig. 1. The crystal structure and principal radwaste substitu-
tions of SYNROC minerals.

a can containing a powder slurry. Vibratory motion causes the pellets
to rub against one another and, in turn, grind and mix the powder.

We have made ample use of the urea coprecipitation technigue de-
veloped by Tom Quinbyll at ORNL. We have made about twenty-five
different batches of starting material by means of the urea method.
The principal advantage of the method is that homogeneous powders with
very high surface areas are produced by the technique. The basis and
mechanism of urea coprecipitation is given: in diagrammatic form in
Fig. 2. :

The method we are currently using to do all of our powder prepara-
tion is spray drying (Fig. 3). Our reason for going to spray drying
is that the process more closely simulates the production technology
schemes that will be used in large-scale sludge processing. Powder
properties have not been compromised for the sake of engineering sim-
ulation, however. The spray-dry technique has been found to produce
very reactive powders. The highest temperature attained in the spray
dryer is approximately 3000C, therefore batch calcining is done sub-
sequent to drying.
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Fig. 2. Schematic representation of the methodology and proces~
sing temperature of the urea coprecipitation method for the production
of ceramic powders.
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Fig. 3. Schematic of the laboratory-scale spray dryer used for
the production of ceramic powders.
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Reactive powders with high surface areas promote sintering at low
temperatures and tend to produce dense, homogeneous ceramic end-
products. The data in Fig. 4 represent measured surface areas for a
variety of SYNROC powder preparations as a function of calcining temp-
erature. It appears that sintering begins to take place when powders
are heated to 6000C. X-ray diffraction data for a sample of SYNROC
B powder calcined at temperatures between 600°C and 10000C reveals
that mineral phases begin to develop im the vicinity of 7000C (Fig.
5)12, A1l of the principal SYNROC phases have been synthesized at
1000°C. Hot pressing or sintering to higher temperatures promotes
grain growth and results in densification of the waste form. Optimum
calcination temperatures for SYNROC formulations ranges from 6500C
to 9000cC.

. i
S 1000 tew
. \
% \
800 g ®
< ‘e

N
i e e
= -~
d eo0f ® “~__ @
z &~ ®
3 eme & Q..___. ____________
T a00}
Z
(&)
3
O 200

O L 3. 1 L 1 1

0 20 40 60 80 100 120 140
SURFACE AREA (m2/g)

Fig. 4. Plot of measured surface area as a function of calcining
temperature of SYNROC powder preparations made by urea coprecipitation
and spray drying techniques. ‘

WASTE-FORM SYNTHESIS

The experimental procedure for SYNROC waste-form synthesis is
shown in Fig. 6. SYNROC D formulations contain up to 70 wt¥% sludge
and 30 wt% SYNROC additives, i.e., the oxide components that bring
about the desired phase assemblage. Defense waste sludges contain up
to 10 wt% radwaste components, therefore, the maximum radwaste loading
in SYNROC D is 7%. Cold pressing is a necessary step prior to sin-
tering and hot isostatic pressing. Calcined powders go directly into
the dies in the uniaxial hot-pressing operation.

Most of the waste-form synthesis work at LLNL has been done by
uniaxial hot pressing, either in graphite dies or in metal (Ni or Fe)
capsules (Fig. 7)13. The purpose of using the metal capsules (and



4.9 T T T T
39l 600°C

29 .
20 -
1.0 -
0.0

X 0.01

4.9

1 T T
30} 700°C PY = pyrochlore-type
2' a=991A
A PY P = perovsitite i
20+ . PY -
R =rutile PY
PY 5 /lp PY le

Cnits/sec

1.0
0.0

2.0
1.6
1.2
0.8
04
0.0

2.0 y '
16 1000°C

Cnts/sec X 0.01

1.2k -PY
0.8 - HAp /P i
0.4 N

0.0 L 1
2.00 3.00 4.00 5.00 6.00 7.00

2 theta X 0.1

Fig. 5. X-ray diffraction patterns for a SYNROC B formulation as
a function of calcining temperature. A pyrochlore~type phase forms at
7000C and has nearly disappeared at 10000C. SYNRQC phases are
synthesized at 9000C. Powder was made by the urea coprecipitation
method.

adding metal powder to the formulation) is to control the redox state
during hot pressing. It is desirable on the basis of equilibria con-
siderations, to have a ferric/ferrous ratio near unity and this is
accomplished in the vicinity of the nickel-nickel oxide buffer; thus
the use of capsules and metal powder. Differential thermal analysis
indicates that the solidus for SYNROC D formulations with composite
waste is near 11250C. Hot-pressing parameter studies have been car-
ried out at temperatures between 9500C and 11500C (Fig. 8). Each
data point in Fig. 8 represents the extent of densification that is
attained at the end of a one-hour duration in the hot press. It is
clear that SYNROC D formulations can be pressed to near theoretical
density at temperatures as low as 10500C. The SYNROC C data in Fig.
2 suggests that powders of a similar composition, but prepared by
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Fig. 6. Experimental procedure for the hot pressing/sintering of
SYNROC D formulations with U.S. defense wastes. Bar on SEM photograph
of microstructure is 10 um.
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Fig. 7. Schematic of uniaxial resistance hot press for processing
SYNROC D in metal capsules. The liner is not required when operating
at temperatures below 12000C.
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Fig. 9. Densification plots versus time for uniaxial hot pressing
of SYNROC C formulations made by means of various powder preparation
techniques.

means of different techniques, have similar densification character-
istics during hot pressing. This is not a surprising result in that
the urea coprecipitation and the spray dryiqg techniques both produce
powders with surface areas in excess of 100 m</gram.



PRODUCTION TECHNOLOGY

It was mentioned earlier that the sludge contains the bulk of the
radwaste components of defense wastes and the supernatant liquid con-
tains the cesium. The reference flow sheet for the processing of
Savannah River Plant wastesl4 defines a sludge-processing stream and
a supernatant liquid-processing stream which merge so that all of the
radwaste components are eventually encapsulated in the same waste form
(Fig. 10). The specific makeup of SYNROC D is determined on the basis
of the radwaste and inert components present in defense wastes. A
SYNROC formulation based on SRP composite sludge is given in Table 5.
The cesium host, hollandite, is presynthesized and added to SYNROC D
calcine prior to hot pressing of the composite form.
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Fig. 10. Reference flowsheet for the processing of Savannah River
Plant high-level defense wastes.

A conceptual flow sheet for uniaxial hot pressing of SYNROC D is
shown in Fig. 11. The important aspects of the flowsheet are as fol-
lows: (1) the SYNROC additives are prepared outside of the hotcell,
(2) a spray calciner or, alternatively, a spray dryer coupled with a
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TABLE 5.
SYNROC D COMPOSITION FOR SRP COMPOSITE SLUDGE

Sludge SYNROC
Calcine Additives
8102 0.6 7.5
TiO2 15.0
ZrO2 4.0
UO2 2.3
A1203 21.2
F8203 27.1
MnO 6.1
NiQ 3.4
Cal 2.0 4.9
Sr0 0.7
Gdzp3 0.7
0802 0.7 e
TOTAL (wt%) 68.6 31.4

rotary kiln are potential processes for the mechanism for decomposi-
tion of sludge and additives, and (3) a presynthesized Cs-bearing
waste form is added prior to hot pressing. Fig. 12 depicts the type
of "stacking" experiments that have been carried out at LLNL. Another
alternate method that is currently being investigated represents a
variation of the process presented in Fig. 12. Instead of hot pres-
sing to final denisty, the successive disks in the stack are "warm"
pressed in order to achieve a high initial density. The capsule would
subsequently be hot isostatic pressed to full density. A large re-
search effort in the area of large scale processing will be done at
LLNL during FY81.
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Fig. 12. The sequence depicts the hot pressing steps in the pro-
duction of a "stacked" monolith of a ceramic waste form.

LEACHING

In consideration oft the manner in which SYNROC D will be formu-
lated, the leaching data is presented in terms of the respective host
materials. The data presented in Table 6 represents the componenets
of the SYNROC D matrix, i.e., the radwaste incorporated in perovskite,
zirconolite and the small amount of cesium present in nepheline. The
data in Fig. 13 represents the leaching characteristics of single
phase Cs-bearing hollanditel5. The leaching characteristics of the
combined products are currently undergoing evaluation and will be
available in early FY81.
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TABLE 6.
LEACHING RESULTS FOR SYNROC D WITH Cs HOLLANDITE ADDITION

Leaching conditions:
3000C, 1kb, 1 day, distilled water.
Results expressed in terms of g/SYNROC/cm? - day.

Al 5.9 x 10-7
Ca 9.0 x 10~7
Ce ND

Fe 3.2 x 1079
Mn 7.9 x 10-11
Na 3.8 x 102
Ni ND

Si 9.0 x 108
Sr ND

Ti 1.2 x 10-10
U ND

ZR ND

Cs 8.2 x 1076
Gd ND

Two types of leaching studies are currently being done at LLNL.
Scoping or reconnaissance studies are being done in a static mode in
Teflon containers at temperatures ranging from 750C to 1500C for
short periods of time. This method is in accordance with recommenda-
tions of the Materials Characterization Center (MCC) at PNL. More
comprehensive studies are being done by means of the continuous flow
leaching system at 250C and 750C for periods up to two months
(Fig. 14). The duration of the continuous flow experiments has been
limited by the sensitivity of analytical techniques used on the leach-
ates. Tracer doping of SYNROC samples will be done in FY81 in order
to increase analytical sensitivity.

DISCUSSION

POHL: I understood, from the introduction, that there is a great va-
riety of chemical compositions in the Savannah River sludges. The
conceptual flow sheet that you showed at the end did not seem to take
that into consideration. Are you planning to make one grand mixture
and then use that, or do you plan to use different mixing ratics and
processes for the different compositions to be determined as you start
going from one tank to the next tank?

TEWHEY: The experimental work we have conducted thus far has focused
on the composite sludge composition. I have an extra slide (Fig. 15)
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Fig. 13. Leaching rate versus time for Cs-bearing hollandite in
the continuous-flow leaching system. Leaching temperatures were
250C and 759C, flow rate was 30 ml/day and leach solutions were
distilled water and a 0.03N NaHCO3 solution. Except for the earli-
est samples, no temperature effect on leach rate was noticed.

which depicts the phase equilibria for SYNROC D for three sludge com-
positions in terms of the three principal compoents, Al,03, FeO,
and Ti0p. The principal phases in the SYNROC D matrix; perovskite,
zirconolite, nepheline and spinel are plotted in terms of their com-
position with respect to aluminum, iron and titanium. Note that the
composition of the zirconolite, perovskite and nepheline show very
little variation from one bulk composition to another. On the other
hand, the composition of the spinel phase, which comprises up to 50
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Fig. l4. Diagram of the continuous-flow leaching system as set up
for leaching of SYNROC samples.
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N = Nepheline
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Fig. 15. Phase compositions for minerals in SYNROC D for three
sludge compositions. Spinel (S) shows evidence of being a "forgiving"
phase, i.e., the composition varies significantly with bulk composi-
tion.
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wt% of the waste form, varies considerably in the three ternary dia-
grams. Spinel is the "forgiving" phase in SYNROC D, that is, the ad-
ditive stream does not have to be "finme-tuned" for each sludge compos-
ition. We predict that an additive stream that is variable within
narrow limits will be adequate to produce the desired SYNROC assem-
blage in the three sludge compositions. The considerable differences
in sludge composition will influence the spinel composition, which
will vary from being Al-rich to Fe-rich.

WITTELS: In the graphs you showed on leaching, the leach rate of hol-
landite tends to reduce as a factor of time. What did you measure,
and what is the physical picture you ascribe to this decrease? 1 do
not have a physical picture of why this rate should decrease so dra-
matically, if you have a through-flow system.

TEWHEY: Our method of analysis in the continuous-flow leaching exper-
iments is to measure the composition of the leachate subsequent to it
being in contact with the waste form. Samples are collected down-
stream from the sample holder and analyzed by means of XRF, ICP or
INAA. The initial high leach rate is probably due to the material
leached from surfaces and grain boundaries.

The leach rate that we are trying to determine is the rate that is
measured thirty or forty days after the experiment starts. Up to now,
we have had to stop our continuous-flow experiments prior to the time
when the leach rate are expected to level out. Tracer loading of
SYNROC samples will enable us to carry out longer leach experiments
and_to determine whether the leach rate levels off in the 10-2 or
10-10 region of the plot.
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ABSTRACT

Ringwood and coworkers have recently proposed using tit-
anates and zirconates as hosts for nuclear waste in the Synroc
B process. Three minerals are used as hosts: perovskite
(CaTi03), Ba-hollandite (BaAlTig016), and zirconolite
(CaZrT1207) The Synroc ph1]osophy relies heavily on geological
and geochemical observations in selecting stable host minerals.
Although it has been recognized that the Synroc minerals are
not thermodynamically compatible with siliceous rocks, the
minerals are considered to be thermodynamically stable in the
presence of water, and it has been reported that these miner-
als are kinetically stable under high-temperature (up to 900°C)
hydrothermal conditions.

We have made detailed thermodynamic calculations and leach
tests which demonstrate: first, that perovskite is thermo-
dynamically unstable in all known natural waters; and second,
that pervoskite leaches at a significant rate even at 100°C.
Using data from Robie et al. and Helgeson, it is apparent that
CaTi03 is not thermodynamically stable at any reasonable Peo
and a Si07 values. For example, for the reaction: 2

+ . ++
3 + 2H &= Ti0, + Ca + H,0

CaTi0
AG® is -25.0 kcal (-104.4 kJ) and -23.4 kcal at 25°C and 300°C
respectively. At neutral pH, the Catt concentrations required
to stabilize CaTiO3 are ~109 ppm and ~100 ppm at 25°C and 300°C
respectively. Similarly, CaTi03 is unstable with respect to
CaC03 and Ti02 at all PCOZ values found in natural waters.

We have performed hydrothermal leach tests on natural and
synthetic perovskite and perovskite analogues between 100°C
and 300°C. Weight losses and solution concentrations were
monitored. For an 110 mg natural perovskite sample leached
at 300°C for three weeks, the weight loss was 600 ug, while
480 ug of Catt was leached into solution. The ratio of these
two values is consistent with the above reaction taking place.

*Speaker
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Somewhat surprisingly from a kinetic point of view, the leach
rates for this single crystal and synthetic MTi03 samples at
100°C (M=Ca, Sr, Ba) are comparable to, or larger than, those
at 300°C for the same sample. This observation is compatible
with the thermodynamic calculations; the perovskite becomes
less stable at lower temperatures. The results reported pre-
viously in the literature also show that perovskite is kinet-
ically unstable in the presence of common silicates. Our
results show that perovskite may be no more stable than
siliceous glasses, such as rhyolite, which have been studied
previously. Geologic evidence from common alkaline rocks also
indicates that hollandite and zirconolite probably will not
survive in common rock matrices.

As we have heard previously, perovsite is one of the important com-
ponents in the Synrocl scheme. It is also the simplest mineral in that
scheme. It seemed to us important to do some fundamental thermodynamic
and kinetic work in order to look at the stability of perovskite both in
rock matrices and in natural waters. Perovskite is a beautiful candidate
for examining especially the thermodynamics: the thermodynamic proper-
ties of perovskite and reaction products are known; and there are some
simple reactions which can be written for the decomposition of perovskite,
both in rock matrices and in natural waters. I want to look very briefly
at some of our thermodynamic caiculations in the natural water area using
known data,2,3 and then at some of our leach data on perovskite between
100 and 300°C. We hope to point out the relevance of the thermodynamics
in the resulting leach tests.

We will begin by considering three very simple reactions of perovskite
which could -and do take place in natural waters. The first reaction that
we will consider is perovskite plus CO2 in water, going to calcite plus
rutile:

CaTiO3 + C02(g) = (CaCo +  Ti0, (1)

3
PEROVSKITE CALCITE RUTILE

The equilibrium constant for pure solids can be expressed:
LG K., = -Log (PCOZ) (2)

We can obtain the values of AG® for this reaction for a wide range of
temperatures and establish an equilibrium constant, which is a function
of the partial pressure of CO2. We now look at the stability diagram for
this reaction (Fig. 1). The coordinates are the log of the COp pressure
vs the reciprocal of temperature. Celcius temperatures are given along
the top. The solid line represents the equilibrium values for PCOZ-
Above the line, perovskite plus C02 will be thermodynamically
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Fig. 1. Plot of log PCO vs 1/T for reaction (1), PCO ,» T values are

plotted for neaa-surface ground waters from 1i%estones
(triangles), ultramafic rocks (circles), and hydrothermal
solutions (squares).

stable; below the line, calcite plus rutile will be thermodynamically
stable. We have plotted here the partial pressures of CO7 in a number of
different natural waters. Those in the vicinity of 200 to 300°C are from
hydrothermal solutions. Those at low temperatures are from limestones and
ultramafic rocks. We could also put high silica rocks here. More common
igneous rocks, such as granite, would also plot well in this region.
Figure 1.indicates that the partial pressure of CO, in natural waters is
generally too high to stabilize perovskite in this reaction. ‘

The second reaction that we want to consider is perovskite plus sil-
ica, going to sphene; this is probably the most important reaction in any
aqueous system:

CaTi0; -+ Si0y(aq) —> CaTiSi0, (3)
PEROVSKITE SPHENE
LOG K., = -LOG (5102aq) (4)

Again we obtain the AG® values for this as a function of temperature and
establish an equilibrium constant, which is in the ideal case, a function of
the Si02 concentration in aqueous solution. A stability diagram for this
reaction is shown in Fig. 2. The coordinates are the log of the aqueous
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Fig. 2. Plot of Tog mg;, (aq) VS 1/T for reaction (3). The Mgig» T

values are plottgd for ground waters emanating from duni%es
and peridotites (filled circles), and serpentinites (empty
circles), limestones (triangles), and hydrothermal waters
(squares), These all plot very close to the lower solid line
representing solutions saturated with quartz,

silica concentration vs the reciprocal of temperature. Again, celcius
temperatures are given at the top. The upper line indicates the
equilibrium concentrations of Si02(aqueous)- Perovskite is stable at
lower Si02 concentrations (above the line); sphene is stable at higher
Si02 concentrations (below the Tine). The lower line in this figure
actually gives the solubilities of quartz in natural waters. Ve have
plotted the Si02 concentrations in various natural waters. Here, again,
we have hydrothermal waters at high temperatures and limestones, perido-
tites and serpentines at low temperatures. Again, the silica concentra-
tion in all natural waters is far too high to stabilize perovskite
thermodynamically.

The third reaction, which could also occur in natural waters, and
which is perhaps more applicable to laboratory work which we have carried
out, is the simple reaction perovskite plus acid going to rutile plus
calcium jons plus Hp0; that is presumably what is happening in most of
our leach tests:

CaTi0,  + 2H'(ag) =  Tio, + Ca''(ag) + H,0(aq) (5)

3
PEROVSKITE RUTILE

- 4, 2
L0G K., = LOG[Ca" /(H")“] (6)
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Again, we can calculate the values for AG® as a function of temperature
and establish an equilibrium constant, which in this case is a function of
the calcium ion concentration divided by the square of the hydrogen ion
concentration. If we combine this reaction and the preceding one (the
silica reaction), we can plot a stability diagram (Fig. 3). The coordin-
ates are the log of (calcium ion concentration over the square of hydrogen
ion concentration) vs the log of the aqueous silica concentration. The
stability field for perovskite is in the block at upper left; sphene is
stable above the diagonal line; rutile is stable below the diagonal line.
Here, we have plotted points for evaporate and limestone deposits, and
known data for silica, calcium, and pH data. Data for igneous rocks plot
in this general area. Once again, in all known natural waters the concen-
trations of the aqueous species are not sufficient to stabilize perovskite.
We conclude that, with the exception of some very high partial pressures
of COp in geothermal waters in the first reaction, perovskite is thermo-
dynamically unstable in all natural waters.
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Fig. 3. Plot of log [aCa++/aH+2] vs log i (aq) combining reactions

(3) and (5) at 25°C. Solution compogitions are plotted for
basalts and gabbros (squares) and for rhyolites and granites
(circles). The equilibrium line delineating the stability
fields of sphene and rutile is obtained by subtractina the
log k values of reactions (3) and (5).
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Experimental data® shows that the perovskite is unstable in the
presence of siliceous minerals. This data summarizes the thermodynamics,
but we all know that glasses that are being studied are thermodynamically
unstable. What does this have to say, anyway, about the kinetics of dis-
solution of perovskites, or any mineral phase? We have to look at the
kinetics and see whether the thermodynamics is of any relevance whatsoever.

We will now look at some of the laboratory tests that we have done.
Considering the reaction in Table 1, perovskite plus acid, going to
calcium ions plus rutile, the first set of experiments that we did were on
a natural crystal of perovskite from Magnet Cove, Arkansas. In the initial
experiment, we heated the crystal in 60 ml of water in an autoclave at
300°C for three weeks. The experimental weight loss was 600 ug, and the
amount of calcium ion released, as found by atomic absorption, was 484 ug.
If we take a 600 ug weight loss, then the theoretical amount of calcium
ion in solution would be 430 ug based on that equation. Therefore, weight
loss and the calcium ion released are reasonably consistent for that
particular reaction taking place. The leach rate in Table 1 is not based
on congruent dissolution, but is based solely on Ca** leached into solution.
The Teach rate at 300°C based on the calcium ion released, is about 2.8
x 1075 g cm-2 day-1. Other experiments that John Tewhey has described and
that we have done, show that the leach rate does drop off dramatically
with time, so most of this leaching is probably taking place within a day
or so. We then repolished that crystal, and did experiments at 100°C,
and the leach reates are about 1.9 x 10-5 g cm~2 day-1, comparable to that
at 300°C. The pH of the solution is between 6 and 7.

Table 1. Leaching of CaTi0O3 Single Crystal at 300°C@

CaTid3 + 2H* -  Ca™(aq) + Ti0p + H0(y)

Experimental Theoretical
Weight Toss, wug 600 ——
Ca** released, ug 4840 430

4Single crystal (100 plane) from Magnet Cove, Arkansas.
Weight ~120 mg. Surface area ~0.8 cm?. Leach time,
3 weeks.

bleach rate (Catt) = 2.8 x 10-% g cm~2 day-! (300°C)
1.9 x 10-° g cm~2 day-! (100°C)
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We then synthesized some strontium and barium titanates from the ox-
jdes and they were hot pressed. (These were prepared by Dr. S. Shin in
the Japanese National Chemical Laboratory for Industry.) These weigh
about 0.5 g, the nominal surface areas areabout 2 cm? and the leach rates
are given at 100, 200 and 300°C in Table 2. These were leached beginning
Tike the single-crystal, at a pH of 6. The solutions were analyzed for
strontium and barium after one week. These leach rates are based on
strontium and the barium in solution; again, they are not corrected for
congruent dissolution. We repeated this for a second week. They were

Table 2. Leach Rates of Perovskite Analogues?

(g cm=2 day-l, sr** or Batt)

Leach Rate

Compound T(°C) First Week Second Week

SrTi03 100 3.2 x 105 1.1 x 10-5
200 6.0 x 10-6 2.7 x 10-6
300 4.3 x 106 2.5 x 106

BaTi03 100 3.5 x 10=° 3.0 x 10-°
200 7.9 x 106 7.9 x 10-6
300 <3 x 10-6 <3 x 10-6

aSamples prepared from mixed oxides, heated at
1200° for 24 hours in air, and hot pressed into
discs. Nominal surface areas 2 cml.

rescraped between these two tests to refresh the surface; otherwise we
would get a very much Tower leach rate in the second week. Perhaps the
important point here is that the leach rate at 100°C is, if anything,
higher than that at 300°C. There is a general increase in all of these
results from 300 to 200 and from 200 to 100°C.

We will not discuss our powder perovskite results, but they are com-
patible with the general idea that the leach rates do not change very much
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on going from 100 to 300°C; I think this is qualitatively consistent, at
least, with what John Tewhey has said previously.

Now this is very different from results obtained for glasses; I
present, for comparison, Table 3, which contains results of work that we
have done under very similar static hydrothermal conditions. The main
comparison that should be made is between a natural volcanic glass,
rhyolite, which we have studied in some detail,” and the titanates of
calcium, strontium, and barium. Rhyolite is a very stable natural volcanic
glass; leach rates generally are an order of magnitude lower than that for
sodium borosilicates. All of these results are from tests on disc-like
material of usually around a few hundred miligrams with usually 10 ml of
water in the autoclave. The leach rate for rhyolite is typical of glasses,
and it increases dramatically with temperature, usually by a least an
order of magnitude with each 100°; whereas the leach rates of perovskite
and its strontium and barium analogs do not change substantially with
temperature. You can see that at 300° the leach rates of the titanates
are much,. much lTower than that of even a very stable glass, but at 100°
they are, in fact, very comparable. The set of rhyolite values at three
temperatures are based on congruent dissolution. The Tower value for
rhyolite is really more comparable with the ones for the titanates, because
this is based on sodium in solution. We would be very interested in seeing

Table 3. Leach Rates of Glasses and Titanates

(g cm=2 day~1)

100°C 200°C 300°C

Na borosilicates(a) 3.5 x 10-4

Rhyolite(a) 3.5 x 107> 3.2 x 10-% 1.3 x 10-3
(b) 3.0 x 10-6

caTioz(c) 1.9 x 1079 - 2.8 x 10-°

SrTi03(c) 3.2 x 1005 6.0 x 1076 4.3 x 10-®

BaTi03(c) 3.5 x 107 7.9 x 10-6 < 4 x 10-6

(a) Based on weight loss.
(b) Based on Na in solution.

(c) Based on M** (M*™ . catt, Srtt, Ba*t) in solution.
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whether results reported by John Tewhey show that the leach rates for the
titanates again remain reasonably constant as you go down to lower temper-
atures. Now, why does the leach rate stay fairly constant with temperature?
Well, we believe that this can be rationalized using the thermodynamics.
Let us refer to the last reaction that was considered in eq. (5). The
equilibrium concentration of calcium ions for that reaction at 300° is
approached in the leach tests. We are within an order of magnitude of

the equiTlibrium concentrations that we have calculated: and as equilibrium
is approached, the leach rates are going to go down. On the other hand, at
100° the equilibrium calcium ion concentration is many orders of magnitude
higher, and there is a large initial driving force to the leach rate at
100° and Tower temperatures, because the equilibrium concentrations are
extremely high.

To conclude, it is important to look at the thermodynamics of minerals
that are being studied, and hopefully glasses as well, although the latter
is of course very much more difficult. It is very difficult to get appro-
priate information on glasses, but I think that in the future at least the
thermodynamics provides, a basis for discussion, which will be extremely
important in nuclear waste disposal risk assessments.

Acknowledgements: We are very grateful to AECL (Canada) for financial
support

DISCUSSION

J. TEWHEY: How did you characterize your perovskite from Magnet Cove,
Arkansas, and how did you characterize the material that had been hot
pressed in Japan?

BANCROFT: The Magnet Cove, Arkansas material has been characterized by
x-ray diffraction and by probe measurements. It contains some very small
inclusions, but, other than that, it appears to be pure. The strontium
and barium substances have been characterized again by x-ray diffraction
and by probe measurements. Of course, the general difficulty, as you well
know, is that very small impurities can lead to very high initial leach
rates; but the fact that we have leached, for example, the strontium and
barium substances for three weeks in a row, getting very similar results
indicates that the substances were pure and were not leaching out, say,
an oxide.

SAME QUESTIONER: How did you characterize your surface areas?

BANCROFT: Just the nominal surface areas from measuring the outside of
each disc.

SAME QUESTIONER: Were these fully dense disks?

BANCROFT: No. That is an important point. We have not checked how close
to theoretical density those are. Those leach rates might well be higher
than you would get with a fully dense material. (The density is over 90%
of the theoretical).
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J.H. SIMMONS: 1In looking at the high temperature leach rate, you are
saying that basically the solution is saturating in calcium ions, and
therefore the leach rate goes down in the case of the titanates.

BANCROFT: Right.

SIMMONS: What is the 1ikelihood that this represents a real waste form
burial conditicn?

BANCROFT: It probably does not. It depends, of course, on the particular
flow rate in the repository. If you are refreshing the surface all the

time, that would tend to increase the leach rate, but, of course, you pro-
bably have a buildup of a Ti02 surface, which is preventing further leaching.
I think that certainly the tests that we have done and the tests that I have
heard about would indicate indeed that the Teach rate drops off dramati-
cally with time, whether or not you do a flow test or a static stest.

SIMMONS: But it seems that you are biasing your results by saturating the
solution. If you took a larger volume solution, you might have much
higher leach rates. Is that what you are saying?

BANCROFT: I think that is true.
UNIDENTIFIED SPEAKER: There is calcium in ground water.

BANCROFT: Right. There are plenty of calcium ions in ground water; ~100
ppm. So, even with the concentrations we are talking about, we are within
an order of magnitude of typical ground water concentrations.

SIMMONS: Thank you. The only thing I would Tike to convey is that we
should be very careful in comparing the various materials under different
conditions; for example, glasses in sealed systems and crystals in sealed
systems. Sometimes there are certain mechanisms which tend to bias the
results towards one material or the other; whereas, if you change the con-
ditions (for example, put a lot of silica in solution), [things could be
different]

BANCROFT: Obviously. I think with the equipment that we have, we have
standardized as well as we could, to the same kind of bombs, the same
volume of solution; but, certainly, there are still difficulties with
that as you have pointed out.

UNIDENTIFIED QUESTIONER: 1In your theoretical calculation, do you take into
account any activation energies, or are you assuming those as zero.

BANCROFT: We are just looking at the free energies of formation in each
case - and not considering any sort of activation energy.

SAME QUESTIONER: Would not that be the most important thermodynamic
property to consider?

BANCROFT: No. It is irrelevant.
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SAME QUESTIONER: Not irrelevant in the hydrogen-oxygen reaction.

BANCROFT: Let's try to separate the thermodynamics and the kinetics.

You're talking about the kinetics, rather than the thermodynamics. The
activation energy is not a thermodynamic quantity. It is a kinetic quantity.
It has nothing to do with the thermodynamics and never will have.

G. McCARTHY: T am very pleased to see this work presented. We have been
waiting for it for years. I have actually wanted to do some of it myself,
but never got around to it. Two quick ones on the thermodynamic data base,
again. How much do you trust the AG® values? They are subject to great
error, and they change as a function of time, sometimes completely changing
the sign of the free energy. Secondly, in your abstract, you mention
anatase, and yet your calculations are based on rutile; so do you feel you
are approaching equilibrium the calculations apply?

BANCROFT: Perhaps I could ask Dr. Nesbitt that, He has done the calcula-
tions.

NESBITT: The studies that have been done on the solubility of rutile and
anatase in isothermal experiments suggest that they are not greatly dif-
ferent in their calculated free energy; perhaps of the order of one Kcal

in 200 kcal. I forgot the number at higher temperature; but at 25°, the
free energy for one of the reactions discussed is -25 kcal - very negative.

BANCROFT: That's in the third reaction. In the perovskite plus proton
reaction. In fact, in the first calculations that you did Wayne, using
previous numbers, the AG was considerably more positive than that. But
you are absolutely right that you can get changes, depending on what
numbers are used in that particular reaction, by more than 10 kJ (2 kcal).
But the free energies for most of those reactions are close to -100 kdJ.
They are really extremely negative. So, it would take very large changes
in those numbers to dramatically alter, I think, the conclusion.

UNIDENTIFIED QUESTIONER: How do you get from 25 kJ in the abstract to
100 kdJ? '

BANCROFT: By the way, there is an error in the abstract. It should be
25 kcal rather than 25 kilojoules. There is very little change in going
from 100 to 300°C. But because of the temperature in the AG® = -RT log K
expression, K changes quite dramatically with temperature, even though
AG® does not.
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A popular textbook defines CERAMICS as "so?id articles composed in
large part of inorganic nonmetallic materials®.! Thus, the term CERAMICS
is broad enough to include virtually every solid nuclear waste form, from
"salt cake" to hot pressed mineral-modeled forms. However, as has come
to be the conventional usage in nuclear waste management, we will define
ceramics as the largely crystalline materials designed as alternatives to
the mostly noncrystalline vitreous or melt-formed products (glasses,
glass-ceramics, sintered glass-ceramics). Another class of legitimate
ceramics, cement and concrete forms, will nof be treated in this review.
The reader is referred to papers by D.M. Roy< and J.G. Moore in this
workshop for reviews of these nuclear waste ceramics.

It is noteworthy that the solid defense high level wastes (salt cake,
CsCl, SrFp, ICPP calcine) are also ceramic nuclear waste forms., Vast
experience has been gained in processing these hot ceramic forms. How-
ever, because they are unconsolidated and/or highly soluble in water,
these forms are not usually considered to be suitable for final disposal
and they also will not be considered further here.

An historical listing of the remaining classes of ceramic nuclear
waste forms is given in Table I. Many people are surprised to learn that
the desirability of solidification of high level nuclear waste into
crystalline, mineral-modeled, ceramics or ceramic matrices was recognized
nearly three decades ago. The objective of this short paper is to present
a summary of these early, and not well known, studies through 1978. For
the latest developments since then, the reader can consult the annual
volumes of Scientific Basis for Nuclear Waste Managment, the proceedings
of the symposia of the same name held by the Materials Research Society
in November of each year and published by Plenum Press,

We fing in a 1953 overview article on nuclear waste disposal by
L.P. Hatch,® the suggestion that wastes be sorbed and fixed on minega]s,
especially clays and zeolites. A 1962 patent disclosure by Arrance
describes one way in which this may be accomplished, namely through
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TABLE 1

Ceramic Nuclear Waste Forms -- An Historical Perspective

Year and Sites and Principal
Reference Ceramic Nuclear Waste Forms Investigators
1953 Suggested Mineral-~-Modeled Ceramics L.P. Hatch
[3] Brookhaven
1961 Radionuclides in Fluorophlogopite; E.J. Evans
[4] Ceramic Coating, Hot Pressing AECL Chalk River
1962 Radionuclides in "Ceramic Sponge" F.C. Arrance
[5] Ceramic Coating
1972 Radionuclides in Phosphates; J.L. McETroy
[6] Fusion Casting J.E. Mendel
Battelle Northwest
1972 Radionuclides in Silicate Minerals; G.S. Barney,
[7] STOPPER Process, Aqueous Silicate L.E. Brownell, L.L,
Process Ames, M.J. Kupfer,
R.E. Isaacson, Hanford
1973 Ceramic Matrix Encapsulation, Gel G.J. McCarthy
[8] Precursors, Hot Pressing Penn State University
1975 Ceramic Matrix Formed by Hot Pressing; R.G. Dosch,
[9] Titanate Ion Exchange Process J.K. .Johnstone,
R.L. Schwoebel
Sandia Albuquerque
1975 Radionuclides in an Assemblage of G.J. McCarthy
[10] Mineral-Modeled Crystalline Phases; R. Roy
Liquid Phase Mixing; Hot Pressing Penn State University
or Conventional Ceramic Processing
1978 Radionuclides in an Assemblage of A.E. Ringwood
(1] Mineral-Modeled Crystalline Phases; Australian National
Fusion Casting (Later, Hot Pressing) University
1978 Ceramic Matrix Formed by Hot Pressing; T. Westermark,
[12] Titanate Ion Exchange Process S. Forberg,

H. Larker
Sweden
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absorption of 1iguid waste into a partially fired but porous ceramic
rich in clay, followed by drying and sealing the porosity by sintering
with some vitrification to give a consolidated ceramic.

In a remarkable foretaste of later developments, E.J. Evans and
coworkers at AECL, Chalk River described in 1961 the fixation of small
amounts of nuclear waste Cs and Sr in fluorophlogopite, KMg3A1513019F2,
processed the ceramic by hot pressing and formed an additional coating
of nonradioactive ceramic to provide for greater leaching resistance.
Solid solution stabilization in synthetic minerals, hot pressing and
coatings figure prominantly in today's waste forms R & D.

During the waste solidification Engineering Prototypes program
carried out in the U.S. during the late 1960's, one of the waste forms
evaluated was a fusion cast (poured from a melt) phosphate ceramic. It
was processed remotely and cogtained radioactivity levels appropriate. for
power plant high level waste.

A group of workers at the then Atlantic Richfield Hanford Company
studied several means of converting their defense wastes into a mineral
form using a very low temperature hydrothermal process.7 In one scheme,
clays were added to a salt cake solution to make a nitrate analog of the
feldspathoid mineral cancrinite, Na7AlgSig024{NO3)-2 H20. At a rather
early date Isaacson and Brownel1/ of this group discussed several of the
concepts which were to be applied in later work. on mineral-modeled
ceramics:

» On Pu Hosts: "Plutonium silicate is a structural analog of
Zircon, 7rSi0g, with... extremely low solubility... for a
qualitative understanding of degree of solubility of
plutonium silicate, one might refer to the presence of
zircon and thorite in beach and river sands".

- On a Cs Host: "Cesium is highly soluble and volatile in
most of its chemical forms; however, pollucite... is highly
stable in neutral or basic chemical environments".

 On Sr Hosts: "Strontium a1sb forms a number of alumino-
silicates, one of which is a... feldspar... have very low
solubilities and are stable at high temperatures”.

- On Stability: "The silicate and aluminosilicate product
forms are essentially inert and unreactive with most
geologic materials. Exceptions would include hydrothermal
solutions..."

An "encapsulation strategy"” is one option for utilizing high stability
ceramics/synthetic minerals in nuclear waste forms. Radionuclides form
in highly dispersed, and not necessarily insoluble, phases in the ceramic
matrix. The design effort is focussed on the dispersal of radionuclides
and the elimination of any open porosity. This strategy was originated
by McCarthy in the early 1970's and was later applied to matrix encap-
sulation of commercial high level waste calcine in collaboration with
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Battelle Northwest. OFf the numerous ceramic matrices investigated, forms
of Si0y (a-quartz, amorphous from a LUDOX precursor) and consolidation

by hot pressing gave the best combination of densification, thermal
stability and leaching resistance in products having 20-30% waste

calcine loading.8 This encapsulation strategy, optionally combined with
additional design of insoluble, compatible radionuclide host phases, is
ideally suited to defense waste sludge solidification where only traces
of radionuclides are present and the bulk of the sludge consists of
ceramic precursors. It is being utilized in the tailored ceramics R & D
program of Rockwell International and Penn State University. In the mid-
1970's, workers at Sandia Laboratories applied this strategy and
processing to the consolidation of products prepared by sorption of high
level liquid waste ions on titanate gel.9 The finished ceramic consisted
of mineral-like titanates and oxides in a matrix of the rutile form of
Ti02. A similar process and product were independently developed in
Sweden.12 The originator, T. Westermark, has also discussed the encap-
sulation strategy and the exceptional stability of rutile as a ceramic
matrix.

In 1973 when we initiated research on ceramics as alternatives to
vitrified waste forms, the US waste management policy was to solidify
commercial waste and store it above ground in Retrievable Surface Storage
Facilities., Because of waste volume considerations, high loading and
thermal stability at a continuous 600-800°C centerline temperature were
important design considerations. Realizing that the dilution necessary
for ceramic encapsulation forms was too great for this application, we
returned to earlier studies on mineral modeled ceramics consisting of
compatible oxide, silicate, phosphate and aluminosilicate phase assemblages
that would also be the radionuclide hosts. After establishing the frame-
work for producing mineral-modeled ceramics (selection of compatible
leach resistant phase assemblages, solution mixing of waste plus additives,
consolidation by established ceramic processing!0 during 1974, the Penn
State/Battelle Northwest group developed specific formulations tailored
for maximum waste loading and demonstrated these through the cold
engineering scale.13-16 Fully radioactive demonstrations of several of
these formulations (often called "supercalcine-ceramics") are scheduled
at Battelle Northwest in the coming months,

At the Australian National University, a group headed by A.E.
Ringwood introduced during 1978-1979 several quite different formulations
of mineral-modeled ceramics (termed "synrocs" by their originator) that
are characterized by substantially lower waste loadings.17-19 Table II
compares the "mineralogies” of specific versions of these tailored
ceramics designed for low-sodium commercial wastes.

This brings us to the pivotal year of 1978 when the Department of
Energy initiated a major expansion of R and D on ceramic waste forms. It
is hoped that this brief review will provide the reader with a historical
perspective in which to interpret the many papers and reports now appear-
ing on ceramic nuclear waste forms,
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TABLE II

Radwaste Incorporation in Mineral-Modeled Ceramics

Structure Type and Hazardous Radwaste
Nominal Composition Elements Incorporated?
MONAZITE
LnP, U, Th (TRU)®
LnP04 :
APATITE
Ln, Sr, Cm, {Am)

Current Supercalcine
ceramics (SPC 2, 4-type) FLUORITE

(U; Ln, Zr)0
Z¥X U, Th, Cm, (TRU)
(Zr, Ln, U)0pey

POLLUCITE
Cs
CsATSi 506
SCHEELITE
Sr
SrMo0y
RUTILE
Ru
RuO2
HOLLANDITE
Cs,Ru
BaAl»Tig0
Current 27 6"16
Synrock ZIRCONOLITE
(type B) U, Ln, Sr, (TRU)
CaZrTiz0; |
PEROVSKITE
Sr, U, (Ln, TRU)
CaTiO3

dFiements in parentheses are inferred from crystal chemical principles.
bLn = Rare earths lLa, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Y.
CTRU = Transuranic elements: Np, Pu, Am, Cm.
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DISCUSSION

UNIDENTIFIED QUESTIONER: 1 have a question which I am sure you have

thought about. What happens in pollucite when the cesium decays to
barium?

McCARTHY: I mention this in every talk; I just never got to it in this
one. [ do not know. I certainly expect a major structural change, and

I think you would too. Half of the cesium that crystallizes in pollu-
cite just by taking the waste alone is radioactive; the other half is
nonradioactive. Therefore, half of the cesium is going to go to

barium, ultimately. An experiment has been conducted; I do not know if
the results are out yet, because the products were so highly radioactive.
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HYDROTHERMAL INTERACTION OF A CERAMIC WASTE FORM WITH BASALT
B.E. Scheetz,* S. Komarneni, D.K. Smith#** and C.A.F. Anderson¥*

The Pennsylvania State University, Materials Research Laboratory
University Park, PA 16802

ABSTRACT

The behavior of crystalline supercalcine-ceramic in the
presence of basalt was investigated under mild hydrothermal
conditions at 100, 200, and 300°C with a pressure of 300
bars. Both the solid phases and solution concentrations of
the interaction products of basalt and supercalcine-ceramic
were characterized.

At 100°C, no alteration products could be detected in
experiments involving supercalcine-ceramic and basalt. The
solution analyses for elements specific to the supercalcine-
ceramic did not indicate any significant differences between
the treatments with and without basalt, suggesting little or
no interaction between basalt and supercalecine-ceramic at
this temperature,

At 300°C, several solid alteration/interaction products
were identified. These products included two phases, pollu-
cite and scheelite, originally incorporated into the ceramic
formulation but which reformed with different bulk chemical
compositions. TIn addition, isolated crystals of unidentified
K (xBa) aluminosilicate phases were observed. Solution
analyses of these runs did not indicate any significant
differences between the treatments of supercalcine-ceramic
with and without basalt, except that the Sr concentration
decreased in the presence of basalt. Similar behavior was
noted earlier, when basalt and SrZrO3 experiments were con-
ducted.

Alteration products and solution concentrations at 200°C
lie intermediate between the 100° and 300°C results,
INTRODUCTION
Ceramic waste forms for the immobilization of high level commercial

and defense wastes currently are underdeveloped at many research insti-
tutions. The chemistry of these second generation waste forms is

*Speaker. Forward all information to this author.

**Department of Geosciences, The Pennsylvania State University, Univer-
sity Park, PA 16802,
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intrinsic to the philosophy developed by the individual research insti-
tutes. They include titanate~based systeml, mixed titanate phasesz, and
mixed oxide$3. The latter approach was the first to recognize mutual
compatibility and thermodynamic stability of crystalline phases in a
waste form as contrasted to the vitreous waste forms that had received
extensive development over the last two decades,

The stability of the vitreous waste form was evaluateda’5 alone and
in the presence of basalt® at conditions of elevated temperature and
pressure that would have been anticipated in a deep geological reposi-
tory. These studies have demonstrated that the vitreous waste form
readily alters.

The objective of this study is to determine the stability of super-
calcine waste form in a basalt repository.
EXPERIMENTAL
Materials
Two formulations of the tailored crystalline ceramic were studied.
These formulations are designated as SPC-2 and SPC-~4. They differ

principally in the relative amounts of rare earth elements (REE) in the
formulations (Table 1). ' The effects of the different ratios of REE are

TABLE 1
Chemical Compositions of Tailored Crystalline Ceramics

element SPC~-2 SPC~4
Al 2.35 2.4
Ba 2.18 2.22
Ca 3.53 1.49
Ce 13.24 4,29
Cr 0.37 0.37
Cs 4,21 4.30
Fe 3.28 3.35
Gd 0.76 14.40
La 7.67 1.17
Mo 5.35 5.47
Na 0.14 0.15
Nd 5.17 11.50
Ni 0.17 0.18
P 1.82 1.86
Rb 0.50 0.52
sS4 8.89 8.22
Sr 2.42 3.58
Zr 5.68 5,79
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second order, that is the phase assemblages are not affected by the
different REE ratios but only the relative sizes of the unit cells of
the individual model phases in both assemblages (Table 2).

The basalt chosen for these studies represents a generic basalt? a
United States Geological Survey (USGS) internatiomal standard, BCR-1
(Table 3).

Hydrothermal Experiments

The solids chosen for these experiments were fragments that passed
a 6-mesh sieve and were retained on a 10 mesh sieve. The mass of the
individual charges ranged from 30 to 50 mg. 1In the mixed basalt/waste
form experiments equal masses of rock and waste were used. The solids
were weighed into a gold capsule and a ten to ome ratio of deionized
water to total solids was added. The gold capsules were welded to
prevent transfer of matter into or out of the capsule. These capsules
were then placed into cold seal vessels and pressurized to 300 bars or
30 MPa at 100°, 200°, and 300°C for up to four months of hydrothermal
treatment:,

After completion of the hydrothermal treatment, the pressure vessel
was quenched and the capsules were removed and opened for analysis. The
contents of the capsules were rinsed into volumetric flasks and diluted
to 25 ml with deionized water. These solutions were then filtered to
remove the solid phases for characterization. The solutions were ana~
lyzed by a combination of atomic emission and atomic absorption spectro-
scopy. Detection limits for this experimental design were typically 0.1
ppm. The solid phases were examined by scanning electron microscopy.

RESULTS AND DISCUSSION

The stability of the individual solid components of these experim-
ents will be discussed in turn. The combination of rock/waste form will
then be examined for the possible presence of synergistic effects.

Basalt

Basalt mineralogy is dominated by the presence of plagioclase
felspar, augitic pyroxene, minor amounts of olivine, filvospinel-magnetite
and an x-ray amorphous glassy phase. The glassy component of some of
these Columbia River basalts flow over 40 vol/o”?. The glassy component
of the basaltic phase assemblage is the least stable under the test
conditions and readily dissolved. The hydrothermal stability of basalt
treated under identical conditions was reported8. Figure 1 is an SEM
image of the surface of a disc of basalt that was altered under hydro-
thermal conditions. The lath like grains represent the resistant feld-
spar, the lighter gray grains with the rinds are pyroxene, the white
equant grains are the Ulvospinel-magnetite phase, Irregular intergranu-
lar voids represent the dissolved glassy groundmass material.



TABLE 2

Crystal Chemistry of Major Supercalcine-Ceramic Phases.d

nominal composition  structure type code £pxs? chemistry SPC-Zb SPC—-4b
(Ca,Sr),RE,(510,) .0, apatite (P6 ) A majbrf Si,Cé,RE(G ,Nd>La>Ce>Pt>Y) a' = 9.558(4)e a ='9.497(6)
27eeTe2 3w ss minor: s:,m:,{mg ¢ = 7.032(16) D = 6.976(4)

v® = 566.4 v® = 544.9

REPOA monazite (P21/n) M58 major: P,RE(Nd,Gd>La>Pr) a = 6.820(8) 8, = 6.749(4)
bo = 7.050(8) bo = 6.971(4)
c = 6.499(8) e = 6.432(4)
g% = 103.53(10) B8 = 103.96(10)
v =303.8 Ty = 293,70 7

(U,Ce,Zr,RE)O2+ fluorite (Fm3m) F major: U,Zr,RE{Gd>Ce>Y,5m) a_ = 5.342(3) a_ = 5,190(3)

*x ss (] o

v = 152,4 v = 139.8

(Cs,Rb,Na)AlSiZO6 poliucite (Ia3d) P major: Cs,Al,Si 8, = 13.840(4) a = 13.643(4)

minor: [Cal,[Fe] v = 2537 v = 2539
(Zr;Ce)ozix tetragonal dis— Tss
torted fluorite

(Qg,Sr,Ba)MoOa scheelite (1«115) S, major: Mo,Ca,Sr,{Bal a = 5.31(2) a = 5.378(4)
c, = 11.83(3) e, = 13..999({8)
v = 333 v = 347.1

(Fe,Cr},0 corundum (Fe,0.,) major: Fe

273 2388 _ minor: Cr
(Ni,Fe)(Fe,Cr)zoa spinel SPss major: Fe
tninor: Ni,[cCr]
RuO2 rutile Ruoz major: Ru

aEnergy dispersive x-ray spectrometry.

c( ] around an element indicates that it was not observed in the particular phase in every supercalc

d

Aftexr (3). eac, bo, < reported in .

bFinal report C00-2510-15, Advanced Waste Porm.

fv veported in §3.

ine-ceramic.

Ly



TABLE 3

Bulk Chemical Composition
of USGS Basalt, BCR-1.

major and minor
constituents (%)

Si02
Al,03
Fe,03
FeO

MgO

Ca0
Na,0
K,0
HzOf
H,0

Ti0,
P,05
MnO

CO,

SUM
Total Fe
as Fejp03

selected trace

elements

Ba
Sr

USGS—-BCR-1

54.50
13.61
3.68
8.80
3.46
6.92
327
1.70
0.77
0.80
2.20
0.36
0.18
0.03
100.28

13.16

675 ppm
330 ppm

after (7).

Fig. 1.

SEM image of the
altered Columbia

etched surface of a hydrothermally
River basalt.

14
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In the extended hydrothermal treatment experiments, the dominant
alteration product of the basalt is an iron-rich smectite, nontronite
(Figure 2). Very seldom were zeolitic phases observed. The results of
the analysis of the hydrothermal solution will be presented in conjunc-
tion with the waste/rock experiments.

Tailored Crystalline Ceramics

The formulations for the tailored ceramic used in these studies
contained approximately 70 wt/o waste loading. The chemical analyses of
the solution in contact with the quenched samples for 100°, 200°, and
300°C experiments are presented in Table 4. Both the percentage of the
available inventory detected in solution and the concentrations of the
solution in pg/ml are presented for a series of one month experiments.
A clear temperature dependence can be seen in these data; most notable
is the total removal of sodium into solution along with 6% of Rb at
300°C. The release of Na and Rb into solution may be related to the
recrystallization of pollucite excluding Na and Rb ions from its struc-
ture.

Characterization of the bulk chemistry of this material revealed
only subtle enhancement in the diffraction pattern (peak sharpening) of
pollucite and slight shifts in the peak location of the scheelite-
structure phase. Detailed characterization with the aid of scanning
electron microscope identified the occurrence of two classes of alter-
ation.

Fig. 2. SEM image of the extensive smectite formation on altering
basalt.
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TABLE 4

Average Concentration and Percentage of Element in Solution
(10:1 deionized water to SPC-4 supercalcine)

100°C* 200°C 300°C
element

ug/ml % ng/ml % ug/ml %
Cs 12*1 0.3 7+1 0.2 225 0.5
Rb <5 - <5 e 35+5 6.2
Na 9+1 6.1 31+5 20.9 300+10 100
Sr 1.940.1 0.05 <0.2 - 2.440.1 0.07
Ba <0.5 - <0.5 — 5.9+1 0.26
Ca 4+1 0.27 - - 8+1 0.5
Mo 15+1 0.3 61+5 1.1 52010 9.5
Si 19:+1 0.17 164%5 1.46 290+5 2.6
Al 2+1 0.08 4+1 0.17 9+1 0.38
Fe <0.5 — <0.5 —— <0.5 -
Cr <0.5 — 3.90.1 1.4 0.4*0.1 0.12
Ni 1.5+0.1 0.4 17+1 5.0 0.3+0.1 0.19
Nd 3.430.1 0.03 <0.5 —_ <0.5 -~
La <0.5 - <0.5 - <0.5 -
Zr <0.5 - <0.5 — <0.5 -

*All experiments conducted at 30 MPa.
Duration 1 month,

Both pollucite and powellite (the mineral name for CaMo0O4 with the
scheelite structure) were observed to have reformed as large euhedral
crystals on the surface of the reacted ceramic. The presence of these
phases on the exterior surfaces suggests that the crystals formed as a
result of a transport of the appropriate ions from the ceramic into
solution and then precipitated. In both cases, the precipitated crys-
tals possess a bulk chemical composition that differs from the composi-
tion that was initially tailored into the phase assemblage. Semiquan-
titative chemical analyses of the pollucite phase that formed suggests
that the Al:Si ratio is more nearly 1:3, analogous to the defect anal-
cimelO (Nay () (Al (.81, 53)0c, than the initial Al:Si ratio of 1:2.

The powellite, (Ca,Sr,Ba)Mo0; phase, that were typically identified
represent a Sr-substituted powellite or a Ba-substituted powellite, very
rarely are Ca- or Ba-substituted Sr-powellites formed. Figure 3 repre-
sents a series of schematic phase diagrams for the powellite

(Ca,Sr,Ba)MoO4
a large single

composition. At T; = 1200°C, the diagram is dominated by
phase region with a two phase miscibility gap between the

Ca and Ba components extending toward the Sr component. The open circle

in this figure

represents the bulk chemical composition of powellite in
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1200°C (T,)

CaMo 04 Ba Mo 04

(r,)

BahM>Ch

ie

CaMoOg4 *\~24 ; Ba Mo Oy

Fig. 3. Schematic phase relationship for scheelite~structure phase
as a function of temperature.
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the tailored ceramic. At successively lower temperatures the two phase
region is enlarged and includes the bulk chemical composition of the
powellite in the ceramic and ultimately it is intersected by a three
phase region. At T4 = 300°C, the temperature of the hydrothermal treat-
ment, an extensive three phase region exists with now only limited solid
solution regions adjoining each apex.

In this model, the dissolution of the powellite phase is driven by
the instability of the bulk phase assemblage at the reduced temperature
of hydrothermal treatment. The data in Table 4 suggest that congruent
dissolution of the powellites has not occurred.

It is noteworthy to mention at this point that the phases chosen as
model phases in this waste form exhibit extreme compatibility as evi-
denced by the reformation of the same structural phases from solution
but with different bulk chemical compositions.

The second class of alteration products from these experiments
represented by the formation of '"new'" phases that were not tailored into
the original phase assemblage. A hydrated calcium silicate, truscot-
tite, and a Ba—aluminosilicate, wellsite, were identified (Figure 4).
The preparation of the tailored ceramic waste form does not, in fact
produce 1007 crystalline phases. It has been reported that as much as 5

Fig. 4. SEM image of ehuedral crystals of Ba-aluminosilicate phase
formed as the hydrothermal alteration product of SPC-2.
(B = Ba-aluminosilicate, wellsite; P = pollucite.)
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wt/o of the waste form is composed of an amorphous aluminosilicate phase
that contains varying amounts of alkaline earth elementsll, 1Tt is
entirely possible that the formation of truscottite vs. wellsite is
controlled by this variable composition.

Tailored Ceramic/Basalt

Tables 5 and 6 present the results of the analyses of two repre-
sentative data sets at 100° and 300°C respectively. From these data no
synergistic effects that would suggest enhanced dissolution of either
the basalt or the waste form are observed. The percentage of sodium in
solution in the presence of basalt appears to be supressed. This low
concentration, however, is a result of the mode of calculation which for
the waste/rock reaction included the combined totals of available sodium
in both materials. ‘

Characterization of the solid experimental charges in the waste/
rock rums typically reveals only those phases that were previously
discussed when basalt or the waste form alone was treated in deionized
water. One euhedral crystalline phase was recognized on the altered
basalt that contained a bulk qualitative chemistry similar to K,
Ba—-aluminosilicate, perhaps representing minor barium substitution into
the orthoclase component of the altering plagioclase feldspars.

TABLE 5

. . a
Concentration and Percentage of Elements in Solution at 100°C™.
1:10 solid to deionized water

BCR~1 SPC-2 BCR-1 + SPC-2

element BD 271 o 274 BCD 268
ug/ml % ug/ml % ug/ml %

Cs - - 10+1. 0.2 <0.5 —
Rb — - 411 0.7 2+1 0.8
Na 61 0.3 <0.5 - 11+1 0.9
Sr 1zl 2.1 6x1 0.3 4+1 0.3
Ba <0.5 - <0.5 — <0.5 —
Ca 405 0.8 655 1.8 7045 1.7
Mo - - 14+1 0.3 11+1 0.4
Si 210+5 0.8 4545 0.5 110%5 0.6

a

P = 300 bars; t = 4 months.

bAl, Fe, Cr, Ni, Nd, La, Ce, Gd, Zr, and P were not

detected in solution.
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TABLE 6

Concentration and Percentage of Elements in Solution at 300°¢?.

BCR-1 SPC~-2 BCR~-1 + SPC-2
elementb BD 260 CD 263 BCD 257
pg/ml % ug/ml % ug/ml %

Cs — —_ 1441 0.3 9+1 0.4
Rb — - 411 0.9 <0.5 ——
Na 70%5 2.8 120+5 85 9515 7.5
Sr <0.2 - 11+1 0.5 1+2 0.1
Ba <0.5 - <0.5 —— <0.5 —
Ca 255 0.5 25%5 0.8 255 0.5
Mo <0.5 —— 20+1 0.4 13+1 0.5
‘Si 310£10 1.2 370x10 4.1 43010 2.5

8p = 300 bars; t = 4 months; sclid to deionized water

ratio = 1:10.
bAl, Fe, Cr, Ni, Nd, La, Ce, Gd, Zr, and P were not
detected in solutions.

CONCLUSION

The hydrothermal stability of the tailored ceramic waste forms
SPC-2 and SPC-4 have been demonstrated for the extremes of dispersed
temperature and pressure. Table 7 represents a summary of the stability
of the individual components of the tailored ceramic. Apatite, mona-
zite, fluorite, corundum and spinel structure types do not appear to
undergo alteration under the experimental condition of this study.
Pollucite and scheelite structure types on the other hand have been
identified to exhibit a dissolution/transport/reprecipitation behavior.
The appearance of ''mew" alteration phases has been correlated to the
existence of appreciable amocunts of noncrystalline solids that have been
formed during the fabrication of the tailored ceramic.

Finally, the alteration of the ceramic waste form appears for the
most part to occur independently of the presence of basalt. Because
none of the alteration products observed for the ceramic involved a
redox couple, it is not surprising that the basalt plays an inert role
in these experiments.
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TABLE 7

Stability of Supercalcine-Ceramic under
Hydrothermal®* Conditionms.

Structure type Results

Apatite - Ass No apparent reaction.

Monazite - MS No apparent reaction.

s
Fluorite =~ FSs No apparent reaction.

Pollucite = P Dissociqtion releases Na to solu-
tion and reforms as. defect pollu-
cite (Co)g ¢7(Alg 67517,3370

Scheelite ~ See Dissociation releases Ca and/or
Ba to solution and reforms as two
individual scheelite phases (Sr
substituted Ca and Cr substituted
Ba molybdates)

Corundum No apparent reaction.

Spinel - SPs No apparent reaction.

8

*Temperature 300°C; pressure 30 MPa; experimental dura-
tion four months.

DISCUSSION

POHL: I may have missed it when you said which basalt you were using
in these experiments. I think you started out describing two different
basalts; could you repeat what these basalts are, and did I hear
correctly that one of them has a 40% amorphous content? In your leach-
ing experiments, which ones did you use and was there any effect of this
much larger glass concentration?

SCHEETZ: What I showed you was the BCR-1, which, of course, is the
USGS standard. We have used, in parallel experiments, an additional
basalt, DDH-3, from a drill hole on the Hanford reservation. The work
that I reported here in the body of the talk was done with the BCR-1,
which has a lower glass content; I am not sure exactly what the figure
is on that. The DDH-3 (the Hanford basalt) can contain up to 40%
glass. I cannot recall offhand the numbers for the differences in the
two. There are slight, but not remarkable, differences.
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UNIDENTIFIED QUESTIONER: I know you are interested in flow-through

systems for leaching. Have you done any work or do anticipate doing
any work in-which you leach and take things out and precipitate them
downstream where you have made nonsaturated or more dilute solutions?

SCHEETZ: Yes. We have done three experiments to date. One of them
has been with that other waste form, the amorphous one. We have
completed the data on supercalcine ceramic, a variation of the SPC-2
that contains uraniun (you notice uranium on my solution analyses was
conspicuously absent). Also, we have completed one run (that was ter-
minated prematurely) with a flow-through apparatus, in which we brought
deionized water into a basalt environment at temperature, flowed the
water over the basalt environment onto glass (PNL 7668), and flowed it
down to a column of the salt in a thermal gradient, and then of course,
collected the water. So these things are in progress.

UNIDENTIFIED QUESTIONER: And are you analyzing your solution? .

SCHEETZ: We are analyzing the solutions taken at various time
segments. I cannot quote the data exactly, but, for instance, the
boron in the glass is only about 5% higher in the flow-through than it
is in the static closed system.
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PROBABLE LEACHING MECHANISMS FOR SPENT FUEL

R. Wang and Y. B. Katayama

Pacific Northwest Laboratory™
Richland, Washington 99352

ABSTRACT

Current U.S. nuclear policies have suspended the repro-
cessing of spent fuel, and the Interagency Review Group has
suggested consideration of spent fuel as a waste form suitable
for placement in a repository. At the Pacific Northwest
Laboratory, researchers in the Waste/Rock Interaction Technology
Program are studying spent fuel as a possible waste form for the
Office of Nuclear Waste Isolation. This paper presents pro-
bable leaching mechanisms for spent fuel and discusses current
progress in identifying and understanding the leaching process.

Long-term leach tests have been producing safety assessment
leach data for the last five years. During the past year, exper-
iments were begun to study the complex leaching mechanism of
spent fuel. The initial work in this investigation was done
with U0, which provided the most information possible on the
behavior of the spent-fuel matrix without encountering the very
high radiation levels associated with spent fuel. Both single-
crystal and polycrystalline U0 samples were used for this study,
and techniques applicable to remote experimentation in a hot
cell are being developed. The effects of radiation are being
studied in terms of radiolysis of water and surface activation
of the UO2. Dissolution behavior and kinetics of UO2 wgre also
investigated by electrochemical measurement techniques.¢ These
data will be correlated with those acquired when spent fuel is
tested in a hot cell.

Oxidation effects represent a major area of concern in eval-
uating the stability of spent fuel. Dissolution of U0z is great-
1y increased in an oxidizing solution because the dissolution
is then controlled by the formation of hexavalent uranium. In
solutions containing very low oxygen levels (i.e., reducing
solutions), oxidation-induced dissolution may be possible via a
previously oxidized surface, through exposure to air during
storage, or by local oxidants such as 0p and H202 produced from
radiolysis of water and radiation-activated U0 surfaces. The

*Operated by Battelle Memorial Institute for the U.S. Department
of Energy.
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effects of oxidation not only:increase the dissolution rate, but
could lead to the disintegration of spent fuel into fine frag-
ments.

Research is in progress to identify and understand these
probable leaching mechanisms for spent fuel. At this point it
appears that the oxidation process caused by radiation may be a
problem if spent fuel becomes an alternative waste form.

Spent fuel itself has been considered as a waste form in the
United States, Canada, and in Sweden. In Pacific Northwest Laboratory's
Waste/Rock Interaction Technology Program we have been studying the
leaching behavior of spent-fuel wastes for the last five years. The
purpose of this study is to acquire an understanding of the leaching
behavior so that we can eventually develop models that will enable us
to predict leaching behavior for long-term storage of spent fuel in
repository environments. However, when we do different types of exper-
iments it turns out that the leaching behavior also differs. After
comparing notes with other laboratories doing similar studies, we feel
it is essential to study spent-fuel leaching mechanisms, because they
sometimes vary considerably--depending on the type of experiment and
the condition under which it is done. What we present here is our ten-
tative progress in understanding the leaching mechanisms for spent fuel
through the study of U02, the matrix material. Eventually, we want to
extend the scope of this work and apply what we have learned to spent-
fuel studies.

When we look at spent fuel as a waste form, we find that we are
restricted to the spent fuel itself as it comes out of the reactor, and
we must deal with the microstructure resuiting from the thermal history
of that spent fuel. Structural and microstructural features that
affect leaching are shown in Fig. 1, which also lists several ways in
which we study leaching, oxidation, and radiation effects. We need to
know what happens if the leaching starts at the surface of grains and
subgrains of U02; what the roles of the grain boundary, microcracks, and
pores are in the spent fuel when it interacts with a leaching solution;
what the effects of surface segregation and solid solutions are; and
finally, what the effects of radiation are on the various factors of
leaching behavior. In order to study all of these, we have undertaken
the examination of different aspects of spent-fuel leaching mechanisms
by using U0p. We are studying oxidation and dissolution behavior of
single-crystal UOp surfaces. We study polycrystalline U0z pellets in
order to determine the effects of grain boundaries, microcracks and
pores. Also, we plan to dope polycrystal]in; U0z pellets to study sur-
face segregation and solid-solution effects,” and, most importantly, we
would like to study the radiation effects on single-crystal as well as
polycrystalline UO2 in order to see which radiation effects would be
worth considering. In tandem with these studies, we are going to
characterize the surface and the leaching behavior of the spent fuel.
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STRUCTURAL AND MICRO-
STRUCTURAL FEATURES
SPENT FUEL THAT AFFECT LEACHING INVESTIGATION
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Fig. 1. PNL spent fuel oxidation and leaching studies,

The single-crystal surface studies summarized below have shown
that oxidation of UO2 is the main cause of increased leaching:

e Oxidation and dissolution
- air oxidation
- solution oxidation and dissolution
- electrochemical oxidation and dissolution

¢ Experiments
- air oxidation--Lang topography, Auger and SEM
- solution oxidation--autoclave experiments and Hp02
- electrochemical oxidation--Ho0, NaHCO3, NaCl, and H203

We have consequently begun studying oxidation and dissolution--air oxi-
dation (which may happen during the storage of spent fuel) and solution
oxidation-dissolution (in which the solution contains an oxidizing
agent). At the same time we are studying electrochemical dissolution,
which will enable us to continuously monitor the oxidation and leaching
mechanisms and the rate during the leaching steps. In our experiments
involving air oxidation, we study the surface behavior of U0z, as well
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as its lattice behavior. In solution-oxidation work, we use autoclave
experiments, and, for extreme oxidizing conditions, we examine the
effects of incremental additions of hydrogen peroxide. At the same
time, we study electrochemical oxidation using several leachants and
H205. :

Figure 2 summarizes autoclave studies at both 75 and 150°C with
220-ppm pressurized oxygen in solutions. For three types of solution--
deionized water, sodium bicarbonate, and WIPP B brine--we see rela-
tively high leaching rates. The sodium carbonate has a very steady,
relatively high leaching rate, while both water and brine show bigger
changes in leach rate with time and are about 1 to 3 orders of magni-
tude lower.

2
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Fig. 2. Incremental leach rate vs time for single crystal U02.

Typical behavior of the U0» single-crystal surface under potent-
iodynamic polarization, which is electrochemical dissolution, is shown
in Fig. 3. Here we plot the potential versus the current. With this
method, we can very quickly get accurate data from the initial stage of
dissolution and can compare sodium bicarbonate, brine, and deionized
water results.

In the radiation effects studies outlined below we are examining the
radiolysis of water and radiation-induced surface activation of the UO3.

e Effects
- radiolysis of water
- surface activation
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Fig. 3. Potentiodynamic polarization of sinale crystal UO2 surface,

e Experiments
- gamma-ray-induced static dissolution
- gamma-ray-induced electrochemical dissolution
- photo-induced dissolution (ultraviolet radiation)

These experiments will enable us to understand which radiaton effects
are applicable.

An example of the influence of radiation effects on leaching is
shown in Fig. 4. In IAEA uranium leaching tests after 467 days (this
is a spent fuel), we find that the deionized water has a much greater
dissolution rate than either sodium bicarbonate or sodium chloride, and
we know that for the other studies, deionized water has a Tower leach
rate--probably between those for brine and sodium chloride. We moni-
tored pH (Table 1) and it turns out that the pH of the deionized water,
which was 6.55 at the beginning of the test, dropped to 4.33 after 400
days. The rest of the leaching solutions have smaller pH changes, but
deionized water has the largest change. The radiaton oxidized the
nitrogen in the air and formed nitric acid in our solution, thus
reducing the pH of the deionized water. Based on the solubility of
U03+2H20, shown in Fig. 5, the concentration of uranium in solution
increases as the pH drops. Similarly, we have also seen the pH drop in
water without uranium in solution as a result of radiation.

Another kind of radiation effect is caused by radiolysis of water.
We have seen these effects in computer calculations by Burns and Moore,1
based on the kinetics of different reactions and activation energies.
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Fig. 4. IAEA uranium Teach rates for spent fuel after 467 days at 25°C.

Table 1. Changes in pH During IAEA Leach Tests

pH Change

Solution Type Beginning pH Final pH During Test
NaHCO3 (0.03 M) 8.45 8.84 +0.39
WIPP B 6.53 5.60 -0.93
CaClp (0.015 M) 6.25 5.19 -1.06
NaC1 (0.03 M) - 6.43 ' 4,91 -1.52
Deionized Water 6.55 4.33 -2.22

In Fig. 6 the concentrations of various species produced by radiolysis
of water are plotted as a function of time. Hydrogen, oxygen and hydro-
gen peroxide were formed within 1 s and reached steady-state concentra-
tions after 1 to 10 s. The important thing here is that approximately

equal amounts of hydrogen peroxide and oxygen have been formed, which
is equivalent to about 0.3 ppm.

We also wanted to determine the effects of hydrogen peroxide. We
know that UO2 is very vulnerable to oxidatiom, so we have undertaken an
oxidation study based on hydrogen peroxide. Figure 7a shows, for
reference, what happens in deionized water without hydrogen peroxide; we
applied a voltage of 0.5 V, for 64 h and the U0 surface was etched.

But as Fig. 7b shows, when we have 500-ppm hydrogen peroxide added to
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the solution we see a 5-um-thick film which is UO3-hydrate. The film
apparently cracks when the samples are removed from the solution for

SEM analysis. The UO3-hydrate film may affect the leaching of U0z in
this case.

The electronic properties of uranium oxides are also relevant to
radiation effects. Uranium oxides are semiconductors and different
uranium oxides have different ranges of resistivity (Fig. 8, Table 2).
The conduction type can be n-type or p-type and the activation energy
for extrinsic conduction is very low. In the case of n-type uranium
oxides, probable surface reactions induced by radiation are shown in
Fig. 9. The radiation will cause an electron to move from the valence
band to the conduction band and leave a hole in the valence band. The
hole may take part in three types of reaction. First, the hole will
probably cause direct oxidation; U*t will be oxidized into Ub*, which
has a higher solubility. Second, the hole may cause anodic dissolution;
UO2 may act as an anode, react with holes and aqueous solution, and
move directly into the solution. Third, oxidation of water is possible,
which will produce hydrogen peroxide at the surface. The importance of
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these radiation-induced surface reactions and the radiolysis of water

is that while we may think we have a reducing environment for UO5, the
radiation near the surface will actually put the surface into an oxi-

dized state, which will make data interpretation difficult.

It is useful to apply the data:gained through our UOg-based sur-
face studies to work in hot cells, where we can drive in situ, spent-
fuel measurements as summarized below:

e Spent fuel
- high-burnup
- Tow-burnup
- oxidized fuels

¢ Techniques
- electrochemical measurements -leaching kinetics
- acoustic emission measurements--microstructure variations
- spectroelectrochemical measurements--surface fi]m
structure and chemistry :
- polarography--solution chemistry
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(a) (b)

Fig. 7. A single crystal U0z surface after electrochemical oxidation
dissolution in deionized water for 64 hr (a) and in deionized
water of 500 ppm Ho0o for 26 hr (b). Voltage: 0.5 V (SCE).
SEM micrographs 400X.

Sd-eg
”~
I CONDUCTION BAND
(U-6d7s)
empty

d-tyg
occupied } u- 5f
YALENCE BAND

{0-2p)
occupied

— )

Fig. 8. Suggested band model for U02'2

As indicated before, there are different types of spent fuel, depending
on the microstructure and thermal history. We are now engaged in elec-
trochemical measurements of leaching kinetics in the hot cell. We will
monitor acoustic emission measurements for microstructural variations,
such as formation of cracks and opening of voids. The surface of the
material can be spectroelectrochemically measured for chemical compo-
sition as well as for structure. The concentration of the radionuclides
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Table 2. Electronic Properties of Uranium Oxides?

' z Activation Energy
Resistivity - Conduction for Extrinsic

Oxide ohm-cm Type Cond., eV
U0p_y 104 - 107 | n 1.2
TP 103 - 106 | P 0.2
U024y 103 - 107 f b 0.1 - 0.4
U40q 102 - 107 : n 0.2 - 0.9
U30g 103 - 104 n 0.2 - 0.5
Pu02_y 102 - 10!l p 0.2 - 1.8
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Fig. 9. Probable surface reactions induced by radiation,

in the solution can be measured by polarography. With these techniques,
all of the measurements on spent fuel can be monitored continuously
from outside the hot cells.

In conclusion, our studies have thus far depended upon the use of
accelerating conditions in an effort to search for possible mechanisms
of spent-fuel leaching. Of course, these studies are based on U02; for
spent fuel the situation may be much more complicated. But, if we do
not identify the leaching mechanisms for U02 it will be very difficult
to search for the spent-fuel mechanisms. Our determination of probable
leaching mechanisms is as follows: ~

o Increased dissolution of U0z resulting from oxidation to the
U+ state.
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¢ Oxidation of UO% and precipitation of uranyl hydrate films
by H202 (about 100 times more effective than dissolved 03).

¢ Radiation-induced formation of Hy0o and 0y by radiolysis of
water and radiation-induced surface activation of UOj.

e Rapid oxidation of U0, single crystals and pellets {produces
microcracks and causes disintegration).

"As this list shows, we have found that increased dissolution of U0
risults from its oxidation to the Ub* state. If we can maintain the
U4t state, the dissolution will be much lower. Oxidation of UOp by
hydrogen peroxide is about 100 times more effective than is oxidation
by dissolved oxygen in equivalent golar concentration. This is based
on a recent paper given by Hiskey.? Hydrogen peroxide may be formed by
radiolysis of water and radiation-induced surface activation of U02.
This is a very interesting area, and we are concentrating on the iden-
tification of different aspects of radiolysis.

Finally, a rapid oxidation of UO2 single crystals and pellets will
produce microcracks and cause disintegration. We have used a high con-
centration of hydrogen peroxide (3000 ppm, for example) and have seen
the U0z crystal literally shatter. It is important for us to under-
stand these possible leaching mechanisms in order to construct the
total picture of spent fuels.

DISCUSSION

WITTELS: Since you selected U0s as a model system, would you also con-
sider measurements on the cladding that remains with the fuel?

WANG: We are considering it, because we think that the cladding, in
association with the fuel, will produce an electrolytic cell, and that
cell may change the mechanism of leaching. But first we have to under-
stand the basic spent-fuel leaching mechanism in more breadth and
depth.

WITTELS: Do you actually have crystals that can be resolved by Lang
topography?

WANG: Yes. We have a large quantity of single-crystal U02. I think
that it is a benefit of this program. We perform solution oxidation
and investigate the surface by Lang topography. Of course, once the
surface film has been formed, we cannot see it. In air oxidation
studies, the Lang topography gives a very interesting lattice parameter
which cannot be measured by powder x-ray diffraction. It is a very
sensitive tool for precise lattice measurements. We have some inter-
esting data that we are still analyzing because we cannot explain the
behavior of this lattice parameter.
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HOWITT: Do you have any idea of the dislocation densities in the
UQs single crystal?

WANG: We have not looked at the dislocation density because it must be
very high, .according to reflection Lang topography. We do see that
there are many subgrains in our material. The subgrains turn out to be
very interesting. When we solution-oxidized the U02, the subgrains
seemed to open up a little. Later, after we substantially oxidized,
the subgrains closed a little, meaning that we have identified sponge-
like areas that the oxygen goes through in the subgrain.

BOATNER: Do you think it is possible that the effect of radiation in
changing the solution chemistry may turn out to be much more important
than the effect of radiation in producing structural damage and chang-
ing the solid-state chemistry of the waste form?

WANG: I think both are important. So far, we cannot control the
radiation effects .in the solid state--especially for spent fuel. We
must work with what there is. Also, we think that we can study the
radiation effects in the solution and the solution chemistry by
electrochemical methods.
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SHORT-TERM LEACHING BEHAVIOR OF WASTE FORMS
A POTENTIAL AREA FOR IMPROVEMENT

Albert J. Machiels

University of I11inois
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ABSTRACT

In order to be able to predict the potential impact of
nuclear wastes buried under specified conditions, nuclide
migration must be modeled, This requires the followina to be
known as accurately as possible: the probable radiocactivity
release rates from the primary waste form to the groundwater
in the repository (the source term), and the groundwater flow
rates and the retention capacity of the geologic formations
the water passes through (the transport term). The source
term is strongly dependent upon the choice of the waste form,
while the transport term is not.

Since glass waste forms have been the object of consider-
able research and development, they can be considered as stand-
ards against which alternate waste forms can be evaluated. A
review of the available leach rate data for several glass waste
forms reveals that, frequently, abnormally high leach rates are
observed during the initial period of contact between the water
and the waste, under both laboratory and field-testing conditions.

In an on-going field test at Chalk River, the Tleach rates
decreased by nearly three orders of magnitude over about ten
years, Attempts to fit the data points by assuming a model in
which the basic governing mechanism is a diffusion-controlled
process usually result in one of the followina situations:
the long-term leach rates are overestimated when a good fit
of the initial leach rates is achieved, or the initial leach
rates are underestimated when a good fit of the long-term leach
rates is realized.

An overall good fit, however, can be obtained by assuming
that another process is responsible for the high leach rates
corresponding to short burial times. The total leach rate is
then obtained by adding the two curves representing the contri-
butions of the short- and long-term controlling mechanisms.
Modeling efforts have shown that a second diffusion process or
a surface process could be responsible for the short-term leach-
ing behavior.,
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It is important to note that by extrapolating the leach
rates to burial times long enough for all initial radioactivity
to decay, 90% of the radiocactivity eventually released in the
environment is contributed by the controlling short-term mech-
anism,

Given the potential impact of the processes governing
short-term leaching behavior, the 1ikelihood of their occurrence
has ‘to be addressed when alternate waste forms are considered,.
because they can be determining as far as the source term in
nuclide migration is concerned.

Disposal of nuclear wastes, as presently planned, is to be by burial
in geologic repositories. Although the envisioned burial depths are gen-
erally great, it is accepted that at some time groundwater will come in
contact with the waste form. Therefore, in order to be able to evaluate
the impact of wastes burjed under specified conditions, one has to know,
as accurately as possible: the source term, meaning the probably release
rates of radioactivity from the waste form to the water; and the transport
term, meaning the flow conditions of the groundwater and the retention
capabilities of the formations the water flows through. Of the source
and transport terms, only the source term is strongly influenced by the
choice of the waste form. Therefore, our attention will be focused on the
leaching behavior and, more specifically, the short-term leaching behavior
of the waste form. First, I would like to quickly review some well-known
features of leaching, and then I would like to talk about a few of my
observations. : ﬁ :

The concept of leach rates tries to quantify the rate at which water
attacks the matrix of a given waste form. If we perform an experiment
during which water or aqueous solution is put in contact with a material
containing some waste, we can obtain the following expression for the
leach rate, L(t), which is a function of time:

L{t) = %T (g/cn - day)

where a = amount of a specified nuclide leached during
the test duration, T,

A = amount of the specific nuclide initially

present in the test specimen,

S = geometrical surface area of test specimen
for glass (but might be surface area determ-
ined by some method such as BET for porous
material),
weight of test specimen,
duration of test.

—
non
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As has been discussed several times already this morning, one can
distinguish between congruent dissolution and selective leaching. Con-
gruent dissolution means that the relative concentrations of the various
components of the waste form in the leachate are the same as in the solid
waste form. Obviously, for selective leaching, this condition is not
realized. Therefore, experimentalists striving for completeness specify
a leach rate by giving the numerical rate and also specifying that the rate
is based on the leaching behavior of the specific nuclide (or nuclides)
which was monitored. Many test results are also reported in terms of
cumulative leaching, which can be expressed as the integral over time of
the leach rate:

te

fL(t) dt (q/cmz)

t,

It is also well known that, based on a few studies which have been
made on simple glasses with leach rates high enough to be conveniently
tested and monitored, cumulative leaching is very often expressed as
Q(t) = o/t + Bt, where t is time, and « and B are constants. That
means that if we have some curve representing the cumulative leaching
such as that in the upper half of Fig. 1, we can decompose this total
curve into two components, one linearly dependent on time, and the other
varying as the square root of time. Similarly, if leach rate is ex-
pressed as L(t) = (a/2v/t) + B, the leach rate curve in the lower half of
Fig. 1 can be decomposed into two curves, one a function of 1//t, and the
other representing by the constant 8. Generally, as you can see from
Fig. 1, during the early stage of leaching, the dominant contribution is
from the curve dependent on vt (or 1/v%); but after some time the contri-
bution from the other process takes over and becomes more important.

Two fundamental processes have been recognized: network dissolution
and diffusion. Network dissolution gives cumulative leaching proportional
to the first power of time. In the diffusion process, hydrogen ions of
the water exchange for some of the sodium in the glass. The diffusion
process can be obtained by using the two Fick's laws, which involve the
use of a diffusion coefficient. When this diffusion coefficient is low
enough, the time involved short enough, and the initial distribution of
the activity in the sample uniform, then diffusion gives cumulative leach-
ing proportional to the square root of time. Under some conditions, like a
nonuniform distribution of the waste in the sample, the time dependence
can be different. Usually, only the initial behavior of the diffusive
process, assuming initial uniform distribution, gives the square root of
time dependence.

We have been interested recently in the modeling of leaching, be-
cause a very large number of results are available now and some trends
are clear although there is a large scatter in the magnitude of the
various reported results. The hope is that by looking at some of those
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74

trends, one should be able to explain them with a fairly small number of
fundamental processes, Then, looking at all the possible processes which
could yield a given behavior, it is hoped that one can devise specific
experiments which test one model at a time, and pinpoint eventually the
processes responsible for the leaching behavior of a waste form.

Modeling, itself, involves the choice of at least three parameters:
(1) a geometry, (2) an initial distribution of the activity in the sample,
and (3? some boundary condition at the interface between water and waste
form., Examples of modeling attempts which have been published are the
work of Bell,l published in 1971, and the work of Godbee and Joy,2 pub-
Tished in 1974. A more recent example is the work of Wiley,3 published in
1979. There are also additional descriptions from the Catholic University
of America and The Pennsylvania State University, for example, which are
more complex than those of Bell and Wiley and which, because of their
complexity, have not been developed into strict mathematical formulations.
Bell's work assumes a one-region diffusion and no network dissolution;
Wiley's work is a combination of these two; some of the other works assume
multi-region diffusion (several regions in the waste form which are gov-
erned by diffusion) and also network dissolution.

We have looked at the available leach rate data, and we have concen-
trated our modeling effort on one experiment4 being conducted at Chalk
River in Canada, which is, the test that is closest to an actual field
test. Twenty-two blocks of aluminosilicate glasses containing about 1000
curies of miscellaneous fission products were buried without any canister
or other barrier around them; for about 18 years the radiocactivity released
in the environment was monitored (Fig. 2). A feature which is not uncommon
is the drastic reduction.in leach rates, from fairly high values at the
beginning of the experiment to extremely Tow values after a few years. In
Fig. 2, there is a decrease of about three orders of magnitude in about 10
years,

We have developed a mathematical model designed to explain the be-
havior in Fig, 2. The model is treated in some detail in ref. 5. Some
of its salient features are presented here. The blocks buried by the
Canadians were hemispherical (about 14 cm in diameter), so we adopted the
hemispherical geometry and the notations shown in Fig. 3. The mathemati-
cal formulation of the model is:

I S
L= DvC - ac

where

905y atomic concentration,
diffusion coefficient (= constant),
= Laplacian operator,

= 90Syr decay constant,

= time.

9

2

> g OO
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Fig. 2. Experimental and theoretical leach rates for the Cha]k River
field test.

By using Fick's law and correcting for the decay, in order to obtain the
radioactivity released into the environment, we can solve this equation
as a function of position in the hemisphere, polar angle, and time:

C= C(r,eét).

This gives the concentration of waste in the hem1spher1ca1 b]ock We can
impose the fo]]ow1ng boundary conditions:

c{0,0,t) remains finite,
¢{r,n/2,t) remains finite and = 0,
C(R,0,t) = 0,

The water contacting the waste maintains a zero concentration at the sur-
face of the block.
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A? Ranges of variables:
O<r £R
0 <8< nf2
(O] < 27

X R=7cm

Fig. 3. Hemispherical geometry.

The initial concentration is:
C(r,0,0) = 2C, coso

We intentionally did not assume a uniform initial concentration. We
simply took an initial concentration which is independent of the radius
but which is a function of the polar angle. The reason for doing so, was
to simplify the mathematical handling.

In deriving the equation for the leach rate, we have 8u1tip]ied by
the surface area, so that the leach rate is expressed as sy atoms re-
leased per year. The leach rate is given by:

L(t) = 16 DRCy exp (-At)lz G; exp [»D (%—)Zt} + ER' Hf - erfc (J;t)}

i1

For x $mall enough and D small, L(t) behaves as 1//t as t -~ 0; this yields
the classical behavior; when the diffusion coefficient is small enough,
the second teEm dominates. For A small enough and D large, L(t) behaves
as exp (-Dt/R¢); the exponential terms are dominant, so we have, more or
less, an exponential dependence upon time.

Referring again to the experimental behavior shown in Fig. 2, we
tried to fit the experimental points with our mathematical formulation.
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When we tried to fit the initial release rates (curve 2), the model pre-
dicted longer-term leach rates which were much higher than the actual
longer-term leach rates, On the contrary, when we tried to fit the
longer-term results (curve 3), the predicted initial leach rates were
much lower than they should have been. The model, which included only

a single diffusion process, failed to fit the experimental results.
Therefore, instead of using only one diffusion process to describe the
behavior of the 90Sr atoms, we assumed that a second diffusion process
was responsible for the initial Teach rates. We could get a very good
overall fit by fitting the initial leach rates with the second diffusion
process (curve 4), fitting the longer-term leach rates with the first
diffusion process (curve 3), and combining curves 4 and 3 to obtain
curve 1, the total leach rate.

This is mathematical handling, and eventually we have to try to
Jjustify why it works. (You know that when something works you can always
find justification for it.) We concluded that, if describing the total
behavior of this curve in terms of two diffusion coefficients has any
physical meaning, it is because two types of sites are available in the
glass, wgich means two types of bonding for the 90Sr in the glass; some
of the sy would be strongly bound and would be leached out very slowly,
but some would be weakly bound and leached out more rapidly. The latter
could occur if one would be far from the ideal formulation for the 91883,
because the glass matrix would not adequately incorporate all of the ““Sr
If we Took back at the expression for the leach rate, L(t) (the last
equation), we see that for the sites which involve weak bonding, the re-
lease rate roughly follows an exponential behavior,

An exponential behavior can also be explained by a chemical rate pro-
cess, If there are any nonhomogeneities on the specimen surface which
are significantly more leachable, and if the leach rate of the 90Sr on
the surface can be expressed as equal to a rate constant, k, multiplied
by the number, Ny, of 90Sr atoms belonging to nonhomogeneities on the
surface, -dNg/dt = kNg, -there would also be exponential decay:

dN

s -kt
Y st,Oe

Therefore, there are two possibilities to account for the experimental
behavior. By adding to the slow diffusion term a contribution which is
more rapid: either some 90Sy which is diffusing rapidly, or some chemical
process which is responsible for releasing during the initial period of
time, some strontium 90Sr into the water.

It is important to note that when the leach rates are extrapolated to
a time long enough for decay of all initial radioactivity to take place,
assuming that leaching will proceed as expected, about 90% of the radio-
activity which will be eventually released will be released during the
initial period of time (Fig. 4). Therefore, the initial leaching behavior
is very important. However, if we assume that this mechanism is not guite
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Fig. 4. Extrapolation of leach rates.

correct, and that the nonhomogeneities are not only present at the surface
but also inside the sample, we can postulate that, as the glass degrades
some new homogeneities-.are exposed and another sharp rise in leach rate
occurs (Tower half of Fig. 4).

In conclusion, the short term Teaching behavior may be very important.
The short-term leaching behavior can be explained in terms of a number of
possibilities, such as incomplete fixation of waste or non-ideal formula-
tion of the waste form, or surface contamination (during preparation of
the sample or by interaction with the crucible or the canister). It
seems that that could be an area for improvement for either glasses or
alternate waste forms; but it appears, after hearing some of the argu-
ments this morning, that this is a problem we may have to live with
for any type of waste form under consideration.
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DISCUSSION

RUSIN: I am not familiar with the field tests. I was just curious as
to how it was guaranteed that they were actually sampling all the material
that was being leached out of the glass.

MACHIELS: The details can be found in Ref, 4, Twenty-two blocks were
buried 12 feet in the ground, exposed to the groundwater under the water
table. A probe, located about 1-1/2 feet from the sample, gave fairly
decent information about the water which was flowing by the block.

RUSIN: So it is being done in alluvium, or gravels, or...

MACHIELS: It is done in impermeable sand. This is a feature we like,
because that means the water is saturated with silica and, therefore,
some of the network dissolution process is unlikely to be occurring at a
very high rate.

BOATNER: Why couldn't you explain these results by the idea that, after
a certain length of time, a gel layer is formed at the surface of the
block, and that this then inhibits any further leaching of the material
and essentially changes the effect of the diffusion process?

MACHIELS: There are two answers to this question. In general, when you
go through a mathematical description, you see that any diffusion process
acts as a flywheel, so that you never get drastic variations in the re-
lease rate, assuming a particular diffusion process. What you have to
assume is a different value for the diffusion coefficient; then you can
induce drastic changes, This is one reason. The second reason is that
the Canadians have looked at those blocks after 18 years; alterations
that they have seen in the glass involve about 10 to 20 ﬁ at the most.
That means that the glass was not significantly altered in order to give
a drastic change in the diffusion behavior of the species.

BOATNER: In these tests, movement of the groundwater was probably very
slow, I assume, so that this is Tike an unstirred leaching experiment.

MACHIELS: That's right. But at least the water is flowing.

UNIDENTIFIED QUESTIONER: Couldn't you explain your curves by a constant
speed of dissolution and a proper partition of the impurities in the
sample, like a surface segregation, so it will leach more in the beginning
and less as a function of time, because the impurities would be segregated
on the surface mainly?

MACHIELS: Yes. This is possible. At the beginning there is segregation
of a part of the 90Sr on the surface, and this would be leached. This is
modeled by the chemical process, And then, on top of that, there is the
diffusion process which brings gOSr atoms to the surface.
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UNIDENTIFIED QUESTIONER: I would 1ike to know if you have thought about
the possibility that there is a buildup of strontium concentration in the
water right outside the surface, and how would that affect your diffusion
equation? You know, if your boundary condition at the surface does not go
to zero.

MACHIELS: Yes, it is a possible effect that we have not looked at yet.
Basically, as long as you assume that there is steady concentration at

the surface, it does not matter whether it is zero or constant, one gets
the behavior which has been described in the paper. To obtain the observed
effect one would have to assume a concentration at the surface which was
initially lTow and then would increase. This is definitely something which
could give the sharp variation,
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RADIATION DAMAGE IN NATURAL MATERIALS:
IMPLTCATIONS FOR RADIOACTIVE WASTE FORMS
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ABSTRACT

The long-term effect of radiation damage on waste forms,
either crystalline or glass, is .a factor in the evaluation of
the "integrity" of waste disposal mediums. Natural analogs,
such as metamict minerals, provide one approach for the
evaluation of radiation damage effects that might be observed
in crystalline waste forms, such as supercalcine or synroc.

Metamict minerals are a special class of amorphous
materials which were initially crystalline. Although the
mechanism for the loss of crystallinity in these minerals
(mostly actinide-containing oxides and silicates) 1is not
clearly wunderstood, damage caused by alpha particles  and
recoil nuclei is critical to the metamictization process. The
study of metamict minerals allows the evaluation of long-term
radiation damage effects, particularly changes in physical and
chemical properties such as microfracturing, hydrothermal
alteration, and solubility. . In addition, structures
susceptible to metamictization share some common properties:
(1) complex compositions, (2) some degree of covalent bonding,
instead of being ionic close-packed MO structures, and (3)
channels or interstitial voids which mayxaccommodate displaced
atoms or absorbed water. On the basis of these empirical
criteria, minerals such as pollucite, sodalite, nepheline and
leucite warrant careful scrutiny as potential waste form
phases. Phases with the monazite or fluorite structures are
excellent candidates.

The essential questions that remain to be <clearly
answered are: (1) What are 'the structural controls. on
radiation damage? (2) What is the structure of the metamict
state? and (3) What 1is the effect of metamictization on
critical properties, such as leachability?: As regards the
selection of waste forms, all radiation damage effects can be
mitigated by simply lowering the waste loading. f

This work was in part supported by the U.S. Department of
Energy - under Contract EY-76-C-06-1830 by Battelle Pacific
Northwest Laboratory. : :
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Radiation damage in natural materials manifests itself in a
number of ways, such as the formation of fission tracks, pleochroic
hales, and metamict minerals. For this presentation, I want to coufine
myself to comments on metamict minerals, although some of the other
effects that I have mentioned may be important, and I want to take
advantage of the informality of the workshop to review what is known
about the metamict state, discuss its applicability to the evaluation
of radiation damage in crystalline waste forms, and, finally, make
some comments on present thoughts concerning radiation damage in
crystalline phases and its effects on leachability.

First, a little bit of history. The term metamict was first
defined in 1893 by Broegger as one of three classes of amorphous
materials. Metamict minerals were considered to be materials which
were initially crystalline, but which By some process, had been con-
verted to the amorphous state. The initial crystallinity was evidenced
by well-formed crystal faces. Of course, at that time, Broegger made
no statement that the "amorphous" state was the result of radiation
damage. It was not until 1914 that Hamberg suggested that the
metamict state was due to alpha damage, generated by wuranium and
thorium atoms that were constituents in the crystalline lattice.

0f course, today we have a slightly clearer view of radiation
damage effects. Gamma and beta radiation, although quite penetrating,
have the primary effect of ionization of atoms, and this will have
little effect on the structural properties of the material. Transmu-
tation effects, associated with beta decay, such as the transmutation
of cesium to barium, may be important because of changes in the size
and charge of cations in particular crystallographic sites. But the
really important effects are the effects of the short-range particles,
the alpha particles, and they present, I think, the greatest struc-
tural difficulties. A high-velocity alpha particle dissipates energy
by excitation of electrons or ionization, and as it slows down it
displaces atoms by collision, say 100 to 1000 displacement events per
alpha particle. Even more important are the displacements caused by
the recoiling parent nucleus. In addition, energy is released in the
form of heat, so that thermal spikes are formed along the track of the
alpha particle. The alpha damage, the recoil damage, and the thermal
spike all have the potential of causing structural damage in the
material; and if we look, for example, at reprocessed nuclear fu?é
wastes, the cumulative _alpha dose is something on the order of 10
alpha particles per cm” during the first 100 years, one quarter of
this dose occurring during the first 10 years. So, 1 think we have to
be concerned about the structural damage that may occur in crystalline
waste forms, and as a footnote I should mention that we would also
expect structural damage in a glass.

Let me list the properties of metamict minerals as they are des-
cribed by mineralogists, and as they have been studied in the past few
years. Metamict minerals are optically isotropic; they may be in part
anisotropic but the anisotropy decreases with increasing meta-
mictization. This becomes quite obvious when we look at the decrease
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in birefringence with increasing degree of radiation damage. Metamict
minerals lack cleavage; they have a characteristic conchoidal fracure.
Some metamict minerals are pyrognomic; that is, as they are annealed
they are recvystallized and they may glow incandescently as the exo-
thermic recrystallization reactions release heat. With metamict min-
erals, the crystalline structure can be reconstituted on heating, but
this wusually produces .a polycrystalline phase assemblage, and that
polyverystalline phase assemblage can consist of phases that' do not
include the original premetamict phase. Metamict minerals, of course,
contain uranium and thorium, but the interesting thing is that the
concentrations can often be quite low; concentrations as low as
fractions of one weight percent of wuranium and thorium have caused
certain minerals to become completely metamict. Metamict minerals are
"amorphous'" to x-ray diffraction. With increasing degree of radiation
damage we see a broading of diffraction maxima, a decrease in
intensity, and a shift to lower wvalues of 28. This, of course, is
correlated with an expansion of unit: cell parametérs and, therefore, a
decrease in the density. This volume change results in numerous
microfractures. We often see pervasive alteration; the alteration is
of wvarious types, perhaps hydrothermal, perhaps weathering, but the
alteration is concentrated along the microfractures. I will show you
some photomicrographs of this shortly. Some phases occur in both the
metamict and non-metamict state, where we can reconstruct what the
structure must have been before metamictization; and, of course, the
crystalline structures are those which have low concentrations of
uranium and thorium. Finally, there are certain compositions (dimorphs
or polymorphs) that have several structural possibilities, in which
one of the structures seems to be susceptible to radiation damage; so
we see, and I will have some examples of this, clear evidence for
structural controls on the degree of radiation damage.

The essential question with metamict minerals is whether or not
it is desirable to use them as mnatural analogues for radiation damage.
There are some entries in the plus column. First, metamict minerals
provide us with a long-term experiment, which has taken place over
millions of years, and gives us information that allows us to validate
short-term laboratory simulations of radiation damage. A second advan-
tage of looking at natural analogues is that this is the type of evi-
dence that the general public is likely to be able to understand and
accept; this is a point that Ringwood has made many times. Finally,
the study of metamict minerals, particularly the study of structures
that are susceptible to radiation damage, gives us an empirical list
of the structures that might be good or poor candidates for isolating
radionuclides. :

There are, however, a number of limitations. First, among these,
is the fact that the effects we see in the natural analogues include
not only the radiation damage effects but later geologic effects, such
as hydrothermal alteration and surface weathering; it is sometimes
difficult to sort these out. Another important limitation, that T will
discuss in more detail later, is the fact that the radiation damage
effects in these natural materials can be annealed so that we cannot
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simply calculate the total alpha dose received by a material, examine
its crystallinity, and say that its properties are the end result of a
certain alpha dose. We are also limited by the fact that there are
usually important compositional and structural differences between the
natural analogues and the crystalline radioactive waste form. Also,
the natural materials experience radiation damage in a different way
from the way in which, I think, the crystalline waste form phases will
experience radiation damage. For the natural materials, uranium and
thorium are the source of the radiation damage. If you think back to
the structural pictures of the three phases for synroc, the cations
are located in voids and surrounded by a cage of edge sharing titanium
octahedra. However, in a waste form phase, that cage of titanium
octahedra will also include radionuclides, such as technicium,
substituting for the titanium; therefore, the sum total of the
radiation damage effects in the crystalline waste forms is bound to be
different from the effects that we see in the natural materials.
Finally, we always have to remember the question of the effect of dose
rate and annealing rate on the material.

For this review I want to look at single phase, zircon (ZrSiO,)
and to show you what data is available in the literature, some of the
limitations, particularly of using natural analogues. 1 have selected
zircons because they are the most studied. Zircons are used by
geologists in wuranium-lead dating. Geologists have been very
interested in alteration effects in zircons and radiation damage
effects. In the middle 1950's, geologists considered radiation damage
in minerals as a potential age-dating technique, so there were several
fine studies that attempted to relate total alpha dose and the age of
the material to the degree of metamictization. And then, finally,
zircons are by far the simplest of the metamict structures that are
available for study, so that there is some possibility of
understanding exactly what is going ou.

Zircou (ZrSi0,) is essentially tetragonal (space group 14 /amd);
lattice parameters are a = 6.60 A and c¢c = 5.98 A. As I indicated
earlier for metamict wmaterials, there are changes in density_ with
increasing metamictiztion. The gdensity decreases from 4.65 g/cm™ for
crystalline zircon to 3.95 g/cm™ for metamict zircon. Zircon contains
up to 3 weight percent (U, Th)O,. The classic study of .zircon, I
think, is still the 1955 study og Holland and Gottfried,” in which
they were attempting to use the degree of radiation damage as an
age—dating technique. They determined the total alpha dose on gem
quality zircons from Ceylon and related it to changes in the physical
and structural properties of the material. I would like to go through
some of their data. Figure 1 shows changes in refractive index and in
density as ,a function of radiation damage (in terms of total alpha
dose of 10 alpha particles per milligram, which will be denoted here
as alphas/mg). As has often been observed, but not as nicely
documented as it 1s in this figure, theré is both a decrease in
refractive index and a decrease in the density of material with
increasing dose. The important thing to keep in minf6is that the
magic number in terms of total alpha dose is about 10 alphas/mg,
where we reach saturation. They completed a powder diffraction study
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Fig. 1: Refractive indices and density of Ceylon zircons as a function
of total alpha dosage3.

of the material and showed (Fig. 2) that with increasing dose there
are decreases in peak intensity, broadening of the peak, and a shift
to lower values of 28. From the powder data they were able to refine
the unit cell parameters. The unit 3%11 parameter increases, reaching
saturation at a little less than 10 alphas/mg; and the c unit cell
parameter increases with saturation reached at about the same dose.
Now, one of the interesting things is that the rate of change in the
un}g cell parameters was not .isotropic. For a dose less than 2.3 x
10 alphas/mg, ¢ expanding faster than a; and at doses of
greater than 2.3 x 10"~ alphas/mg, a began to expand faster than g. So
we have a structure in which volume changes may be as high as 10
percent, flexing at different rates, at different times, in different
directions.

This type of study is really excellent for our purposes, because,
when we have the complete range of doses, we can come to an. under-
standing of6exactly what the saturated dose is; in this case I would
suggest 10 alphas/mg as the dose required to reach saturation. But
to indicate how far off you can be if you just go to the geologic
record and pick up a single ziron, I reviewed the literature, and 1
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Fig. 2: The reflection of x-rays from the (112) planes of Ceylon
zircon with increasing alpha dose3.

was able to find zircons with doses of IOLq or 1015 alphas/mg which

were completely metamict and, conversely, other zircons with a total
dose of, say, 9 x 10 alphas/mg which were completely crystalline. So
the warning is that you can find examples of just about anything in
the geologic literature; and the difficulty, of course, in coming to
the right figure is calculating the total alpha dose and then being
sure that your =zircon has not been annealed by some more recent
thermal event.

Another study, which was a follow-up of the work of Holland and
Gottfried, was a study by Burcell and McClarep, in which they looked
at ziE%ons in which the doses varied from 10 alphas/mg to in excess
of 10 alphas/mg. An interﬁfting result was that for the metamict
zircon, with the dose of 10 alphas/mg, using transmission electron
microscopy and transmission electron diffraction, they found a pattern
which is essentially that of a single crystal; and they interpreted
this as indicating that the totally metamict zircon consisted of
crystallites with a diameter of perhaps 100 A and slightly
misoriented; a very different picture from that proposed by others for
the structure of the metamict state. I show this with some hesitation,
because I have to mention that a paper now in review, written by Roy
and Vance, takes issue with exactly this figure and suggests that this
is an artifact and that, in fact, this material is not amorphous. 1
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have included it because the results of Burcgll and McClaren are in
excellent agreement with a study by Sommerauer” in Zurich, in which he
also used transmission electron microscopy to study metamict zircons.
The picture he presents is more complicated; there are several
different crystalline phases, as well as regions that are amorphous,
and the proportion of crystalline phases to the amorphous area changes
with increasing radiation dose, but he has crystallites, and they are
approximately of the same dimension. Figure 3 summarizes radiation
damage effects on zircon, subject to the reservation that perhaps the
particles in' the microfractured material are crystallites. This 'is one
of the main issues in work on metamictization.

CHANGES IN PHYSICAL PROPERTIES

OF ZIRCON
PROPERTY HIOH ZIRCON METAMICT ZIRCON

DENSITY (8M/cc) 465 390
REFRACTIVE INDEX:

No 1.92 1,82 (ISOTROPIC)

Ne 1.98 i

No-Ne 086 S 6

ALPHA DOSAGE (%/mg) | LESS THAN (0" MORE THAN 10
EXTENSIVE : NO YES
MICROFRACTURINOG ?
DIFFRACTION OF YES 0, BECAUSE "PARTICLE
X-RAYS ? : SIZE LINE BROADENONG?"

Fig. 3: Summary of the changes in the physical properties of zircon
with metamictization.

In the interest of time, T will not review all the literature on
zircons. I will simply mention that there is a considerable amount of
literature, = particularly wusing infrared spectroscopy to determine
whether this process of metamictization is one in which the radiation
damage accumulates in a progressive way until the metamict state is
reached, or whether it represents a series of discontinuous steps that
form crystallites and different crystalline phases and perhaps ends
with a very finely crystalline assemblage of say, SiO2 and ZrO2 in the
case of zircon.

There are three very important studies which T will just mention,
that can be related to the work of Holland and Gottfried. There are
ion bombardment experiments on zircons which have used argon and
krypton ions in the energy range of 1 _to 3.5 Mev, aqﬁ induced the
metamict state at a dose of 2 x 10 ions per cm. There are
fast-neutron baqmbardment experiments which have also induced the
metamict state. There is the work of Vance and Boland in which they
have induced the metamict state 1in zircon powders using fission
fragment damage of activated uranium 1m€gr1t1es in the zircon. They
found that it requires approximately 10 fission events per cm” to
transform the zircon tp the metamict 'state. Or, another way to look at
it, it takes about 10 more alpha particles to do the same amount of



88

damage. These types of experiments are very important, because it is
the ion bombardment, the fast-neutron irradiations, and the fission
fragment damage experiments that will probably be conducted on
candidate crystalline waste forms, and the fact that we have such a
detailed study of radiation damage in natural zircons allows us to
relate the laboratory simulations to the long-term experiments.

Another question related to metamictization is that of alter-
ation. This is essentially a question of whether there is an increase
in solubility or leachability as a function of radiation damage. An
increase in leachability might be due to increased surface area, it
might be due to microfracturing, or it might be due to chemical
degradation (actually breaking the originally crystalline material
into other components). If we consider the ambiguity and controversies
surrounding leach data and then add radiation damage as another
variable, I think that we have a complicated situation, and one in
which there is really no data that allows us to come to any
straightforward conclusion. What I would like to do is review some of
the data that has been cited in various studies and comment on the
limitations to some of the conclusions.

One item that is often cited is that metamict zircons are used in
uranium-lead age dating, and that the ability to get dates from these
metamict zircons means that the uranium-lead systematics have not been
disturbed. This ignores the fact that most uranium-lead dates are
discordant. Also, the discordant dates are usually thought of as being
caused by loss of lead. 1 am not sure that the retentivity of lead is
the most important aspect of the retention of radionuclides; and
natural zircons are fairly inhomogeneous, so it is difficult to assess
exactly what has been lost.,Another study that has been cited is a
study by Pidgeon and others” in which metamict zircons (one of the
zircons was from Holland and Gottfried's study) were subjected to
hydrothermal conditions - SOOOC, 1000 bars and 2 molal sodium chloride
solution. Under these conditions there was no loss of uranium,
thorium, or lead, and the system appeared to be closed. There are two
points that I would make. One 1is that the conditions of this
experiment are conditions in which you would expect very little loss
of wuranium; Eh, pH, total carbonate concentration, and temperature
have a tremendous effect on the mobility of uranium, so I think this
one zircon and one hydrothermal solution is hardly evidence for low
leachability of metamict zircons. Also, 1 would point to the
concluding paragraph of Pidgeon and others, which says that this is
only a single data point and cannot be used to generalize as to. the
long-term retentivity for uranium, thorium, and lead in zircon.

Another aspect of the alteration of zircons has been the argument
over the loss of silica. Annealed metamict zircons oftem have a powder
pattern which can be indexed in terms of ZrSiO, plus Zr0,, indicating
loss of silica. There are reports of ZrO, pseudomorphs after z'6con.
Finally referring to Fig. 4, which is data from Mumpton and Roy ~, if
we plot the compositions of natural zircons and thorites and if there
is no loss of silica, they should lie along the line of equimolar



89

Si02
A

Zircon Anclyses «(43) K x
Thorite Anulyses - (26) T_:\ )\

a

“ZNOHY&' (Zr)502

Mols °4

Fig. 4: Compositions of natural zircons and thorites plotted on a
molecular basislo

concentrations of $i0, and (Zr)_0,; I will simply point out there are
quite a number of matural zircons which are silica~deficient.

Another approach is that of Kroghll. Krogh uses zircons for age
dating and is interested in understanding alteration effects. He has
looked at ‘etching features on natural zircons which were mixtures of
crystalline material and altered metamict material. His etchant is
fairly extreme, it 1is dilute hydrofluoric acid, so this does not
represent the conditions in a repository. Nonetheless, I think, the
differential ,effect is quite obvious; that 1is, the crystalline
material stands as vresistant ridges and the altered and metamict
material is easily removed (Fig. 3). There is a differential effect;
how important it is remains to be evaluated. Fleischer has shown
that recoil nuclei can be removed by differential etching of a surface
along the track of the recoil nucleus. He points out that this has
obvious implications for waste forms, and it is interesting that he
finds the same effect 1in wvolcanic glasses and in crystalline
materials: feldspars,  quartz, and muscovites. Citing this array of
evidence, I am led to the feeling that we really cannot say what the
final result of radiation damage will be on the solubility or leach-
ability of a material.

I will end this part of the discussion by addressing one other
point that is sometimes. raised. Certain workers have maintained that
the fact that metamict minerals exist at all is testimony to their-
long~term stability. Although I have shown these slides at several
meetings, 1 think it is instructive to look at what these things that
are surviving actually look 1like, and I am mnot particularly
encouraged. Figure 6 is an autoradiograph of a metamict



Fig. 5: Scanninﬁ electron photomicrograph of zircon grain etched with
48% HFll,

niobium-tantalum-titanium oxide. The 1light areas show extensive
leaching of uranium and thorium along the microfractures, so you get
some ‘idea of how fractured this type of material can be. Figure 7
shows a single crystal of a metamict Nb-Ta-Ti oxide. The yellow area
is the altered area. There are four magnifications, but I think you
can see, the extensive microfracturing and the pervasive alteration
that cuts across the material. Certainly, these radiation-damaged
materials exist at the surface, but they do not exist in a pristine
state that would indicate that they are suitable for waste forms.
Also, we have recrystallization effects. Figure 8 shows a spherulite
growing in -n isotropic, metamict matrix. The spherulite is about 80
microns across. A microlite crystal is shown in Fig. 9; I have chosen
it because its structure is related to that of zirconolite. It is
completely metamict, fractured, and very much altered. So, these
things are complicated as they exist on the surface of the earth, and
there is ample evidence to suggest that they have been altered.

Leaving the question of alteration, I would like to say a little
about the common structural properties of metamict minerals. If we
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Fig. 6: Autoradiograph of metamict, complex Nb-Ta-Ti oxide showing
numerous fractures with differential leaching along the
fractures. The specimen is approximately 2.8 cms across.

look at the structures that suffer the radiation damage, can we make
any generalizations? They have a number of common properties. One such
property is that they have complex compositions and stoichiometries.
This is particularly true in the niobium-tantalum-titanium oxides, and
we would expect the same to be true in say, a titanate assemblage. The
complex structures depend in part on the A-site catioms. One way to
look at it is that the structure that is formed depends on the average
ionic dius of the A-site cations. This has been documented by
Burcell in a recent paper in Acta Crystallographica, in which he
looked at structural discontinuities in rutile and hollandite
structures and showed the effect of wvariations in the cation
compositionse

Another common property of metamict structures is that they
exhibit mixed bonding, covalent and ionic. It is most important to
observe that the bonds are quite directignal; and this is in keeping
with the criteria of Naguib and Kelley ', in which ion bombardment
results show that amorphization occurs for materials with an ionicity
of less than 0.47. Their temperature ratio criteria and heat of atom-
ization criteria are less easily applied to metamict minerals.

A third common property of metamict minerals, which has been
pointed out by several people, among them Rustum Roy, is that the
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Fig. 7:

Photomicrographs of blomstrandine (complex Nb-Ta-Ti oxide)

showing microfractures and alteration (lighter areas). Scale:
upper left, 1 cm = 150 microns; upper right, 1 cm = 40 microns;
lower left, 1 cm = 15 microns; lower right, 1 cm =

6 microns.
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Fig. 8: Rare-earth fersmite spherulite in matrix of metamict polycrase
viewed in transmitted light under crossed polars. The
spherulite is approximately 80 micrometers in diameterld.

Fig. 9: Microfractures in a partially metamict microlite in transmitted
light. The long axis of the print = 1.07 mm.
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structures contain large cavities which can accommodate recoil nuclei
or impurities, such as molecular water. The best examples of this are
the thorium silicate dimorphs, monoclinic huttonite and tetragonal
thorite. These ThSiO, dimorphs are quite interesting, because thorite
is usually completely or partially metamict and is isostructural with
zircon. Whereas huttonite has only been recognized in the crystalline
state, and is 1isostructural with monazite, one of, I think, the
premier candidates for the isolation of actinides. So here we have two
different structures with very different behaviors in terms of
radiation damage. The thorium coordination polyhedra for these two
structures are shown in Fig. 10. The thorite structure has four apical
oxygens which are at the corners of silicon-oxygen tetrahedra; down
the ¢ axis, the thorium coordination polyhedra are joined together by
edge-sharing silicon-oxygen tetrahedra. The huttonite structure is
similar, except that another silicon-oxygen tetrahedron has been
squeezed in, so that the coordination number for huttonite is 9, as
opposed to 8 for thorite. If we take a different view of the structure
(Fig. 11) and look at the effect of the change in coordination number,
we see large connected cavities, about 14 cubic angstroms in volume,
in the thorite structure, and we see that the cavities do not exist in
the huttonite structure. If we look at other structures that seem to
be susceptible to radiation damage, we often find that they also have
large structural cavities.

(a) ®

Fig. 10: The environments in (a) huttonite and (b) thorite. Open circles
“are oxygens, gray circles are silicon, and black ellipsoids are
thorium. Axial and equatorial oxygen atoms have primed and
unprimed labels, respect:Lve].y16 .
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@ ‘ | ®)

Fig. 11: Perspective polyhedral representation of the (a) huttonite,
and (b) thorite structures. Darker tetrahedra are SiO4 groups
1

and lighter polyhedra are (a) ThO, and (b) ThO8 groups

9

A final generalization that I would like to make about metamict
structures, if you would allow me to make the grossest possible
generalization based on the data in the literature, is that I think
the best value for the dose at which we expect to see metamictization
would be approximately 10"~ alphas/mg.

Commenting on these general properties, 1 would make the
following point. The two desirable features of crystalline phases that
will be used to isolate radionuclides are that (1) they have large
voids into which we can put atoms, molecules, etc. (e.g. the
hollandite structure), and (2) they are able to tolerate complex com-
positions, so that all of the waste nuclides may be placed in a
limited number of structures. These two properties may, however, be
features that make a structure more susceptible to radiation damage.

I would like to review some of the radiation damage experiments
that have been reported or are in progress and make some brief
comments on their limitations. First, I have already mentioned this,
but it should be emphasized, we always have to keep in mind that the
sum total of the radiation damage effects in the crystalline waste
form will certainly be different from the radiation damage that occurs
in a patural material, simply because of the types of radionuclides
present in the structure. With that in mind, let me mention some of
the approaches. ‘

One approach has been to go to the rock record and collect the
material that is a structural analogue to the waste form phase, cal-
culate its total alpha dose, and ‘x-ray it to see how crystalline it
is. The difficulty here is that the material may have been annealed by
some later process, so0 you have to demonstrate - and I would say that
this is very difficult - that the total dose that we calculate has
actually passed through the material that you are evaluating. Related
to collecting a sample, calculating its total alpha dose and x-raying
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it, we always have to compare the results of that study with
laboratory experiments, or else I think that we are not presenting a
clear picture of the process and effects. An example 1 can cite is a
study of loparite, which is a cerium-niobium oxide with a perovskite
structure (perovskite is CaTiO_). Natural crysta of loparite have
been - studied, and the calculated alpha dose is 10 alphas/mg. X-ray
diffraction studies indicate that the material is still crystalline,
so it looks good. The sample was annealed at IZOOOC, and the structure
contracted slightly. If the change in volume is converted to a change
in density, the calculated change in density was 1.7 percent. If all
of that change was due to radiation damage and accounted for all
radiation-induced density change in the sample, that would be the
maximum volume change expected for that particular dose. The 1.7
percent calculated density is then pointed to as evidence for the fact
that volume changes will not be important. What I would simply point
out is that if you go to another perovskite structure for which we
have laboratory evidence, curium~aluminum oxide (CmAlO,), there are
experiments in which this perovskite structure has beén doped with
Cm-244, and the changes in density and unit cell parameters were
measured as a function of dose. For essentially the same dose the
density change was 6.5 percent. So, there are discrepancies. 1In
addition, there are neutron bombardment experiments on an array of
perovskite structures - a barium-titanium oxide, a potassium-niobium
oxide, and a lead-titanium oxide. These experiments show that the fast
neutron irradiation can stabilize higher-temperature cubic phases.
This is all by way of pointing out that the natural material will not
give us the final answer, that in any radiation damage process we can
expect to have not only volume changes, but perhaps the stabilization
of other crystalline structures and the associated volume changes.

Another approach 1is 1isotopic analysis in which a sample is
collected, dated, and the date compared to the date that we expect,
and I think that concordant dates based on isotopic evidence are
persuasive evidence. T am quite impressed by efforts to use isotopic
studies to indicate that a crystalline material is a closed system,
but I would have to emphasize that, in demonstrating a closed system,
we are dealing with a fairly restricted set of elements. We have to be
able to assure the public that this work applies to the nuclides that
are to be isolated. I would also like to mention that we always have
to be concerned with the question of dose rate, and 1 think that no
one has really addressed that question at all.

In summary, I would say that there are some critical questions
that remain unanswered, and I would list four: (1) We do not know the
structure of the metamict state. (2) We do not know the end result of
radiation damage. (3) We no not know why some structures are more
susceptible to radiation damage than others. (4) We do not know the
effect of metamictization on critical waste form properties, partic-
ularly leachability. So, I would say that there is room for a lot of
basic science that will be directly applicable to the evaluation of
crystalline waste forms. As a last thought on this question of
metamictization and leachability, 1 would guess -~ and it is only a
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guess - that the variation of leachability between different phases in
a crystalline phase assemblage will be greater than the variation
caused by radiation damage in any single phase. ,If that guess is
correct, that would relegate radiation damage to a second-order effect
in terms of research priorities on crystalline waste forms.

DISCUSSION

UNIDENTIFIED QUESTIONER: What are some typical annealing temperatures,
and what is the effect of the presence of water on annealing?

EWING: In general, annealing experiments are not conducted in the
presence of water, so 1 cannot answer very specifically. I would say
that it would have the effect of lowering the annealing temperature.
In mineralogic studies of metamict minerals, if we look at the DTA
curves as we heat them there is a loss of absorbed water in the range
of 200 - 300°C and crystallizationn beginning at probably no lower
than 400 - 450°C and continuing up to 900 ~ 1100°C. For silicate
structures, referring to the work of Hurley when he was trying to use
radiation damage in silicates as an age dating technique, the thing
that put the skids under that whole project was that the radiation
damage was so small and the natural annealing rate was so high that
essentially none of the radiation damage was preserved.

UNIDENTIFIED QUESTIONER: I would like to disagree with you on some~
thing. Metamictization, as you showed in some of your slides, will
evidently cause a large amount of microfracture, and since we known
that this accumulation of leach sites will be proportional to the
exposed surface area, if all of this is exposed to a solution, there
could be changes of several orders of magnitude.

EWING: Two points: If you are thinking about the slides you have to
realize that you are falling prey to the problem that there are lots
of things that have happened to the samples since they were damaged,
hydrothermal alteration being an important one for the ones that have
come from pegmatite. So, certainly not everything that you see there
is the result of radiation damage. The second point I would make is
that the way 1 arrived at that guess, and it certainly could be wrong,
is if you just look at a rock, which is a polycrystalline phase assem-
blage, the difference in the solubilities of those phases, as ex-
pressed by either their absence or presence, seems to be greater than
differences 1 see in a single array of metamict minerals. So, it is
just speculation.

HOWITT: There has been a great deal of work done on metamictization of
quartz by radiolysis techniques, and I think your early statement that
one can dgnore the gamma dose and the electron dose is perhaps a
little optimistic.

EWING: Right, and I would also add to that comment that there have
been reports of changes in leach rates in a crystalline phase after it
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has been put into a gamma field (someone else will have to speak of
this - I just have the bare outline of the details.) If it is put into
a gamma field and then immediately leached, there is an increase in
the leachability; and if the leaching experiment is done in a gamma
field, there is an increase in the leachability.

10.

11.
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RADIATION DAMAGE STUDIES ON NATURAL AND SYNTHETIC ROCK SALT*

P. W. Levy and K. J. Swyler

Brookhaven National Laboratory
Upton, New York 11973

ABSTRACT

Radiation damage studies are being made on natural rock
salt from various localities, including potential repository
sites, and on synthetic melt-grown crystals. Sufficient
information will be obtained to compute the radiation damage
in repository salt at any point as a function of time,
temperature, canister temperature and radiation levels, strain
in the rock, salt, backfill materials, and other parameters.

Most of the completed measurements have been made with
unique equipment at BNL for making optical and other
measurements on samples before, during, and after irradiation
with 1- to 3-MeV electrons. Samples are irradiated in
temperature-controlled chambers containing an inert exchange
gas.

The damage is readily characterized by determining the
radiation-induced F-center, colloid, and V-region absorption.
Damage in synthetic and natural salt is generally similar,
but the damage formation kinetics differ. Also, natural
samples from various localities exhibit somewhat different
damage properties. In both natural and synthetic samples,
F-center absorption is observed at very low doses and
increases monotonically to a "saturation" level as the dose
increases. The level is high at room temperature, and it
decreases monotonically as the irradiation temperature is
increased. It is negligible in the 300-350°C temperature
region. At temperatures where sodium metal colloid
particles are formed, the colloid absorption vs. dose
curves contain both induction and rapid growth regions.

The onset of rapid colloid growth occurs as the F-center
curves reach saturation. Colloid growth curves follow a
(time)", or (dose)", behavior. The growth rate is low or
zero at 100°C, has a maximum at 150-175°C, and is negligible
near 250°C. Plastically deforming samples prior to
irradiation reduces the induction period; it is negligible
after a 10 to 12% deformation.

*Research supported by the Department of Energy Office of Nuclear Waste
Isolation, operated by Battelle Institute, Columbus, Ohio, and the
Department of Energy Division of Basic Energy Sciences, under contract
DE~AC02-76CHO0016.
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In both natural and synthetic samples, the F-center and
colloid formation is dependent on temperature, dose, dose
rate, strain, and other parameters. Many of the observations,
such as the dependence of the colloid formation rate on
temperature, are described by the Jain-Lidiard theory for
radiation-induced F-center and colloid formation in alkali
halides. However, there are several important areas of
disagreement. For example, the measured activation energies
for vacancy (F-center) diffusion are different above and
below approximately 225°C; the theory is based on this
activation energy being single valued. Also, the measured
exponents in the (time)" colloid growth dependence differ
from the theoretical predictions. Surprisingly, some of
the natural rock salt measurements are better described by
the theory than the corresponding synthetic salt measurements.

Lastly, to adequately describe radiation damage in
natural rock salt from potential repository sites, appreciable
additional study will be required. However, radiation damage
studies on granite, basalt, and other materials of interest
to the waste disposal program are under way.

This talk on radiation effects in natural and synthetic rock salt
is a 15-minute version of a talk normally given in 40 minutes. Con-
sequently, it will include only the high-lights of the studies that have
been under way for about three years. I will not attempt to outline any
of the previous work or to mention references, which means that I will
not describe the work of Lynn Hobbs and collaborators at Harwell and
Glenn Jenks and collaborators at Qak Ridge.

A photograph of salt removed from the Lyons, Kansas, demonstration
project after the fuel element had been removed is shown in Fig. 1.
I will sketch the changes which this rock salt undergoes as it is
irradiated. Salt which was about 200 cm from the fuel element, and
received a dose about 10% to 105 R, is quite normal, although sTightly
colored. Salt which was about 3 ¢m from the fuel element, and received
a dose between 107 and 108 R, is quite brittle and has all of the
characteristics of severely radiation damaged NaCl.

A1l of the measurements which I am going to describe have been made
with the unique equipment, shown schematically in Fig. 2, for making
optical and other radiation damage measurements during irradiation with
1-3 MeV electrons. Basically, this is a 13-meter-iong spectrophotometer,
which measures absorption and Tuminescence in a sample while it is being
irradiated with electrons. Only optical absorption data will be given
in this talk although all of the samples emit strong luminescence.

Figure 3 shows the irradiation chamber. It contains fused silica
windows to permit the spectrophotometer light to enter one side and
come out the other. Electrons enter and leave through thin Havar
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APPROXIMATE DISTANCE
FROM FUEL ELEMENT, cm.

Samples of rock salt, removed from the Lyons, Kansas,
demonstration project, after irradiation by a fuel element.
The sample which was 200 cm from the fuel element received a
doge of 10 to 10° R; the sample at 3 cm a dose of 107 to

108 R.
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Figure 2. Equipment for making optical absorption, luminescence and
other measurements on samples while they are being irradiated
with 1 to 3 MeV electrons.
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Figure 3. The irradiation chamber used for optical measurements on
samples during electron irradiation. The chamber contains
an inert exchange gas and the temperature is controlled
electronically.
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windows. Figure 3 also shows my chief collaborator, Karl Swyler, who
has now left our group to join a new Division at Brookhaven supported

by the Nuclear Regulatory Commission. Figure 4 shows a number of things.
First, it illustrates some of the types of measurements we make. The
~optical absorption in the sample is shown as a function of photon energy.
(3.0 eV is roughly equivalent to 400 nm, and 1.5 eV is roughly equivalent
to 800 nm.) Each one of these curves represents a measured absorption
spectrum. The numbers represent each of a series of different measure-
ments. We can make one measurement every 40 sec while the sample is
being irradiated with electrons. Most measurements reported were made
at a dose rate of 1.2x 108 rad/hr.

The basic phenomenology of radiation effects in both natural and
synthetic rock salt is illustrated by Fig. 4. The absorption that
corresponds to the F-center band is a measure of the number of negative
ion vacancies induced in the crystal as a function of dose. The
absorption band marked "colloid" represents the nucleation and growth
of colloidal particles of sodium metal. Colloid formation does not
occur, in this data, until the F center, or the negative ion vacancy,
~ concentration has reached a saturation level. For larger doses the
intensity increases quite rapidly. In other words, it is described by
a classical nucleation and growth curve. The F-center absorption is
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Figure 4. Spectra recorded during irradiation showing the F-center
- growth and the nucleation and growth of colloids in synthetic
NaCl. Spectra can be raecorded as often as every 40 sec
(90 per hour). Not all recorded spectra are shown.
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superimposed on the colloid absorption and vice-versa. We have
developed a procedure for separating these two bands. Later, data on
the size of the radiation induced colloid particles will be given which
was obtained by fitting resolved colloid band spectra with a modified
version of Mie theory.

The remainder of the talk will illustrate how the growth of the F-
center and colloid bands depend on a number of parameters. Figure 5
shows typical F-center growth in natural rock salt from Drill Hole
AEC-8. This hole is very close to the WIPP site, which is AEC-9. This
figure illustrates one principal feature. As the radiation progresses
the F-centers increase to a saturation value and as the irradiation
temperature increases this saturation value decreases.

Figure 6 shows, again for AEC-8 (these data and the data shown in
Fig. 5 were developed from the same measurements), the growth of the
colloid band as a function of irradiation time. The nucleation and
growth character is quite apparent.

Among the questions we are investigating is the following: Do
natural rock salt samples from different localities develop radiation
damage at different rates, or are they in some other way different?
Figure 7 is what I could call an honest plot. It shows the F-center
formation in two samples from the WIPP area, one from Alt Aussee in
Austria, and one from Lyons. If I were to show you only the low dose
part of the figure, the differences would appear very large. There
are differences in the rock salt from different localities, but all
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Figure 5. Typical F-center growth in natural rock salt at the indicated
temperatures. This data, and that in Fig. 6, has not been
corrected for F and colloid band overlap.



107

:"70 ' L ' ! T T T T T
' AEC-8 ROCK SALT
60 . .
R 120 Mrad/hr I53C o
® 50} I
< ‘ .
o 40+ . o _
<. | .
30 . :
2
o . . 2032 E‘%
- 20} P a® -
@ . ® s 8% 780 127¢
8 lOP" » L " o & o © o © o © o Oi
faa) ® a o 0 0© o © AN DA A A A
- e a 848
< 0 .k Q»Eie“"? a¢” 11 ]  228C
0 I 2 3 4 5 6 7 8 9 10 I 12
IRRADIATION TIME (103 sec) |
Figure 6. Typical nucleation and growth curves for colloid absorption

Figure 7.

in the same sample, and recorded at the same time, as used
for Fig. 5. Note that the maximum colloid formation rate
occurs around 150°C.
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exhibit the basic saturation-type growth curve. Figure 8 shows the
colloid growth in synthetic sodium chloride. It is included to illus-
trate the strong temperature dependence of the colloid growth in
synthetic rock salt. We do not yet have equally detailed data for
natural rock salt. Figure 9 shows comparable colloid growth data for
the four natural rock salt samples for which F-center data were shown
in Fig. 7. Again, the colloid growth behavior is the same in the sense
that these curves are quite linear, at least at long irradiation times
on this log-log plot. In other words, all of the colloid growth data
follows a (time)n or (dose)" type behavior. I mentioned before that we
were able to obtain information on the colloid properties by analyzing
the shape of the colloid absorption band. The data in Fig. 10, for
synthetic sodium chloride, shows just what you would expect. Namely,
there is a strong temperature dependence; -also, we observe colloids at
the smallest colloid radius which we can detect and as the irradiation
progresses the colloid radii increase. At very large doses the colloid
absorption is too large to measure with the present equipment.

One of the reasons for showing Figure 10 was to provide a back-
ground for Figure 11, which shows colloid formation in natural rock
salt. This demonstrates one of the principal ways, we have discovered,
in which natural rock salt differs from synthetic rock salt. At the
Towest dose producing colloids, a given colloid radius is obtained. As
the irradiation continues, usually with a very rapid increase in colloid
absorption, the colloid absorption band shape does not change. This
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Figure 8. Typical colloid band growth in synthetic NaCl, recorded at
various temperatures, and plotted on a log-log plot. At high
irradiation times these curves are well described by a tm
relation.
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Figure 11. Colloid radius vs. irradiation times in various natural
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with dose. However, the total colloid absorption, i.e.
number of colloid particles, is increasing rapidly.

means that, as far as our measurements show, the colloids which appear
suddenly at a given dose have a fixed radius; and, as the number of
colloid particles continues to increase quite rapidly, the colloid
particles do not appear to increase in radius.

The data shown in Fig. 12, which has been observed numerous times,
is included to demonstrate how colloid growth depends on strain. This
figure shows colloid formation in AEC-8 rock salt which has not been
subjected to any strain in the laboratory. By comparing this data with
similar data for synthetic samples, which presumably are unstrained, or
natural samples which presumably have had the strain removed by heating,
it appears that this sample contains 3 or 4% natural strain. This type
of data can be the basis of a method for mapping out the natural strain
in a salt repository. Clearly, the effect of strain on colloid formation
is very pronounced. As the strain is increased, the colloid formation
induction period decreases and at large strains is essentially zero.
Those of you who have worked with classical nucleation and growth
phenomena are familiar with the fact that this type of behavior can be
explained in two ways: Either there is a very large increase in the
rate of nucleation processes or alternatively, something has happened to
obviate or remove the nucleation step.
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Figure 12. Influence of strain, applied prior to irradiation, on the
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I want to discuss briefly the correspondence between these measure-
ments and a theory proposed by Jain and Lidiard [Phil. Mag. 35, 245-290
(1977)]. On the basis of data obtained by electron microscope work,
primarily at Harwell, Alan Lidiard and a graduate student, Uma Jain,
developed a theory for colloid formation in natural rock salt. I should
really say for any rock salt, but it seems to apply better for natural
rock salt than for synthetic rock salt. There is simply not time to do
more than sketch how this works. 1 have chosen to do this by showing,
in Fig. 13, a little of their theory for F-center formation. Basically,
they write down conservation equations for the F-center formation as
well as the corresponding interstitial center formation. The F-centers
are formed by radiation, lost at dislocations and colloids, and lost by
F- and H-center recombination. There are corresponding terms for the
interstitial centers. The word equations in the top half of Fig. 13
are expressed mathematically in the middle of the figure. The solution
of these equations is obtained by making a number of approximations.

The most important of these is the absence of nucleation processes.
Their theory starts with the assumption that the colloids are nucleated.
The equation they obtain for the F-center growth curve is unique: it is
of a typical saturating exponential curve but to the square root power.

Figure 14 shows F-center formation in synthetic rock salt. 1t is
very similar to curves for natural rock salt (Fig. 5); but it is
included to point out that many of the growth curves contain structure
in the low dose region. It is qualitatively impossible for the Jain-
Lidiard expression to fit this type of data. In other words, many of
the synthetic rock salt growth curves cannot be fitted by an expression
of this type. However, Fig. 15 shows a fit of the Jain-Lidiard expression
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Jain-Lidiard Theory of Radiation Induced

F Center and Colloid Growth in NaCl#*

d F F center formation
It center | = by radiation and
conc. diffusion from colloids
F center capture F and H
— 1| by dislocations | — center
and colloids recombination
4 H H center formation
Jrlcenter ) = by radiation and
conc. diffusion from colloids
H center capture F and H
— | by dislocations | — center
and colloids recombination
dCp

= L. -
v = K- K Cp - Ky CpCy

gt = K- K3Cy - K,CeCy

Assuming that interstitials quickly reach equilibrium,

dc
7ﬁ? == 0 and making several approximations

C. = Csaturatlon[1 1/2

F E -exp(-ZKlt)]

*Phil. Mag. 35, 245-290 (1977).

Figure 13. A "sketch" of the F-center portion of the Jain-Lidiard
theory of F-center and colloid growth in NaCl.

to natural rock salt data. The agreement is very good. Note that we have
plotted the square of the F-center concentration to include the square
root dependence. There is some systematic fluctuation in this curve

which is an artifact of the F-center colloid-band resolution procedure.
These fluctuations are exaggerated because of the nature of the plot.

Table 1 contains a list of various predictions of the Jain-Lidiard
theory. First, they predict a monotonic increase of F-centers to a
saturation level. This occurs in both the synthetic sodium chloride and
in the natural rock salt data. It is predicted that the F-center
saturation level is independent of crystal source (type) and strain.
In'both materials a (dose rate)? dependence (which I have not shown
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TABLE 1
SELECTED COMPARISONS WITH JAIN-LIDIARD THEORY

Theory Synthetic NaCl Natural Rock Salt

F-centers increase monotoni-

b d
cally to a "saturation" level observe observed
F-saturation level indepen-
dent of crystal source and observed observed
strain
F-saturation level varies as bserved
(dose rate)l/z observe observed
Activation energy obtained 0.2 eV observed below 0.3 eV observed be-
from F-center saturation ~250C and 0.9 eV above 1low =225C and roughly
single valued and ~0.4 eV ~250C 0.9 eV above ~225
C0110§d formation in a observed observed
restricted temp. range
Colloid formation not not studied not studied
observed at low dose rate
Colloid induction period observed: induction observed: induction
dependent on dislocation period reduced by period reduced by
density prior strain prior strain
th to t5 observed in tl-7 to t2-1
. . . . unstrained crystals, observed in
ig’]z;dtf°;§7§’°” rate in t1-2 to t2-3 observed crystals not
€ 0 1277 range in highly strained additionally
crystals strained

data for) is observed. However, there is a fundamental disagreement
regarding activation energies for F-center diffusion. These can be
obtained from the measured F-center saturation levels. The theory is
based on a single activation energy of 0.4 eV for F-center diffusion.

We obtain two activation energies, one below 250 or 225°C, and another
above. Neither of them agree with the 0.4 eV, and this disagreement
occurs both in the synthetic rock salt and the natural rock salt. There
is one point which I did not emphasize as strongly as I should have.

In the curve showing colloid growth at different temperatures, the colloid
growth was low at low temperatures, went to a maximum, and then dropped to
a Tow value. This is in accord with thecory. They also predict that
colloid formation will not be observed at low dpse rates. This we have
not studied in detail. However, I do not believe that we are going to
agree with that prediction. Another prediction, the colloid induction
period is dependent on dislocation density. Clearly, this is observed.
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There is another point on which theory and measurement do not agree.
The theory predicts that the colloid formation rate at long irradiation
times will follow a t2 to the t3/2 dependence. We observe a t* to t5
dependence in unstrained crystals and a t1-2 to t2-3 dependence in
highly strained synthetic crystals; a t!-7 to t2-! dependence is
observed in natural crystals. These dependences are quite 1mportant

if you want to predict the amount of colloidal sodium formed in
repository rock salt as a function of time after it has been exposed to
radiation from a waste canister.

Outlined above are some of the studies that we have made on
natural and synthetic rock salt. A lot has been learned about the
radiation damage processes in natural and synthetic rock salt. However,
clearly the job has not been finished. ‘For example, we do not know if
the radiation damage in natural rock salt from one locality differs
appreciably from that in salt from other localities. Finally, we do
not have the information needed to determine the dose rate dependence.
There is evidence that the damage increases, on a unit dose basis, as
the dose rate decreases. The dose rate dependence could be one of the
most important factors controlling the damage formed in an actua]
repository.

The work on rock salt has been going on for almost three years.
Similar projects are being started on other materials. Primarily,
these are minerals from other waste disposal sites under consideration,
namely, granite and basalt. Hopefully, we will find one or more
granite or basalt mineral that can be studied in sufficient detail to
provide all of the information needed for both repository selection and
design. Also, this information should be useful for other purposes,
such as the selection or design of waste forms.

DISCUSSION

BOATNER: I noticed in the graph where you compared the colloid formation
rates for strained and unstrained crystals, that in the unstrained
crystals the curves start out with a low or mild slope and then begin

to increase in slope. Surely the formation of colloids in the crystal
itself must increase the overall average strain in the crysta] I would
think. Can that be used to account for the correspond1ng increase that
you see later in the slope of the curve?

LEVY: One of the things I did not discuss in detail was the process by
which colloids are formed. The process is believed to be the diffusion
of vacancies to the colloid nuclei. This leaves behind sodium atoms on
the original crystal lattice sites, and one finds that sodium on original
lattice sites has a lattice constant which is approximately 11% larger
than that of metallic sodium. So one would not think it would be
exerting much of a strain on the lattice. If it does exert any kind of
a strain at all, it would be some sort of a tension due to the fact that
the colloid particle would actually be smaller than the space that it

is supposed to occupy.
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POHL: What maximum sodium metal fraction do you expect in the sodium
chloride after it has received something of the order of 1010 rads,
which is what we would get right next to one of the old-fashioned model
waste canisters? Where does all the chlorine go?

LEVY: Thanks for mentioning the chlorine. I really intended to say that
that is one of the principal scientific questions which we have not
solved. We do not know for sure where the chlorine goes. The people at
Harwell would like to think that the chlorine forms some sort of platelike
or sheetlike arrangement, accompanying dislocation climb. We do not

have any evidence for that from our studies. There is some electron
microscope evidence for it, but it is not very clear.

As to the sodium metal fraction, if I simply extrapolate the data
to the dose expected adjacent to the canisters, and try to be very
pessimistic, I obtain something like 1% colloid. If I want to be
extremely pessimistic I can make it 10%. If I want to be real optimistic
from the point of view of minimizing the colloid formation, then it is
in the range of 0.01% to 1%. I have answered your question this way
because I want to emphasize that we do not have the ability to predict
these levels accurately at the present time. One of the principal
reasons for this is that we do not have sufficiently good dose rate
data.

ABRAHAM: What happens if you try to anneal out the colors and F-centers
and then try to do the irradiation again? Is there reversibility?

LEVY: Consider the case when we irradiate a sample in our apparatus,
see the colloids form and then turn the beam off. Usually, there is
appreciably F-center decay immediately. The colloids decay much more
slowly. Next raise the temperature 50°. This will cause a very

large reduction in the observed colloid concentration. When we turn
the beam on again, we get an immediate, very rapid restoration of the
colloid concentration. In fact, repeated cycles of the process I hayve
just described -appear to have the same effect as straining the crystal.
In other words, turning the beam on and off or cycling the temperature
would appear to, in some way, create nuclei or enhance the nuclei
formation rate for colloids. Again, this is an area which I probably
could have included in my 1ist of things we do not understand. Also,
there are exceedingly interesting transient effects associated with
these processes. I think one thing is clear: We are dealing with a
diffusing entity which is present only during irradiation, in addition
to the diffusing entities which are present when the irradiation is not
present.
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A REVIEW OF HEAT DISSIPATION IN GEOLOGIC MEDIA™

R, 0. Pohl and J. W. Vandersande**

Laboratory of Atomic and Solid State Physics
Cornell University, Ithaca, New York 14853, USA

ABSTRACT

Existing data on the thermal conductivity of various rocks,
e.g., rocksalt, granite, basalt, etc., will be critically re-
viewed, with the objective of determining the 1ikely range of
conductivity to be expected in a geologic repository.

Research carried out at Cornell on the thermal conductiv-
ity of rocksalt from different sources, and from different
horizons at the WIPP site in New Mexico will be described, as
well as the search for the influence of ionizing radiation and
of heat treatment.

A few examples chosen from previously published calculations
of expected temperature profiles will be presented; the consider-
able discrepancies demonstrate the need for more reliable calcu-
lations and for sensitivity analyses,

The temperature in the near-field as well as in the far-field of a
repository is probably the most important single parameter concerning the
safe disposal of high-level waste. The temperature rise for a given ther-
mal loading is determined by two quantities, the specific heat, which is
fairly independent of temperature as well as of the material of the host
rock, and the thermal conductivity, which is quite dependent on the mater-
ial as well as on the temperature, as we shall see in the course of this
lecture. It is, therefore, very important to know the thermal conductiv-
ity of the rock in which the repository is located. A great amount of
work has been done studying the thermal conductivity of a variety of rocks.
Fig. 1 shows an example of the range of conductivities observed. It is
taken from a paper by Birch and Clark.l

~ The variations in conductivity are perhaps not very large by the
standards of a solid state physicist, who is usually interested only in
orders of magnitude. However, in the case of nuclear waste disposal we
must realize that for a given waste loading in a repository, the tempera-
ture increase in the vicinity of the heat source will double when the

“Work supported by the USNRC, Contract No. NRC-04-78-261.
**parmanent address: Physics Department, University of the Witwatersrand,
Johannesburg, South Africa.
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conductivity is halved. Put another way: For a certain maximum permiss-
ible temperature rise, the area over which the waste must be spread is
inversely proportional to the conductivity of the repository medium.
Consequently, a precise knowledge of the conductivity is of considerable
economic importance.

One of the great attractions of rock salt is that it has a fairly
high thermal conductivity .(Fig. 1). Granite, on the other hand, has a
lower one, and the conductivity of basalt is lower yet. However, it is
important to realize that even for a given type of rock a wide range of
conductivities has been found. In anticipation of one of the major
points to be made in this lecture, let me tell you that it is possible
in some type of rock salt containing the proper kind of impurities to find
a thermal conductivity that is even lower than that of basalt.

I refer again to Fig T, which contains conductivity measurements for
several types of granites. At room temperature (300 K), the conductivity
of Rockport granite exceeds that of Westerly granite by 50%. This raises
the following question: How can we predict what the thermal conductivity
in a given repository is going to be, and how can we, in particular, de-
termine that without having to measure the thermal conductivity of every
piece of granite that we would like to drill into? To answer this ques-
tion, we first have to understand what causes the wide spread in thermal
conductivity for the different rocks shown in Fig. 1.

In my talk I will spend the first part giving you a brief review of
some solid state physics aspects of thermal conductivity in materials in
general; then I will talk about a review of the thermal conductivity of a
variety of different granites, basalts, and rock salts.

I begin by showing you the thermal conductivity of several high-
purity, nearly perfect crystalline solids, lithium fluoride, a-quartz,
and cesium iodide (Fig. 2). You see that the thermal conductivity of
these solids increases with decreasing temperature, goes over a maximum,
and then decreases. The reason for this is the following: Heat in
electrical insulators is carried by elastic waves. In the quantum picture
they are called phonons, These phonons travel with the speed of sound
from the heat source to the heat sink.

As they propagate, they get scattered, either by other phonons -
that is the density fluctuations in the lattice resultant from the heat -
or by lattice defects. In perfect, crystalline solids the only scatter-
ing mechanism is the scattering of phonons by other phonons. However,
their number decreases exponentially as the temperature decreases and
therefore the thermal conductivity rises rather steeply. Why, then,
doesn't it approach infinity at even tower temperature? The answer is
that the ultimate limitation of the phonon mean free path (i.e. the dis-
tance between collisions) is the surface of the crystal. In other words,
if we had samples of infinite extent, their thermal conductivity would
keep on increasing, but for experimental reasons one usually uses samples
of the order of a few millimeters in diameter, and so what happens is that
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Fig. 2. Thermal conductivity of high purity, synthetic single crystals.
0: Debye temperature.

the phonons are being scattered by these crystal surfaces, which limits
their mean free path. Then why does that scattering decrease the thermal
conductivity, as evidenced in Fig. 2? It decreases the thermal conductiv-
ity because the number of phonons which can carry the heat will decrease
as the heat capacity decreases. The heat capacity, as you know, varies at
Tow temperatures in proportion to the third power of the temperature;
therefore, below the conductivity maxima the curves in Fig. 2 all vary
approximately as the third power of the temperature.

Now I would like to present a few examples of what happens when such
pure crystals are not all that pure any more because of some intentional
or unintentional impurities.

Figure 3 shows a comparison of a natural and of several man-made
single crystals of rocksalt (NaC1).2 Above 40 K, their conductivities
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are quite similar, while at lower temperatures, their conductivities
differ by several orders of magnitude. We now know that trace amounts
of OH"-ions substituting for C1~-ions are responsible for this decrease
in the conductivity. The phonons are scattered by the molecular ions
which can perform almost free rotational motions in the crystal lattice.

Another example of what happens to the thermal conductivity in impure
crystals is demonstrated in NaCl containing different concentrations of
bromine ions3 (Fig., 4). The lowest curve has been measured on a sample
containing approximately 1% NaBr, i.e. 1% of the chlorine ions have
been replaced by bromine ions. One sees that the thermal conductivity is
not depressed as much at low temperatures as it is in Fig. 3, but the
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effect begins to spill over into the high temperature region. The thermal
conductivity is depressed most strongly in the neighborhood of 80 K. This
is another resconance scattering phenomenon. You can visualize this as
follows: The heavy bromine ion, which replaces the chlorine ion, changes
the vibrational spectrum of the host lattice in such a way that, in the
simplest form, one can say that the bromine ion oscillates back and forth
relative to the surrounding NaCl lattice, in the same way that a cork
floating on water will bob up and down when hit by a wave. The strongest
phonon scattering occurs in the temperature range in which the heat is
carried predominantly by thermal waves whose frequencies are close to the
resonant frequency of the bromine oscillation, which happens to be around
80 K.

In the next example, we consider a solid of Si02 which is so highly
disordered that every atom has been displaced from its original lattice
site, Such a material is called amorphous or glassy. In Fig. 5, it is
shown that the thermal conductivity has now been grezt]y lowered in the
amorphous sample, all the way up to 500 K (~ 200°C).* You also notice
how the thermal conductivity near room temperature keeps increasing with
increasing temperature while the conductivity of the crystalline quartz
is decreasing. In the amorphous phase, the low temperature peak observed
in crystals has been replaced by a plateau. THe power law of the con-
ductivity below the plateau represents a great puzzle for solid state
physicists, but in this talk I will confine myself to a discussion of the
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conductivity at higher temperatures. I begin by presenting the data
shown in Fig. 5 in a different form; this requires a brief introduc-
tion: I have mentioned previously the picture of the heat being carried
by individual particles of elastic energy, phonons, traveling with the
speed of sound, v. The connection between the thermal conductivity, A,
and the phonon mean free path %, i.e. the average distance traveled by
the phonons between collisions, can be written as follows:

n=(1/73) C v ¥ (1)

where Cy is the specific heat of the material and o its mass density.

With Cy,. o, and v known, we can use eq. (1) to determine I from the ex-
perimental data shown in Fig. 5. The results are plotted in Fig. 6. In
the crystalline sample, the phonon mean free path at very low temperatures
is of the order of 1 cm. This is the sample diameter that I mentioned
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earlier, As the temperature increases, however, at around 10 K the mean
free path drops off rapidly as the result of collisions of phonons with
other phonons. In the glass, the thermal conductivity is lower, even at
the lowest temperatures, and hence, the mean free path is also lower

than in the crystal. In the temperature range around 10°K, the phonon
mean free path begins to drop off quite rapidly, almost as the fourth
power of the temperature, as shown by the dashed line in Fig. 6. Also
shown in Fig. 6 is a behavior that is similar to that found in another
glass, selenium, In fact, the glassy thermal conductivity shown in Fig. 5,
and the mean free path shown in Fig. 6, are characteristic of all amorph-
ous solids (if they are electrical insulators).4 The decrease of the
phonon mean free path with the fourth power of T:

2= T4 (2)
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results from the same physical phenomenon that makes the sky appear to be
blue. It is called Rayleigh scattering. In the amorphous solid, the
phonons are scattered by the random fluctuations of mass density and
force constants which were frozen into the glass as it solidified. This
Rayleigh scattering increases as the wavelengths of the thermal waves
decrease, and since the wavelengths of these waves decrease as the tem-
perature increases, the mean free path of the phonons decreases with in-
creasing temperature, exactly as expressed in Eq. (2). {In the Rayleigh
scattering of light waves, the shorter (blue) waves of the sun light are
scattered more strongly by the mass density fluctuations in the atmosphere
than the red ones, and hence the sky appears blue,) Above approximately
100 K, the phonon mean free path appears to level off at a value of a
few & (R = 10-8 cm). The interpretation is that a phonon mean free path
cannot be smaller than the interatomic spacing which is typically a few

In this limit, the concept of an elastic wave traveling through the
solid ceases to be a meaningful description of the heat flow. A more
appropriate picture is that of the elastic energy propagating in a random
walk from one atom to a neighboring one. In other words, one atom will
oscillate, perhaps one period only, and then kick the next one, and so on,
This results in a diffusion of the heat via some kind of a Brownian
motien. The thermal conductivity will now be determined by the frequency
of oscillations and the interatomic spacing. This is the conclusion that
we are reaching by looking at the high temperature behavior of the phonon
mean free path in very heavily disordered, amorphous solids. It js diffi-
cult to imagine how heat can propagate more slowly through a solid than
with this random walk. Thus we further conclude that the conductivity
observed in amorphous Si0» represents a lower 1limit of the thermal con-
ductivity in any Si-0 lattice. This is one of the major conclusions of
our discussion so far, and is one to which we will return.

After this introduction into the physics of heat transport in ordered
and in disordered solids we now turn to the discussion of natural rocks.
Our goal is to understand the origin of the wide range of thermal con-
ductivities observed in rocks, and to predict lower limits of the con-
ductivities that might be encountered in a geologic formation,

Figure 7 shows measurements on two rocks between 500 K (223°C) and
0.3 K, compared with data obtained on crystalline and amorphous, chemi-
cally pure Si02. The granite sample (actually quartz monzonite) was taken
from the Climax stock at the Nevada test site, while the basalt sample
originated at the Hanford Reservation, and is slightly porous (p = 2.6
g/cm3 vs 3 g/cm3 for non-porous basalt). At low temperatures, below
a few degrees Kelvin, the conductivity is described by a power Taw (A « TN),
the exponent (n ~ 2.5) being intermediate between the one found in pure
single crystals (n = 3) and in glasses {(n ~ 1.9). We believe that in
rocks, phonon scattering by internal surfaces or grain boundaries is the
cause for the power law behavior, but we will not pursue this subject
further in this talk. At high temperatures, starting at around 100 K
(-173°C), the conductivities of both rocks appear to approach that of
amorphous silica. In Fig. 8 the mean free paths determined with the help
of Eg. (1) show the same behavior: Near the upper end of our measuring
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range (200°C), the mean free paths in the rocks seem to merge with those
of silica. In the temperature range between 10 and 100 K, the phonon
mean free paths in the rocks decrease rapidly with increasing temperature,
suggesting a Rayleigh scattering. We conclude that the.disorder in these
natural rocks causes a Rayleigh-type scattering mechanism, which is not
quite as strong as in the fully disordered amorphous solid; above a few
hundred degrees Kelvin, however, the phonon mean free path approaches the
same 1imiting value as in silica, a few Angstroms. We conclude that in
the temperature range of interest in this lecture, near and above room
temperature, the heat is transported by the same random walk process
discussed earlier for amorphous solids. (By looking at the mean free
path for pure crystalline quartz in Fig. 8, it appears that this regime
of heat transport will not be reached below 1000 K, i.e. it appears that
the phonon picture remains valid up to that temperature.)

We had argued earlier that the thermal conductivity of amorphous
silica represented a lower limit for a Si-0 lattice. Our observations
on the two rock samples, shown in Figs. 7 and 8 appear to confirm this
argument, although the chemical composition of these rocks differs from
that of Si0y; nevertheless, the atomic masses and interatomic spacings
and binding forces are reasonably close to those in Si02, and these are
the only important quantitites involved in this picture of heat transport.
Figure 9 summarizes the conductivities of a variety of silica based rocks
between 1 and 500 K. The solid Tines between 300 and 500 K were taken
from the paper by Birch and Clark;! A stands for anorthite, Ga for gabbro,
Gr for granite, and Q for quartz (D and S stand for dolomite and rock salt,
non-silica based rocks). Our own measurements below 100 K confirm the
picture of silica as having a 1imiting thermal conductivity: Eleana shale
and tuff, both from the Nevada test site, basalt and granite (same data
as the ones shown in Fig. 7), labradorite, and gabbro, all have conduct-
jvities which are larger, or close to that of silica. The presence of
internal surfaces appears to be important below 10 K, but is ignored in
this lecture. The conductivities of anhydrite, dolomite, and of a heavily
a-~radiation damaged niobate-tantalate metamict mineral, studied by Ewing®
and labeled R-13 by him, are unimportant for the present discussion.

Figures 10 and 11 summarize all of the measurements of t?e th$rma1
conductivity of granite and basalt from a variety of sources. s6-11T pg
is to be expected, the thermal conductivity of granitic rocks covers a
fairly wide range, even if the samples come from the same drill hole,

as was the case in Izett's study.’ Our own data are close to the lower
1imit of the conductivity range, although Morgan and West8 have observed
an even lower conductivity on one of their samples. A similar spread of
the conductivity is observed in basalts. We conclude that the atomic
disorder responsible for the Rayleigh scattering is different in differ-
ent rocks, as one should expect. It is interesting, however, that no
conductivity lower than that of amorphous silica has been observed in
these rocks, which provides further confirmation for our claim that the
conductivity of silica represents something of a lower limit for sili-
cate based rocks.
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We now turn to the discussion of a different kind of rock, namely
rock salt., We have seen previously (Fig. 4) that the right kind of doping
even with relatively small concentrations can affect the conductivity
of single crystals of NaCl even at room temperature., Figure 12 summar-
izes ?reviously published data on purified NaC112 and on natural rock
salt.1,13,14 Again, the spread in conductivity is significant. The
lower range of the Louisiana dome salt 1ies below that of granite,
although still above that of basalt. It is worth mentioning that in
most calculations of temperature profiles in nuclear waste repositories
the conductivity of reasonably pure, single crystal natural rock salt
(i.e. curve 2 in Fig. 12) has been used. This can lead to a sizable
underestimate of the actual temperature increase under certain conditions,

At Cornell University, we have started to explore the range of con-
ductivity that can be expected in natural rock salt, and the effect of
ionizing radiation on the conductivity. Figure 13 shows preliminary
results, obtained on samples from a drill core at the WIPP site in New
Mexico. This drill core section has been labeled WIPP No. 10 by Sweet
and McCreight at Sandia Laboratories, who have studied a variety of drill
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cores at the WIPP site.!3 The section of the core from which we cut our
samples contained an estimated 10 to 20 wt% of polyhalite (KpSO4-MgSOg.
2CaS04-2Hp0). Before irradiation in a Co~60 gamma cell, the samples had
a light orange color., After exposure to 1010 rad at 150°C, the salt
portions were black, while the polyhalite inclusions appeared un-
changed in color. We first measured the irradiated samples (solid
circles in Fig. 13), and found remarkable variations from sample to
sample. It appears that the conductivity decreases with increasing
polyhalite concentration. Of particular importance is the fact that
conductivities lower than those observed in granite, basalt, or even

in silica were observed in two of the rock salt samples, We had argued
earlier in this lecture that the conductivity of silica represents a
lTower limit for all rocks in which Si0p is a major constituent. It is,
however, unlikely that the lower limit of the conductivity in highly
disordered rock salt could be considerably lower than that of silica,
because of the longer period of oscillation of its ions (i.e. its
smaller restrahl frequency). Amorphous NaCl does not exist, but Slackl4
has estimated the lower 1imit of the conductivity in the case that the
thermal energ¥ diffuses from atom to atom. He found a 1imit of 5 x 107
Watt cm~1 ok~ (above room temperature), three times lower than the
conductivity predicted (and observed) in amorphous SiOp,
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Devyatkova and Smirnov, ref. 12. Pure natural rock salt,
ref. 1. A1l other data: Natural polycrystalline rock
salt from.the Waste Isolation Pilot Project, core taken
at the drill hole AEC # 8, at a depth of 1995.6 ft.
Pieces taken from the section labeled WIPP No. 10 in
ref. 13. Solid circles: measured on three sections of
a piece 5. cm long irradiated to 1010 rad at ~ 150°C.

The data shown with open circles were obtained on a dif-
ferent piece which had not been irradiated. The open
triangles were obtained after thermal treatment as de-
scribed in the text.

None of the irradiated samples had been studied prior to the irradia-
tion and, therefore, no conclusion can be drawn as to the effect of the
radiation damage. However, when we measured an unirradiated sample (open
symbols in Fig. 13), we observed irreversible decreases of the conduct-
ivity after thermal cycling below and above room temperature. The open
triangles were obtained after the sample had been cycled in vacuum first
to a temperature of 100 K, and subsequently annealed for one day at 200°C,
However, even the lower curve does not represent a reproducible set of
conductivity data. Further thermal cycling lowered the conductivity even
more,

In the light of these observations, the data on the irradiated
samples must be viewed with caution. During irradiation, the samples
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were heated, which may have had a greater effect on the conductivity than
the radiation itself. Furthermore, irreversibilities of the conductivity
measured on the irradiated samples had also been observed, but had been
ignored at that time.

Consequently, we have to be very cautious at this time in drawing
conclusions from our studies on rock salt. The following points, however,
can be made: In certain samples of natural, impure, rock salt, in which
NaCl is the major constituent, conductivities as low or even lower than
those of silica based rocks have been observed. An irreversible lowering
of the conductivity subsequent to heat treatment has been observed. The
effects of ionizing radiation and of impurities in the rock salt (poly-
halite, water, etc.) have not been separated and must be further explored.

To summarize: The .thermal conductivities of the silica based rocks,
granite and basalt, show a wide spread in the temperature range of impor-
tance for nuclear waste disposal. We have presented evidence that the
thermal conductivity of amorphous silica represents a lower 1imit for
these rocks. This observation is important for an estimate of upper limit
of temperature increase expected in a repository.

In certain rock salts, conductivities as low or even lower than in
granite or basalt can occur. In this rock salt, irreversible decreases
of the conductivity have occurred after heat treatment. In particular,
the latter phenomenon must be studied in detail, before a temperature
profile in a salt formation can be predicted,

DISCUSSION

LEVY: How does the lowest curve for the irradiated WIPP specimen (Fig.
13) compare with the curve for irradiated synthetic sodium chloride?

POHL: The thermal conductivity of such a sample, which you had irradiated
for us, and which we subsequently irradiated to a cumulative dose of

3 x 10é rad was practically unaltered from that of pure NaCl above 50°K.
At lower temperatures, large decreases were seen (the conductivity of
irradiated)NaC] is qualitatively similar to that of OH™ containing NaCl,
see Fig. 3).

LEVY: Irrespective of the radiation data, what I really would like to
know is how does that curve which you have on the graph compare to a
curve for synthetic sodium chloride?

POHL: They are within a few percent, 10% or 20%, I think, is the maximum
for the purest NaCl ever produced. (Note added in proof: I believe that
this question referred to a comparison of the conductivity of unirradiated
synthetic and of natural, almost perfect single crystals of NaCl. Figure
3 shows such a comparison, The two uppermost curves in Fig. 13, labeled
geviatk?va and Smirnov (synthetic) and Birch and Clark (natural) differ

y 20%,
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'LEVY:. Maybe it is worthwhile to mention then that the large crystals,
such as I think you have from Baden, are referred to by many geologists
as recrystallized salt, and they are really not at all typical of the
normal bedded salt, and some of them are exceedingly pure. So it does
not surprise me that if you have large crystals from a natural source
that they are going to resemble rather closely some of the high-purity
synthetic salts.

POHL: And vice versa.

UNIDENTIFIED QUESTIONER: I am from the Nevada program and in that program
we are looking at thermal properties of some of the argillaceous rocks,
Tike the ones that we sent you, and I just wanted to make a comment that
at least in those rock types the conductivity is also very sensitive to
the degree of water saturation, and you can change it by a factor of two,
even at ambient temperature, depending on whether it is fully saturated

or fully dehydrated, and I was just curious if your experiments were run
under controlled saturation conditions?

POHL: They were not, It is certainly possible that water has something
to do with the irreversibility that I have referred to. After having .
measured the thermal conductivity of the WIPP No. 10 rock salt to 100 K
you warm up to room temperature and find the conductivity to have dropped
by another 30 or 40%. That could certainly be the effect of water,

which we have discovered the hard way. But we do not know,

UNIDENTIFIED QUESTIONER: 1In the temperature range of 300°C, I guess this
is about the maximum of what your experiments have been going?

POHL: 200°C.

UNIDENTIFIED QUESTIONER: Is the heat transfer by radiation important in
natural rocks? In other words, by photon transmission rather than phonon
transmission?

POHL: I do not think so, simply because other people have said that it is
not, but I have not thought about it myself, Perhaps I could say this,
that as far as the phonon mean free path goes, there is no inflection.
When I plotted the mean free path for amorphous silica, it dropped off

as T4 and then leveled off (see Fig. 8). If there were a photon contri-
bution {which, of course, shouldn't be blamed on the phonon mean free
path), you would expect an upturn of the mean free path. As I said, I
have glanced at papers in which discussions of radiative heat transfer
were made and in which it was concluded that at these temperatures there
is no problem.

LAPPIN: Are there any. porosity effects on thermal conductivity of these
materials? Because pores can scatter phonons and, as we know, influence
the thermal conductivity sometimes.

POHL: I do not think that is very likely because of the enormously short
mean free path that we are dealing with. Not unless we have cracks that
go almost all the way through the crystal, one crack after the other, so
that the sample becomes effectively longer. They have to be real cracks,
not just grain boundaries. I do not think that in view of the enormously
strong phonon scattering observed in our rocks that one can expect much,
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This is one of the points I was trying to make., I think that we really
have to look on the microscopic scale. The scattering is just too enor-
mous to be produced by a few of these macroscopic defects. (Note added
in proof: This answer was only partially correct. Dr. Lappin has ob-
served lower thermal conductivities in porous samples of tuff. Since the
pores are essentially empty, they cannot contribute to the heat transfer,
and they also increase the path length for the diffusion of the heat.

On the other hand, their effectiveness as individual scattering centers
is probably negligible, in comparison to the ~ 10 A mean free path ob-
served in the bulk of the disordered rocks).
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ABSTRACT

Spent fuel as a waste form for geologic disposal is cur-
rently being studied by the Office of Nuclear Waste Isolation.
Its nuclear and criticality characteristics are understood and
technology exists for handling, transporting, and packaging of
the fuel. Although the cladding of these rods provides a sig-
nificant barrier to migration of fuel and fission products dur-
ing its storage, it may degrade due to external corrosion and a
number of internal mechanisms. This report describes work
which was undertaken to identify and study the internal clad-
ding degradation mechanisms.

At expected repository temperatures (< 370°C) and nominal
rod internal pressures (v 2.8 MPa), the degradation processes
are too slow for laboratory study. Since all the identified
degradation mechanisms are temperature dependent, initial tests
were conducted at elevated temperatures to obtain results in a
shorter period of time. Whole unmodified PWR rods were tested
so that the rod internal environmental conditions, and thus any
possible breach mechanisms, would not be changed by the test
procedures.

Three high temperature tests were conducted on Turkey
Point PWR fuel with the parameters shown in the table. The
test at 482°C was stopped when the 515°C test exceeded the
expected stress rupture breach time; an examination was con-
ducted to validate parameters used. in the lifetime calculations.
Profilometry indicated that there was more cladding creep than
had been expected, which caused the internal rod pressure to
drop 46% resulting in a drop in the hoop stress of 31%. This
was confirmed by puncturing the rods. There was no additional
gas release from the fuel pellets or axial fission product
migration. The eddy current technique revealed no new
cladding cracks being formed during the test.
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Expected 1st Blackburn's Breach Hours
Temp (°C) Breach (h) Time (h) Operated
402 1.8 x 104 0.5 4.6 x 103
515 2.4 x 103 0.045 7.8 x 103
571 20 7 x 10-4 6.7 x 102

Without breach, the actual mechanism of degradation cannot
be determined, but these data do allow us to evaluate the extent
to which the stress-rupture mechanism might operate. Blackburn'sl
formulation is presently being used to set maximum allowable
storage temperatures. A comparison shows Blackburn's formulation
to be conservative in time by a factor of 10° at 515°C and 104
at 482°C (see Table). Due to the cladding creep at elevated
test temperatures, the time to rupture is significantly increased.

Below 340°C, the radiation damage will not anneal out during
storage as it did in these tests. Athough the response of other
mechanical properties such as ultimate and yield strength indicates
that irradiation damage should increase the cladding strength, the
response of the stress rupture properties at’ these temperatures
must be determined. Also the condition of these Turkey Point rods
must be compared to the general population of spent fuel rods to
determine if these tests are applicable to spent fuel assemblies
available for disposal. Before the results of this investigation
can be applied to the lower anticipated storage temperatures,
these points must be resolved.

INTRODUCTION

Current U.S. nuclear policy precludes reprocessing of spent fuel
to recover unused fissile material. Consequently, unmodified spent
fuel is being studied by the Office of Nuclear Waste Isolation (ONWI)
as a final waste form for geologic disposal. The intact cladding and
pellets of this waste form would prevent migration of potentially harm-
ful radionuclei in a geologic repository. The cladding, however, may
degrade during disposal due to exterior corrosion or in response to
fuel rod internal conditions at disposal temperatures. Blackburn
identified and evaluated a number of potential degradation mechanisms.
These include mechanical overload, stress rupture, stress corrosion
cracking, rapid fracture of flawed cladding, internal hydriding and
cladding oxidation. After evaluation, he concluded that stress rupture
and stress corrosion cracking were the most likely mechanisms to be
operative. Since both of these phenomena are thermally activated, it
should be possible to preclude degradation by limiting the maximum tem-
perature during disposal. Blackburn estimated a maximum permissible
isothermal temperature for 100 year storage at 321°C. This temperature,
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however, is dependent on the validity of his underlying assumptions
which involve the failure mechanism, the cladding material! properties,
and the cladding physical condition.

Obviously, direct verification of this temperature limit at
expected repository operating conditions cannot be made in a laboratory
time frame, but requires that either Blackburn's assumptions be vali-
dated or that they be shown to be conservative. To accomplish this
purpose, a testing program was established to identify and evaluate
internally induced fuel rod degradation mechanisms. Since all the
apparent degradation mechanisms are temperature dependent, initial
verification tests were conducted at elevated temperatures to obtain
results in a short period of time. The primary objectives of these
tests were to determine potential mechanisms leading to cladding breach
and to improve and validate the basis for the maximum allowable clad-
ding temperature for safe geologic disposal. This paper discusses
the results of the first series of tests conducted for this purpose.

TEST PROCEDURES

Both tests contain six unmodified Westinghouse designed prepres-
surized PWR rods from Turkey Point Unit 3. Whole, intact fuel rods
were used to ensure that the performance and breach mode obtained were
real consequences of rod properties and internal conditions and not the
consequence of artifacts resulting from sample preparation. Pertinent
characteristics of the rods are summarized in Table 1. Each rod was
nondestructively examined before the test to determine length, diameter,
surface condition, axial fission product distribution, and any internal
or external cracks that were detectable by the eddy current technique.
In addition, companion rods from the same fuel assembly were destruc-
tively examined to determine rod internal pressure, fission gas content,
exterior surface oxidation and fuel cladding corrosion.

Table 1. Characteristics of Fuel Rods Used
in the Whole Rod Tests

Westinghouse prepressurized PWR rods from Turkey Point
Unit 3

2 cycles near core center with ~ 28,000 MWd/MTu BU
3-2/3 years in HZO pool prior to testing

Cold worked Zircaloy-4 cladding with 10.7 mm OD and
0.62 mm wall

2.6% enriched UO2
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The details of the test apparatus2 are schematically shown in Fig.
1. Each furnace is housed within a steel-lined lead-filled shield to
provide the proper personnel biological protection. It has seven inde-
pendently controlled heat zones. The axial temperature distribution is
measured with chromel-alumel thermocouples. Each furnace contains a
test rig capable of holding six individually encapsulated fuel rods.
The present tests each contain three rods encapsulated in helium and
three rods encapsulated in air. The capsule pressure, initially near
0.14 MPa at operating temperature was continuously monitored with a
pressure transducer to detect rod breach.

The rods were initially brought to temperature over a 340-hour
period during the summer of 1979 and then ran continuously except for
minor shutdowns due to power outages prior to the interim examination
recently conducted. The intent of these tests was to run until breach
occurred, and then to conduct examinations to verify the breaih mecha-
nism. Analyses using unirradiated stress repture properties,* the
MATPRO creep equation,® and estimates of rod internal pressures based
on examination of companion rods were made to estimate breach times.
Results of these analyses are shown in Table 2. For the test at 510°C
and 571°C, the time of expected first breach was considerably exceeded

TEST CAPSULE
(ONE OF Six)

FUEL ROD

BOTTOM OF ROD SWAGELOK FITTING

PRESSURIZATION TURE

TRANSDUCER ——
VALVE - e ]

FURNACE SEGMENT CAPSULE TUBE
(ONE OF SEVEN) ™

HEATING
ELEMENT

SIGNAL
CONDITIONERS

DATA LOGGER
HEDL 8004-249.8

Fig. 1. High-temperature whole rod test apparatus detailing
the furnace construction and rod encapsulation.
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Table 2. Operating Conditions, Expected Breach Times, and
Status of the High-Temperature Tests

Test Temperature Expected 1st Breach  Hours Operated Status
(°C) (h)
2a 482 1 x 10° 4.6 x 10° stopped
1 510 2.4 x 10° 7.8 x 10° continuing
2b 571 20 6.7 x 10° stopped

with no breaches. To investigate why the breach time had not been pre-
dicted, an interim examination was performed on the test at 482°C prior
to the time of expected first breach.

RESULTS AND DISCUSSIONS

After shutdown of the test at 482°C, the cover gas surrounding the
fuel rods in the capsules was analyzed for xenon and krypton to see if
there had been any small undetected leaks. Two of the rods were then
removed, visualy inspected, profilometered, eddy current and gamma
scanned and punctured for fission gas analysis.

No outstanding differences were noticed between the pre-test and
post-test visual examinations. This was expected since the visual exa-
mination would only reveal very gross changes in the rod conditon. The
eddy current examination showed no indication of any crack formation
during the test, but the limit of detection of the eddy current tech-
nique for an inner wall crack is about 15% of the wall thickness and
tends to be somewhat qualitative. There was no detectable change in
the gamma actig;ty profile which indicates that there was no axial
transport of Cs or other fission products. There were no detectable
length changes of the rods during the test indicating a 2:1 biaxial
stress state which was consistent with the calculation assumptions.

Comparison of pre- and post-test profilometry revealed between
1.5 and 2% cladding creep. In addition to the creep, the cladding
showed a significant reduction in ovality and ridging. Rod puncturing,
gas analysis, and internal void volume determinations revealed an
increased final internal void volume, as would be expected due to the
significant cladding creep, but the total amount of gas in the rods and
the volume of fission gas in the rods remained the same as before the
test started. Except for an increase in the water content of the
internal gas, the composition of the gas remained approximately
constant indicating no apparent fission gas release during the test.
These results also show that the cladding stress dropped 31% during the
course of the test.
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The single most significant observation is the unexpectedly high
cladding creep. This_was a factor of 6 higher than predicted by the
MATPRO creep equation3 used in the original analysis and largely
explains the lack of breach as predicted by calculations. The dif-
ference between the measured creep strain and the creep strain pre-
dicted by the MATPRO equation results either because the MATPRO
equation is not suitable for the test conditions or the hoop stress in
the rods was higher than calculated. This calculated stress was deter-
mined using nominal diameters and wall thicknesses and an internal
pressure of approximately 6.9 MPa. The actual stress could be higher
if the actual cladding diameter was larger, the wall was thinner, or
the pressure higher than used in the calculation. In actuality, when
all these variations are assessed, the calculations were done at
approximately 92% of the actual stress, which implies that the problem
lies with the creep equation.

Figure 2 is a plot of expected time to breach based on the stress
rupture mechanism as a function of constant ogperating temperaturei
determined by a number of different methods. Blackburn's method,* which
was used to develop the temperature limit, uses a fixed room temperature
internal pressure of 8 MPa and a stress rupture correlation which is
2/3 of the lower 95% confidence interval for unirradiated stress rup-
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Fig. 2. Fuel rod predicted time to breach as a function of
operating temperature based on the stress rupture
mechanism determined by a number of different
formulations.



Y]

ture properties. The design lifetimes resulting from this formula-
tion are shown as the bottom line in this figure. Using the same
formulation as Blackburn, except using the actual pressure range
determined from the companion rods, one gets a range of breach times
indicated by the cross hatched region. HNeither of these calculations
takes into account the cladding creep and subsequent reduction in hoop
stress that was observed. If one goes further and uses the nominal
expected internal pressures, the + 95% confidence band on stress rup-
ture properties, and allows creep as calculated by the MATPRO equation,
the predicted breach times are indicated by the arrowed bands. If the
measured creep rate predicted by Merckx creep equation™ is factored
into the calculation of lifetimes, then breach is not expected within a
reasonable laboratory time frame via a stress rupture mechanism. For
all three tests, the predicted design recipe breach time using nominal
pressures and indicated by the cross hatch region is exceeded. With
respect to the breach time, Blackburn's isothermal fgrmu]ation is
conservative Ry factors of at least approximately 10° at 571°C, 105 at
510°C, and 10" at 482°C, as determined by comparing predictions with
operating experience and recognizing that no breaches have occurred.

It is significant to note, however, that these tests were con-
ducted at temperatures which were above the temperature where in-
reactor radiation damage quickly anneals.® This means that the
material condition of the cladding and test temperatures may be signi-
ficantly different than at anticipated geologic disposal temperatures
where the damage may never be completely annealed. Based on com-
parisons with other post irradiation mechanical properties such as
ultimate and yield strength6 which show that the strength increases and
ductility decreases, one can hypothesize that compared to unirradiated
material, the irradiated material should have a longer time to stress
rupture since it is stronger, but the breach should come at a lower
strain. While this appears to be a favorable situation from the point
of view of disposal, it must be confirmed by testing.

CONCLUSIONS

These tests were conducted over a narrow temperature range con-
siderably above anticipated disposal conditions and utilized only one
set of rods from a single reactor. Therefore, the extent to which
these results apply to disposal conditions for the entire population of
fuel rods which would be subject to disposal is uncertain. With these
qualifications, the following conclusions are made relative to the
results of these particular tests. The measured cladding strain was
sufficiently large so that failure mechanism verification by inducing
breaches in unmodified rods heated to elevated temperatures for short
periods of time does not appear to be practical based on a stress rup-
ture mechanism. At the elevated test temperatures, however, Blackburn's
formuiation based on stress rupture gives very conservative estimates
of breach times. -In addition to the high cladding strain, the fuel
exhibited no additional gas release or axial fission product migration
at 482°C. The nondestructive examination gave no additional indication
of internal deterioration of the fuel rod.
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DISCUSSION

PCHL: You referred on several occasions to fission gas trapped inside
the fuel rods. [ was wondering what other volatile fission products
would be available for this kind of volatilization. What is the frac-
tion of the cesium that could join in the pressure buildup?

EINZIGER: Generally the tests have shown, and the literature has shown,
that the fraction of fission products that is released from the fuel is
essentially the same as the fraction of gas that is released from the
fuel, and the volatiles that would be of most importance are iodine,
and, to some extent, bromine. While cesium is volatile, there is not
enough of it to cause a substantial pressure until we gelt above the
boiling point, which we never reach.

POHL: My question really is -~ what fraction of the cesium has escaped
during reactor operation from the fracturing fuel elements but is still
contained in the cladding? What fraction of the cesium - 1%? 0.1%?

EINZIGER: In general, for prepressurized PYR fuel rods approximately
1% of the fission products is released during reactor operation. For
BWR fuel rods, as much as 20% has been measured. There is some work
going on now in this area, since there are indications that, as you
increase the burnup of the fuel rod, you are going to have a rapid,
accelerated release of fission gas and fission products. Since the
current plans are to try to bring the burnup of the fuel up to as much
as 50 or 60 gigawatt-days per metric ton, this is a concern - not only
from the point of view of releasing the gas; it also releases addi-
tional fission products which could possibly add to making stress
corrosion cracking the primary mechanism.
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A REVIEW OF RESEARCH ON ANALOGS OF MONAZITE FOR THE
ISOLATION OF ACTINIDE WASTES

M.M. Abraham, L.A. Boatner, G.W. Beall,* C.B. Finch,’ R.J. Floran, '

P.G. Huray,* and M. Rappaz

Solid State Division, Oak Ridge National Laboratory**
Oak Ridge, Tennessee 37830

ABSTRACT

The lanthanide orthophosphates (LnPOz) are being investi-
gated as a means of primary containment for high-level actinide
wastes. Lanthanum orthophosphate and orthophosphates of the
first half of the lanthanide transition series (i.e., Ce through
Gd) are analogs of the mineral monazite. The known long-term
(109 yr) stability of this mineral under a variety of geological
conditions, its ability to incorporate the naturally occurring
actinides Th and U, and its apparent resistance to o-~particle-
induced radiation damage indicate that the analogous lanthanide
orthophosphates could well represent ideal hosts for the immobil-
ization of transuranic actinide wastes.

A flux technique has been used to grow single crystals of
every lanthanide orthophosphate (except PmPOg) as well as ScP0Og
and YPOg, and these crystals have been employed in a variety
of x-ray, electron paramagnetic resonance, Mossbauer, radiation
damage, and chemical stability studies. A redetermination of
the monazite crystal structure was carried out using a flux-
grown crystal of pure CeP0g and the structure was found to be
monoclinic (space group P21/n) with a = 6.777 &, b = 6,993 &,

c = 6.445 R, and 8 = 103.5°, Each cerium atom is coordinated
with nine oxygen atoms.

Single crystals of uranium-doped LaPOg were grown from
an oxide mixture containing 10 wt.% 238U0,. The optical
absorption spectra show that the uranium impurity is present
in these crystals in_the tetravalent state. Crystals of LaP0g
doped with 1.0 wt.% 24TAmp03 have been grown, and the optical
spectra show that americium is incorporated in the LaP0g host
in the trivalent state. Other actinide-doped crystals that
have been grown and investigated include materials grown from
oxide mixtures of 90 wt.% La203 with 10 wt.% 242pup03 and 99.3
wt.% Lao03 with 0.7 wt.% 246Cmp03. The 4+ valence state was
also observed for plutonium in the LaP0Oj host,

*Chemistry Division, ORNL; +Meta]s and Ceramics Division, ORNL;

HEnvironmenta] Sciences Division, ORNL
**Operated by Union Carbide Corporation under contract W-7405-eng-26
with the U.,S. Department of Energy.
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Leach tests of the orthophosphate crystals resulted in
IAEA leach indices that were smaller than those reported for
grouts or borosilicate glasses by a factor of 16 for CeP0yq
in 4 M NaCl at 200°C and 250 psi, and a factor of 295 for
La(Am)POg in distilled water at 200°C and 250 psi. These
results are particularly promising since the leaching studies
on the glasses and grouts were conducted at room temperature
and atmospheric pressure,

Although the flux growth process represents a reliable
method for obtaining single-crystal specimens for leach tests
and other research investigations, it is not thought to be a
practical method for processing actual waste material. The
method of precipitation in molten urea does, however, repre-
sent a promising technique for the practical synthesis of
actinide-containing rare~-earth orthophosphates. The phosphate
particle size can be controlled in this process, and consolida-
tion via hot pressing of powders with a suitably small particle
size has resulted in bodies with 97% of the theoretical density.
Examination of suitably doped precipitated powders using elec-
tron paramagnetic resonance has shown that rare-earth impurities
occupy identical sites in both the single crystals and the urea-
precipitated material.

The present results lend support to the concept of employ-
ing lanthanide orthophosphates for the containment of a-active
wastes and have provided new insight into the properties of
these combined materials as well as information on the practi-
cal processing of such systems.

This research effort is directed toward identifying new radioactive
waste forms that could be superior to glass. The primary interest in the
current work is in actinide containment which involves long-term isola-
tion. This containment must be secure under a variety of conditions,
many of which have been discussed at this workshop and elsewhere.

Figure 1 provides an illustration of the length of time required to
contain the actinide elements as well as other long-lived ';otcpes 8 ner-
ally found in the fission products. It can be_seen that 137¢s and 90sr
are only important up to about 1000 yr, as is 2%4Cm, Americium-241 and
240py are of considerable importance up to about 5000 yr; and 243Am and
239Py are significant up to 20,000 or 30,000 yr. It should be noted
that even though 226Ra and 229Th begin to appear after about 10,000 yr,
the summation (&) curve of relative biological hazard remains more than
3 orders of magnitude lower than it was at 100 yr., From the actinide
half-lives noted above it is apparent that times on the order of 1000 to
10,000 yr must be considered as a minimum waste form stability period.

The approach taken in the presént work consists of an evéluation of
the lanthanide orthophosphates that are analogs of the mineral monazite,1»2
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Fig. 1. The relative biological hazard of radioactive nuclei as a
function of time. After several hundred years the dominant
hazard is represented by various actinide isotopes.

Analogs of monazite were chosen for a number of reasons. First, monazite
is a natural mineral that is one billion years old in some cases. Also,
it is a major natural source of thorium and uranium and incorporates large
percentages of these elements. The ages of two particular monazite sands
(Fig. 2) are roughly two billion years for a Brazilian specimen and a half
billion years for sands from Normandy, France., There are other deposits
in Africa and India that are equally as old, Figure 3 shows some repre-
sentative chemical compositions of monazites from Italy, Ceylon, California,
and North Carolina. As can be seen, the monazite from Italy contains 15
wt.% uranium oxide and 11 wt.% thorium oxide, and the specimen from Ceylon
contains 14 wt,% thorium oxide., The lanthanide oxides and P20s obviously

make up the preponderance of these monazites, but other oxides are present
as well,

One very interesting fact regarding monazite, in addition to its age
and natural actinide loadings, is that it always occurs in the crystal-
line state in nature (Fig, 4)., The radiation from uranium or thorium
in natural monazite does not appear to change the monazite crystal into
an amorphous state. This represents an additional reason for investigat-
ing monazite for the purposes of waste isolation. Another point illus-
trated in Fig. 4 is that monazite appears to be much more resistant to
the loss of uranium or thorium than other minerals.
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AGE ;
SOURCE (years) REFERENGE AND COMMENTS

BRAZIL ~ 2,000,000,000 O. H. LEONARDOS, JR. ECON,
GEOL. 69, 1126 (1974) —
INITIAL FORMATION
OCCURRED DURING THE
ARCHEAN (PRE-CAMBRIAN
PERIOD)

NORMANDY 570,000,000 PAUL PASTEELS,* ECLOGAE

GEOL. HELV. 63, 231 (1970).
FORMED DURING THE UPPER
"PRE-CAMBRIAN PERIOD.
DATED BY 207pp/206py
RATIOS. ‘

**THE RADIOMETRIC 297pp/206pp AGE IS GENERALLY
CONSIDERED AS THE MOST RELIABLE AGE INDICATION FOR
URANIUM BEARING MINERALS.”

THE FORMATION OF THE NORMANDY MONAZITE PREDATES THE
EARLIEST EVIDENCE FOR THE EXISTENCE OF BIRDS, MAMMALS,
AND FLOWERING PLANTS BY OVER 400 MILLION YEARS.

Fig. 2. The geological age of monazite ores found in Brazil and

Normandy .
COMBINED
LANTHANIDE  OTHER
uo, Tho, OXIDES OXIDES ?,0,
MINERAL SOURCE Wt (% twt %) {wt %) (wt %)
PIONA, ITALY! 1564 1134 35.24 6.76 31.02
RATUNAPURA? 0.10 1432 53.51 5.03 26.84
CEYLON
SAN MATEQ,? 6.95 4.22 N. D. N. D. N. D.
CALIFORNIA
{BEACH SANDS)
BURKE COUNTY# 0 6.49 62.26 1.97 29.28
N. C.

1C. M. GRAMACCIOLI AND T. V. SEGALSTAD, AM. MINER. 63, 757-761
{1978).

27, KATO, MIN. JOURN. (JAPAN) 2, 224 (1958).

3¢, 0. HUTTON, GEOL. SOC. OF AM. BULL. 62, 1518 (1951).

4S. L. PENFIELD, AM. JOUR. SCI., 3d SER. 24, 252 (1882).

N.D. — NOT DETERMINED.

Fig. 3. The chemical composition of natural monazites from various
deposits. This mineral is obviously capable of incorporating
relatively large amounts of thorium and uranium.



148

® METAMICTIZATION: RADIATION INDUCED CHANGES IN THE

STRUCTURE AMD ORDER OF CRYSTALLINE MATERIALS.

CHANGES CRYSTALLINE MATERIAL INTO AN AMORPHOUS

STATE

~ "THERE ARE MINERALS THAT MAINTAIN THEIR
STRUCTURES AGAINST RELATIVELY HIGH a—~PARTICLE
FLUXES — R. C. EWING, AM. MINERAL 80, 728 (1975)

— ", .. MONAZITE 15 FOUND ONLY IN THE CRYSTALLINE
STATE.” — R. C. EWING, ERDA CONF. 770102, 132--146 {1977},

® MOBILITY OF URAN!IUM AND THORIUM IN MONAZITE: "THE
STABILITY OF MINERALS WITH RESPECT TO DIFFUSION OF
URANIUM AND THORIUM DIMINISHES IN THE FOLLOWING
ORDER: MONAZITE, URANINITE, ORTHITE, PYROCHLORE,
ZIRCON, SPHENE, AND VIIKITE.” — S. L. MIRKINA, VOPROSY
GEOKHRONOLOGI! | IZOTORNQJ GEOLOGI!, 106—112 USSR
(1876).

Fig. 4. Evidence for the resistance of monazite to natural o-particle
induced radiation damage and for the relative stability of
monazite with respect to the diffusion of uranium and thorium.

Table 1 Tists the actinides that are of primary interest for the
purposes of nuclear waste isolation. The second column in Table 1 1ists
the usual valence states that ons finds for these elements. Unlike the
rare earths, which are predominantly trivalent, it can be seen that the
actinides may have more than one valence. The ionic radii of the various
ions are posted in the third column. The rare earths exhibit an interest-
ing behavior because in going from element 57, lanthanum, down to 71,
lutetium, there is a contraction, so that the lanthanum ionic radius is
larger than that of Tutetium. The same effect occurs in the uranium, or
actinide, series, but the changes do not correspond to those found for
the lanthanides, i.e. curium does not have the same ionic radius as gado-
linium, etc. When the lanthanides or actinides are substituted in a host
lattice, the d s2 electrons (fourth column of Table 1) are usually re-
moved, leaving only f electrons. For the case of trivalent uranium in a
host lattice, there are three 5 electrons. Trivalent neptunium would
probably have four 5f electrons, but in some cases other than f-electrons
may be present,

One of the interesting features of the lanthanide orthophosphates is
that there is more than one crystalline form (Table 2). Monazite is the
monoclinic (high-temperature) form of lanthanum phosphate or cerium phos-
phate. If a crystal is grown at a temperature below 400°C, a low tempera-
ture hexagonal form will be produced. Above 400°C,the monoclinic form is
obtained. The hexagonal form is metastable and once it has transformed
from the hexagonal to the monoclinic form it cannot revert to the hex-
agonal structure. The monoclinic structure is therefore the stable form
for the rare earths in the first half of the transition series. A tet-
ragonal form characterizes the rare earths in the second half of the series,
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Table 1. Properties of Actinides Contained in Radioactive Wastes

Valence Ionic Electronic Atomic
EYement States Radii (R) Configuration Number
Th 4 0.95 (4+) 6d%7s2 90
U 6,5,4,3 1.1 (34) 5F36d7s2 92
0.97 (4+)
Np 6,5,4,3 1.09 (3+) 5464752 93
0.95 (4+)
Pu 6,5,4,3 1.07 (3+) 5¢0742 94
0.93 (4+)
Am 6,5,4,3,2% 1.06 (3+) 5¢/7s2 95
0.92 (4+)
, 7.2
cri 3 - 5¢/6d7s 96

*
Observed in solid solution.

Table 2. Crystalline Forms of Lanthanide Orthophosphates*

Structure Transition Melting
Low-temp. Intermediate High-temp. temperature point

Compound form form form (°C) (°C)
LaP0,  Hexagonal - Monoclinic 400 2300
NdPO4 Hexagonal - Monoclinic 450 2250
EuPO4 Hexagonal - ,Monoclinic 500 2200
GdPO4 Hexagonal Monoclinic : Tetragonal 550 2200
TbPO4 Hexagonal Monoclinic :Tetragona] 600 2150
DyPO4 Hexagonal Monociinic Tetragonal 600 2150
Er'PO4 - - Tetragonal - 2150
YbPO4 - - “Tetragonal - 2150
YPO4 - - Tetragonal - 2150

*I. A. Bondar' et al., Russian J. Inorg. Chem. 21, 1126 (1976).
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Yttrium phosphate and scandium phosphate are also tetragonal systems.
A Tow-temperature hexagonal form of GdPOg TbPO4 or DyPOq can be
obtained, and the quoted transition temperature for these three com-
pounds listed in Table 2 is for the hexagonal-to-monoclinic transition
temperature, and not for the monoclinic-to-tetragonal transition.

Single crystals of all of the lanthanide orthophosphates except
PmPO4 have been grown in the high-temperature form in our laboratory3
(Fig. 5). These crystals were grown in a platinum crucible using a
lanthanum oxide - lead hydrogen phosphate mixture. This mixture is
heated at 1360°C for one day; Hp0 is driven off and 1eave? lead pyro-
phosphate. The crucible is then slowly cooled at 1°C-hr™', to about
900°. The single crystals are entrained in a flux of lead pyrophos-
phate, and this flux is dissolved away with boiling nitric acid in
order to free the crystals. Although it cannot be seen in Fig. 5, the
erbium, holmium, and yttrium crystals are tetragonal, and the remaining
specimens are monoclinic. The colors of these crystals are as follows:
CePOg - black, PrPOq - green, ErPO4q - pink, NdPOg - purple, HoPOp -
orange, YPOj - yellow, and EuPOg and LaPOs are colorless.

ORNL PHOTO 3459-79

Nd PO,

RY,
3 4 CENTIMETERSE 7 -] 9 [{e]

Fig. 5. Single crystals of various orthophosphates prepared by means
of a flux technique. A PbpP207 flux is employed in the growth
of these specimens.
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X-ray powder diffraction and precession camera techniques were used
to establish two different crystal habits for monazite crystals, as ex-
emplified by the LaPO4 and EuP0g crystals illustrated in Fig. 6. The b
axis is the unique axis in these crystals and the a and c axes are per-
pendicular to the b axis. The a-c plane is perpendicular to the b axis,
but the a axis and c axis are not at right angles to each other.

Figure 7 shows crystals of 241Am in LaPOg with an ~ 1% Amp03 doping.
These crystals were grown in a glove box. The crystals are amber but

ORNL-DWG 79-17771

b-AXIS

LaPO, EuPO,

Fig. 6. Observed crystal habits of monazite-type (i.e., monoclinic)
lanthanide orthophosphates.

ORNL PHOTO 3596-79

Fig. 7. Crystals of americium-doped lanthanum orthophosphate as seen
through the glovebox window. The large crystal in the upper
right hand portion of the photograph is approximately 6 mm in
length.
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this color is not directly due to the americium itself. Radiation dam-
age arising from the americium a-decay in the crystal produces this brown
coloration. These crystals will become completely clear at an annealing
temperature of about 200 or 300°C, but at room temperature the color re-
turns. This is merely a color center effect due to the production of
point defects in the crystal.

Figure 8 illustrates the coordination around the cerium or lanthan-
um rare earth site. There are nine oxygens surrounding the rare earth
ion. There are interpenetrating P04 tetrahedra and each site has 8
oxygens from four different tetrahedra and one additional oxygen from a
fifth tetrahedron.?

The optical spectra presented in Fig. 9 show that uranium in lan-
thanum phosphate is primarily tetravalent, americium in lanthanum phos-
phate is trivalent, and plutonium in lanthanum phosphate is primarily
tetravalent.

Mossbauer measurements (Fig. 10) were made using the americium-doped
LaPOg crystal. Americium-241 decays to neptunium-237, and one observes
the gamma ray from the excited neptunium nucleus. Figure 10 shows the
gamma-ray spectrum, It appears that, although the americium is trivalent
in the crystal, after the decay process, the neptunium is both 3% and 5%,
It is still possible that the valence could be 4% with a splitting due to
an electrical quadrupole or magnetic hyperfine interaction. It appears
at this point, however, to be both 3% and 5%. Following the decay of a
trivalent ion, the daughter can be a pentavalent ion if this interpreta-
tion is correct.

Figure 11 is an illustration of the monazite structure, showing four
different lanthanide sites in the unit cell. An examination of the POy

ORNL-DWG 80-10587

¥03 P03
CERIUM (Ili}) PHOSPHATE CERIUM {I1]) PHOSPHATE-

Fig. 8. Stereo projection of the local coordination around the cerium
site in CePOg4. The cerium ion is coordinated with 9 oxygens.
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Fig. 9. Optical absorption spectra for uranium-doped lanthanum
phosphate (upper trace), for americium-doped lanthanum
phosphate (middle trace), and plutonium-doped lanthanum
phosphate (lower trace).

tetrahedra shows that Lng and Lny are sites with inversion symmetry.
Similarly, the Lny and Lng sites have inversion symmetry. 1In a magnetic
resonance experiment the inversion symmetry prevents the magnetic field
from distinguishing between Lng and Lny. Therefore, a magnetic reson-
ance experiment would show two magnetically inequivalent spectra in the
unit cell, with each spectrum representing two sites, 1 and 4 or 2 and 3.
The two pairs of sites are actually equivalent, but their phase angles
are different with respect to the magnetic field,
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Fig. 10. Myssbauer spectrum of neptunium-doped lanthanum orthophosphate.

Figure 12 shows an electron paramagnetic resonance spectrum of a
gadolinium-doped lanthanum orthophosphate crystal® taken at 35 GHz and
room temperature. The crystal is oriented with the b axis perpendicular
to the magnetic field so that the magnetic field can be rotated in the
a-c plane, In this case the two magnetically inequivalent pairs of sites
always have equivalent orientations relative to the magnetic field. For
gadolinium 3* seven allowed transitions occur between the eight crystal-
field-split levels of the 887/2 ground state, and seven electron mag-
netic resonance lines are observed. In the present case these lines are
doubly degenerate. If the rotation of the magnetic field is not in the
a-c plane, the 7 Tines will split into 14 lines. These lines provide
information regarding the symmetry in the region surrounding the gadolin-
jum ion, and using this information it is possible to determine that the
gadolinium is in a substitutional lanthanum site.

Figure 13 shows an EPR powder pattern for the LaPO4:Gd3+ system,
A powder pattern represents an average over all angles between the
applied H-field and the crystal axes, and therefore, the extreme posi-
tions are observed as singularities. These "peaks" are essentially the
zeros of derivatives. One can take the positions of singularities, i.e.
shoulders and divergences in the average over all possible angles, and
mark them on a bar diagram, and they are precisely the extreme positions
of the EPR lines for the single crystal. This fact can be used to orient
the single crystal if one does not know the axes. The extreme positions
can be determined from the "powder" spectrum and then, by moving the
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Fig. 11. Projections of the monazite crystal structure on the ac plane
[(010) plane] and the ab plane [(001) plane]. The POy
tetrahedra and the Ln ions are arbitrarily labeled 1 to 4. It
should be noted that in the monoclinic structure the axis per-
pendicular to the other two nonorthogonal axes is called the b
axis (i.e., it is not termed the c axis).



H, MAGNET!C FiELD {gouss)

Fig. 12.

156

ORNL-DWG 79-17781

17,000

T T T i 11
b
16,000 — Laffg:f::;m N
ROOM TEMPERATURE

15,000 _ % 5 p—

14,000 [— \ p -

13‘(‘00 _ Jih P \N‘*—-.—vo-—a- g Il

RS, |

2,000 ~—\ "’ \ —
11,000 \\

10,000 :\\ N
9000 — —
8000 e ~]
S T T T T T O O

-90 -80 -7C -80 -50 -40 -30 -20 -0 O 10 20 30 40 5¢C € 70 80 %0
ANGLE {(deg)
Angular dependence of the EPR transitions for Gd3* in an

LaP04 single crystal when H is rotated in the plane perpen-
dicular to the b axis [i.e., in the (010) plane]. Each curve
in this figure is doubly degenerate, but due to a small mis-
alignment of the LaP0gq crystal, a slight resolution of the
superimposed lines is apparent at certain angles. This proves
that the (010) plane is a plane of equivalence fog two magnet -
ically inequivalent, but otherwise equivalent, Gd°* sites.
This result is in agreement with the symmetry properties of
the four different Ln sites contained in the unit cell of the
mogazite structuge and with the occupation of predominantly
Ln3* sites by Gd3T impurity ions.
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Fig. 13. EPR spectrum of LaP04:Gd3+ powder prepared using the technique
of precipitation in molten urea. The seven allowed tran-
sitions Mg ~ (Mg ~ 1) are labeled with the letters a-g. The
subscript x is used to identify the divergences whose magnetic
field positions are identigal to those of the corresponding
single~crystal lines when H is parallel to the principal
electric field x axis. The y and z subscripts label the
shoulders corresponding, respectively, to the relative and
absolute extrefes of the positions of the EPR single-g¢rystal
lines (i.e., the transitions observed with [ |]y and H r
respect1ve]y)
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crystal in the magnetic field, it is possible to find the crystal field
axes,

Figure 14 shows the spectrum for a tetragonal system.6 This is a
much simpler case because there is only one magnetic site, and the
magnetic resonance exhibits only one seven-line spectrum. The spectrum
(ag is obtained for H oriented along the tetragonal axis. Spectrum (b)
is obtained for H perpendicular to the ‘tetragonal axis, and (c) is the
EPR powder pattern. The seven extremes in spectrum (a) are aligned with
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Fig. 14. EPR spectrum of Gd3+ 1n YPO (a) spectrum observed for a
single crystal with H ?b) spegtrum for a single crystal
with H ||a and (c) spectrum of Gd°* in a YPOg powder.



159

corresponding extremes in the powder spectrum (c), and the seven ex-
tremes in spectrum (b) are also aligned with corresponding extremes in
spectrum (c). The bar diagram at the bottom of Fig. 14 represents
those positions in the powder pattern that correspond precisely to H
parallel to the a and ¢ directions of the single crystal.

For YPO4 and LuPOy crystals that were grown in the lead-pyrophosphate
flux, trivalent lead impurities were found in the crystals (Fig. 15).
Lead is present in the flux as divalent lead, PbHPO4, but since yttrium
and lutetium are trivalent, some constraint in the crystal forces the
substitutional lead to become trivalent. A similar effect is found for
rare earths in calcium fluoride. Even though the rare earth is nor-
mally trivalent, one can make trivalent rare earths divalent in calcium
fluoride, because the divalent calcium site exerts an extra constraint
on the rare earth. Pb3t has a single 6s electron, and the wave function
of a 6s electron is “spread out" and interacts with the neighboring ions.
Figure 15 shows the hyperfine interaction for a single lead line. The
lead spectrum shows a 1-4-6-4-1 hyperfine pattern representing an inter-
action with four neighbors, each of which has a nuclear spin of 1/2.

The initial interpretation of this hyperfine structure was that the four
neighbors were yttrium ions, because this hyperfine structure was not
observed in lutetium phosphate. The lead 1ine in lutetium was slightly
broader, however, so it was not possible to determine whether this
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Fig. 15. EPR spectrum of Pb3+ in YPOg single crystal. The hyperfine
structure indicates that there is an interaction with 4
equivalent I = 1/2 nuclei. ENDOR results detergined that this
interaction was due to the four second nearest 2!P neighbors.
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structure was actually due to yttrium or to phosphorus. Both yttrium

and phosphorus are 100% nuclear spin 1/2 nuclides., Double resonance
experiments were used to demonstrate that the five-line hyperfine struc-
ture is due to the second-nearest-neighbor phosphorus ions. At liquid:
helium temperature, each of these five lines further splits into three
lines. These are due to interactions with the two first-nearest-neighbor
phosphorus ions, which have a smaller interaction than the second-nearest-
neighbor phosphorus ions. This interesting effect also occurs in the
alkali halides with F-centers, where the nearest-neighbor interaction is
occasionally smaller than the next-nearest-neighbor interaction.

Lead has an isotope with 20% abundance, 207Pb, that is characterized
by a very large hyperfine value. Figure 16 is an energy-level diagram
showing the levels for an ion with a nuclear spin 1/2 and an electronic
spin 1/2. Transitions for the 207pp isotope were observed at X band
(9 GHz), at K band (25 GHz), and at K; band (35 GHz). The so-called
"forbidden" lines were observed at X gand, and at Ky band., By observing
an allowed and a forbidden line at Ky band, it is possible to perform
a unique measurement of the 207pp, hyperfine constant. That is, A = 35/2,
if the allowed transition is coincident with the forbidden transition.’
When the frequency is increased, one of these transitions (the allowed)
will move toward higher magnetic fields. The other (forbidden) transi-
tion will move down in field with increasing frequency (Fig. 17). An
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Fig. 17. EPR spectra showing 207pp3* hyperfine lines (forbidden and
allowed) in YPOgq. The spectra were obtained as a function of
frequency, and the superposition of both the allowed and for-
bidden Pb hyperfine lines gives a measure ?f the hyperfine
interaction through the relationship A = 21/2 .

allowed transition and a forbidden transition of the lead are noted in
the figure. They are coincident at one point in Fig. 14. At this point,
one can determine the magnitude of the hyperfine interaction without
measuring the magnetic field.

A summary of the valence states observed in rare earth orthophos-
phates is given in Table 3. Divalent manganese has been seen along
with a number of trivalent ions, some tetravalent ions, and some
pentavalent ions. This does not imply that all of these valence states
were seen in all of the orthophosphates. For instance, trivalent uran-
ium has been identified only in the tetragonal orthophosphate at this
point in time. In order to investigate the monoclinic structure with
its two magnetically inequivalent spectra and identify a given impurity,
it is necessary to describe every line that is observed. This is often
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Table 3. Impurity Valence States Observed
in the Rare-Earth Orthophosphates

2+ 3+ 4+ 5+
* -
Mn e ut Np!
* * i: *
Ce Pb Np Cr
* x }. ’
Nd U Pu
Gd" npt
. ,
Dy Am'
Er* Cm+
* ¥
Detected by: EPR Mossbauer

TOptica] Absorption

difficult when two different spectra are competing and it is convenient
to examine the tetragonal crystals first and to use "labeled" isotopes.
From the tetragonal crystals, one can obtain parameters th?g are *sefu]
in jnterpreting spectra of ions in the monoclinic hosts.

or 143Nd have been used in this way to eliminate problems 1in 1dent1f1—
cation. One_has difficulty in identifying uranium because it is pre-
dominantly 238U, which has no ngﬁiear S 1n It would be preferable to
investigate an isotope such as S or

In a research program dealing with the containment of radioactive
wastes, studies using single crystals obviously represent a basic
approach, Apg]ied work is also currently underway. The method of
Aaron et al.,® involving urea co-precipitation, has been applied to the
orthophosphates (Fig. 18). Starting with lanthanide oxide (in the case
of cerium, cerium nitrate, which is easier to dissolve, is used) the
oxide powder is dissolved in nitric acid and water and ammonium hydrogen
phosphate is added in a stoichiometric amount. This forms the ortho-
phosphate by metathesis. Urea is then added and heated. Following the
intermediate step of low-temperature heating and subsequent high-tempera-
ture heating, an orthophosphate powder is obtained. This powder can
then be either hot-pressed or cold-pressed and sintered.9 This proce-
dure was first applied to a cerium compound and various amounts of urea
were used. As shown in Table 4, in five samples the amounts of cerium
nitrate, ammonium hydrogen phosphate, and nitric acid were invariant.
The amount of water was also fixed, except for sample 1., Urea was added
in differing amounts, from about 500 to 4,000 grams, in order to vary
the mole ratio of urea to cerium. The apparent density of the powder



163

ORNL-DWG 79-19389

LANTHANIDE OXIDE (Ln} DISSOLUTION OF NITRIC ACID
it . +
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Fig. 18. Proce551ng sequence for the conversion of lanthanide-actinide
oxides into orthophosphates. Following the calcination at
800°C, compaction of the resulting powders via hot pressing can
yield bodies with 97% of the theoretical density of the
compound.

Table 4. Powder Preparation Constituents and Apparent Densities

Sample  Ce(NO3)3-6Hp0  (NHg)oHPO;  HNO; H0 (NH2)pC0  (NHp)2C0:CePOy neﬁ:rﬁgt
(9) - {9) (emd) (cmd) (9) (mol ratio)  (g-cm3)
I 40 12.4 100 - - 0:1 0.625
11 40 12.4 100 100 500 90:1 0.225
193 40 12.4 100 100 1060 180:1 0.122
Iv a0 12.4 100 100 2000 36011 0.033
'} 30 12.4 100 100 4000 720:1 0.022

decreased as more urea was used., (Apparent density is a description of
the "fineness" (particle size) of the powder.) Although a small par-
ticle size is desirable, the smaller particle sizes result in increased
difficulty in hot-pressing or sintering.

To compare the crystal structure of these powders (and between
powders and single crystals), mechanically ground single crystals were
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employed along with powder that had been precipitated without urea,

and powders precipitated with a 90:1 mole ratio and a 720:1 mole ratio
of urea to phosphate. The corresponding x-ray powder patterns are
typical of the monoclinic cerium phosphate structure. Transmission
electron micrographs of the four samples are shown in Fig. 19. Note
that the scale is 5 microns on (a) and (b) and 1 micron on (c) and (d)
in Fig. 19. The urea apparently prevents an aggregation of the crystal-
lites since, in the powder precipitated without urea, the crystallites

ORNL-DWG 79-19391

TRANSMISSION ELECTRON MICROGRAPHS OF CePOQ,

(a) MECHANICALLY GROUND SINGLE CRYSTALS

(b) PRECIPITATED POWDER WITHOUT UREA

(c) PRECIPITATED POWDER WITH UREA: CePQ,=90:1 MOLS
(d) PRECIPITATED POWDER WITH UREA: CePQ,=720:1 MOLS

Fig. 19. Transmission electron micrographs comparing CeP0Og4 particles in
powders precipitated with and without urea and particles
obtained by mechanically grinding single crystals.
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coagulate, The results of the x-ray broadening and transmission electron
microscopy (TEM) measurements are listed in Table 5. It can be seen
that the crystallite sizes are not very different in the various speci-
mens, The sample designations in Table 5 are the same as those in
Table 4, where the urea:cerium phosphate mole ratios were 0:1, 90:1,
180:1, 360:1, and 720:1 for samples I, II, IIl, IV, and V, respectively,
The particles from mechanically ground single crystals are obviously
larger than those in urea precipitated powders. The lengths of the
precipitated particles decrease as more urea is used. The crystallite
sizes are the same, but the particle size is smaller with increasing
amounts of urea. :

Table 6 shows the results of hot-pressing these powders for 1 hr at

4000 psi, at vagious temperatures. As can be seen, the density is about
5.1 or 5.2 g/cm® which is roughly 95 to 97% of the theoretical density

Table 5. Crystallite Size Deduced from X—ray‘Broadening and Particle Size Obtained from TEM -

200 120 012 212 Length Width
sample % % 3 3 s %
I 284 290 364 284 ~ 10,000 ~ 10,000
11 294 268 364 304 1,400 200
111 270 246 336 290 1,200 160
v 194 188 304 216 1,000 140
y 134 148 226 154 600 80
Ground crystal > 2,500 > 2,500 > 2,500 > 2,500 ~ 10,000 ~ 10,000

Table 6. Hot Pressing Conditions and Densities for CePQ4 Compaction
Temperature Density % of thevretical
Sample (°c) (g-cm3) density
I 1000 3.87 73.7
I 1300 5,05 96.0
1I 1000 3.96 75.3
II 1100 5.1 97.2
11 1300 5,08 96.6
I 1000 5.07 96.4
v 1000 5.00 95,2
v 900 2.26 43.1
y 1000 4.01 76.3

Densities of the pellets shown are obtained after hot-pressing at 280

bars (4000 psi) for 1 hr,
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when powders with an intermediate particle size are used. The smallest
particle size resulted in a decrease in the density. With roughly con-
stant conditions, there appears to be an optimum particle size for hot-
pressing. Figure 20 is a photograph of typical pellets produced by this
method.

ORNL PHOTO 3458-79

OAK RIDGE NATIONAL LABORATORY
2 3 4 CENTIMETERS§ 7 g 9

Fig. 20. Compacted pellets of CePOj.

Figure 21 shows the magnetic resonance spectrum observed for Gd3*
in cerium phosphate powder made as described above. The resonance para-
meters do not change appreciably in phosphates of the rare earths, lan-
thanum, cerium, praseodymium, neodymium, samarium, and europium. A
comparison of Fig. 21 for CeP0O4:Gd + with Fig. 13 for LaPO4:Gd3+ shows
that, because cerium phosphate has a magnetic ground state, the line-
widths are slightly broader than in lanthanum phosphate, which has a
diamagnetic ground state. Europium phosphate, which has a non-magnetic
ground state, again shows sharp lines for the gadolinium spectra, while
for neodymium or praseodymium phosphate, which have magnetic ground
states, the linewidths are broader. The gadolinium is in essentially
the same position in the lattice, however, and the powder and the single
crystal are the same as far as the rare earth substitutional site is
concerned.

In summary, the continuing research program for the lanthanide
orthophosphates will consist of studies of actinides in tetragonal hosts
in order to understand the more complicated monoclinic system. EPR,
Mossbauer, optical absorption, and Raman techniques will continue to be
employed in order to study the characteristics, stability, and leach-
ability of these hosts, incorporating high-level radioactive wastes,
which include the actinides as well as other radionuclides.



167

ORNL-DWG 79-15613

' i ¢=1.995 CePOs: Go¥* POWDER
|°°0¢I;6 1 ROOM TEMPERATURE, v = 35.61 GHz
H -
E
] 'q,,%_’_T
' z
g 'l
g f:_%».-% x4
& S O | i
3_ L Saai E
-§ My 4 4:+%—.-—£~
4
® c:*%—oﬁ--&- by-2.]
h'&%-&#%
Lu: +%++%
oy 9y b2 ty ¢ 9 &y I o AT by ey I'A by o @

Fig. 21. EPR spectrum of a urea~-precipitated powder of CeP04:Gd3+. The
x divergences are labeled with arrows, while the y and z shoul-
‘ders are identified by bars at the bottom of the figure. The
heights of both the shoulder bars and divergence arrows are drawn
in proportion to the theoretical intensity of the corresponding
EPR single-crystal transitions: i.e., 7:12:15:16:15:12:7 for the
Mg + (Mg - 1) transitions with Mg = 7,5 3,1, -1, -3, -5, -7,
respectively. 2 2 2 2 2 2 2 2

DISCUSSION

UNIDENTIFIED QUESTIONER: If I heard you correctly, you said that you
doped the lanthanum phosphate with 1% americium, and in a different ex-
periment 10% uranium, but you did not mention the doping for plutonium,

ABRAHAM: The plutonium doping was 10 wt.% 242pus03 added to the flux.
We are not absolutely sure how much is in the single crystal,

SAME QUESTIONER: Where do you think the 1imits of doping are? How much
loading can you put into this kind of crystalline matrix?

ABRAHAM: I do not think that there is any Timit with the actinides. I
believe that the pure actinide phosphate can be made.

JOHN A, STONE: Over the years, at Savannah River, we have looked at a
great many neptunium- and americium-type Mossbauer spectroscopy experi-
ments, and in particular, there are a number of source-type experiments
such as the one you showed. It is not at all uncommon to find americium
decaying into all sorts of valence states of neptunium, including the 5+
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state, even though the americium may have started out in the 3% state.
There is work reported, not only from us, but from workers in Israel, that
demonstrates this.

Perhaps, another comment on this would be that the results of a source-
type experiment really only shows you the valence state a few microseconds
after the decay takes place; namely, the mean lifetime of the nuclear ex-
cited state. I think that it would be a very interesting experiment to
dope the orthophosphates with neptunium and look at the absorber-type ex-
periment. Have you done this, or do you have plans to do this?

ABRAHAM: We do plan to carry out experiments of this type.

UNIDENTIFIED QUESTIONER: 1In regard to the qquestion on actinide loadings,
Mr. Davis, at Penn State, is looking at the question of how much uranium
and thorium (the actinides that he can handle) will go into the monazite
structure. If the charge compensation with calcium is made on a one-to-
one basis, it is a very simple exercise to make calcium-thorium phosphate
without any rare earth in it at all. He mentioned that in Boston. It
has not been a simple exercise to make calcium-uranium-IV phosphate, and
the latest word is that there seems to be an oxygen fugacity range where
it will form. At the reducing end, UO2 drops out as a separate phase; at
the oxidizing end, higher valence state uranium phosphates come out. We
will have the final word on this in a paper at Boston.

ABRAHAM: Because the actinides have different valences, it would probably
be difficult to make pure trivalent uranium phosphate, but I believe that
trivalent curium phosphate could easily be made. If some PbZ* is in the
crystals, it acts as a valence compensator for tetravalent ions. There-
fore, one can put a tetravalent ion in with a diva]en% ion to take care

of two trivalent sites. We probably have a lot of Pb¢t lead in our tetra-
valent uranium crystal.

UNIDENTIFIED QUESTIONER: 1In theory, in crystal chemistry, you should have
one Pb2+ for one U4+,

ABRAHAM: Exactly. That is exactly what I am saying.

SAME QUESTIONER: But no data? No microprobes?

ABRAHAM: No, but measurements of this type are in progress.

ROBERT POHL: I have a question on the favorability of these crystals in
groundwater solutions. Do you know what their etching characteristics

are? I guess my reaction, looking at a phosphate, is that they are fairly
highly soluble in acidic solutions.

ABRAHAM: 1In order to remove the phosphate crystals from the crystal growth

flux, boiling concentrated nitric acid is used. The flux dissolves but
the crystals remain. You have to boil them for weeks to remove the flux.
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THE APPLICATION OF EPR SPECTROSCOPY TO THE CHARACTERIZATION
OF CRYSTALLINE NUCLEAR WASTE FORMS

M. Rappaz,* L. A, Boatner, and M, M. Abraham

Solid State Division, Oak Ridge National Laboratory**
0ak Ridge, Tennessee 37830

ABSTRACT

Electron paramagnetic resonance (EPR) spectroscopy is
currently a well established technique that is frequently
applied in materials science to the study of paramagnetic
impurities and defects in solids. EPR spectroscopy is a very
powerful, site-specific technique, and it is rather surpris-
ing that it has not been applied more extensively to the
problem of characterizing alternative nuclear waste forms.
The technique yields the maximum amount of information when
applied to crystalline substances, and the recent increase
in interest in ceramic waste forms and crystalline systems
analogous to resistant natural minerals suggests that EPR
spectroscopy can play a major role in characterizing primary
containment media of this type.

The EPR sgectrum of a paramagnetic impurity (e.g. Cm3+
Am2t, Gd3t, Fedt ) in a dielectric host crystal reflects
the crystalline e]ectr1c field created by the neighboring ions
which surround the impurity. Therefore, the number of EPR
transitions observed and their positions as a function of the
strength and relative orientation of the applied magnetic
field can be used to determine the valence state of the para-
magnetic impurity, and the site(s) occupied by the impurity
and can provide information regarding the Tocal crystal
structure,

The intensity of the EPR transitions for a given impurity
ion is directly proportional to the number of such paramagnetic
jons present in the sample, and this fact can be used to obtain
information regarding the phase diagram of mixed host-impurity
systems. For examp]e, a comparison of the EPR spectra due to
Gd3* and Fe3* ijons in LuPOg has shown that Fe3+ impurities are
not incorporated into LuP0s as easily as Gd3*

*Present address: Laboratoire de Physique Expériméntale, Ecole Polytech-
nique Féderdle de Lausanne, 1007 lLausanne, Switzerland.

Operated by Union Carbide Corporation for the U.S. Department of Energy
under contract W-7405-eng-26.
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Unlike the broadening of x-ray powder diffraction peaks,
which primarily results from effects due to the size of crystal-
l1ites that compose the powder, the linewidths of EPR transitions
are mainly affected by the number of defects or impurities
present in the structure. Accordingly, paramagnetic impurities
can be used to monitor defects, and strains, such as those due
to the presence of impurities of different ionic size or valence,
or to radiation damage produced by actinide dopants.

In the preceeding paper, entitled "A Review of Research in Analogs
of Monazite for the Isolation of Actinide Wastes," the Electron Paramag-
netic Resonance {EPR) spectra of Gd3* and Pb3+ in monazite- and zircon-
type orthophosphates were presented. The present paper reviews in more
detail the contributions of EPR spectroscopy to the characterization of
alternate nuclear waste forms in general, and to the characterization of
crystalline waste forms in particular.

EPR is a spectroscopic techm‘queﬁ1 that deals with unpaired electrons,
and thus far it has been applied to investigations of point defects,
metals, free radicals and paramagnetic impurities. Although EPR spectros-
copy can be a powerful tool for studying radiation-induced point defects
in crystalline materials, the following discussion will focus mainly on
paramagnetic impurities diluted in a dielectric host.2 For such systems,
the technique of EPR is similar to, and complements, high-resolution
optical spectroscopy. EPR deals only with the ground state of the para-
magnetic impurity, however, and therefore an external magnetic field is
usually applied in order to 1ift the ground-state degeneracy. Transi-
tions between the resulting magnetic-field-split Zeeman levels are then
induced by photons whose frequency lies . in the microwave region (i.e.

9 to 35 GHz for magnetic fields ranging between 3 and 12 kG). Since it
is difficult to vary the microwave frequency in an EPR experiment, the
energy difference corresponding to the various transitions is matched by
varying the amplitude of the external magnetic field. Consequently, an
EPR spectrum consists of one or more absorption lines whose number and
magnetic-field positions will reflect: 1) the type of impurity being
studied, ii) the valence state of this impurity, and iii) the local
crystal field symmetry at the impurity site (Fig. 1).

From Table 1, it is apparent that EPR spectra have been observed for
most of the elements that are present in the composition of PW-4b nuclear
waste. The second column of Table 1 lists the chemical valence states
usually found for these elements in accordance with the periodic table.
The third column lists the valence states for which an EPR spectrum has.
been reported in the literature.3 It should be noted that, for special
cases such as Lalt, unusual valences induced by the crystal host and/or
irradiation have been observed by EPR. With a few exceptions such as
Gd3* or Fe3*, which are characterized respectively by a typical 7- or 5-
fine-structure-1ine EPR spectrum, a clear identification of the paramag-
netic impurity is usually made possible via a hyperfine interaction with
the nucleus of one or more isotopes. A few examples of such spectra are
given in Figs. 2-7.
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Fig. 1. The type of information that can be deduced from EPR
spectroscopy.

Table 1. Elements in the composition of PW-4b nuclear waste,
with their most common chemical valences and valence
states for which an EPR spegtrum has been reported

(Ref. 3).
DETECTED DETECTED
MOL % | VALENCE 8Y EPR MOL % VALENCE BY EPR
La | +3 +2 Pd 4.1 +2, +4 +3
Ce +3, +4 +3 Sr 35 +2
Pr 43, +4 +3 Ba 3.5 +2
Nd +3 +3, +4 Rb 1.3 +1
P +3 +3 U +3 > +5 +3, +4, +5
Sm +2, +3 +3 Th } 1.4 +4
Eu +2, 43 +2 Np +3 = 1§ +4, +6
Gd | » 26.4 +3 +3 Pu Q.2 +3 ~ +6 +3, 46
Tb 43, +4 +3, +4 Am +3 —+ 16 +2, +4
Dy +3 +3 Cm +3 +3
Ho +3 +2, 43 Fe 6.4 +2, 43 +1, +2, +3
Er +3 +3 Na 1.0 +1
Tm +2, 43 +2 PO, 3.2
Yb 2,43 +3 Te +7 +4
Lu {J +3 ‘Rh +2, 43, +4 +2
2r 13.2 +4 Te —2, +4, +6
Mo 122 [ +6 - +2 +3, +5 In 90 | 43 +2
Ru 76 | 42,43, 44| +3 Ni +2, +3 +1, +2, +3
+6, 48
Cs 7.0 +1 Cr +2, +3, 6 +3, +5 (+4)
+1 (+2)
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Fig. 2. EPR spectrum of Gd3* in a monazite-type single crystal of
EuPOg. a) The magnetic field R is applied parallel to
the principal electric field z-axis of the magnetically
equivalent sites (1,4) (see Fig. 3). The lines that are
not labeled at the top of the figure coryespond to Gd3+
ions which are in the sites (2,3). b) H is parallel to
the twofold-symmetry axis of the monoclinic structure, and
the four sites are eguiva]ent {i.e. only 7 degenerate lines
are observed). c¢) H is parallel to the z-axis of sites (2)
and (3). The lines that were in the center of trace (a)
are pow extremes and are labeled at the top of the figure.
d) H is perpendicular to the b-axis and, therefore, only
7 doubly-degenerate lines are observed.
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Fig. 3. The four different rare-earth sites contained in the unit
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point of view since the symmetry operations listed at the
botton of this figure can transform any one given site into
another.
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Fig. 4. EPR spectra of Fe3* in a single crystal and a powder of
zircon-structure $ScP0p. In (a) the magnetic field H is
paraliel to the c-axis of the single crystal, while in (b)
it is applied perpendicular to this axis (i.e. H|]|a).
c) The EPR spectrum obtained for the powder can be compared
with traces (a) and (b).
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Fig. 5. EPR spectrum of 167Er3* in a single crystal of LuPOg,
exhibiting the 8 hyperfine-line structure due to the
I = 7/2 nuclear spin of 167Er, The magnetic field is
applied parallel to the c-axis.
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Fig. 6. EPR spectra of 243cm3*, 244cm3* and 241Am2+ in SrCl,,
when the magnetic field is applied parallel to a [111]
axis of the cubic structure. (Ref. 7)
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Fig. 7. EPR spectrum of 239pu3* in CaFp, exhibiting, in addition
to a 110 G hyperfine interaction due to the I = 1/2 nuclear
spin of 239Pu, superhyperfine interactions with the
(I = 1/2) 19F neighbor nuclei. (Ref. 8)

Figure 2 shows the EPR spectrum of Gd3* in a monazite-type single
crystal of EuP0s.4 As can be seen, this spectrum is composed of two sets
of 7 lines, indicating that the Gd§+ impurities are in two sites. Since
these lines can be brought to a position of equivalence, however, (i.e.
only 7 degenerate lines are observed in trace (d) of Fig. 2), it is
concluded that these two sites are only magnetically inequivalent, and
are otherwise equivalent, These findings are in agreement with the
statement that Gd3* ions predominantly occupy rare-earth substitutional
sites in the monazite structure, and :with the description of the struc-
ture itself according to x-ray analysis. The monoclinic monazite
structure contains four rare-earth sites in the unit cell (Fig. 3) but as
a result of inversion symmetry, the sites labeled (1) and (4) on Fig. 3
are magnetically equivalent, as are sites (2) and (3). The symmetry
operation that transforms these two sets of sites is a 180°~rptation
along the b-axis of the monoclinic structure. Therefore, the four sites
must be magnetically equivalent for either H&]b or H|b, which is the case
in Fig. 2 (spectra (b) and (d), respectively).

An additional example is provided by Figure 4, where the EPR spectra
of Fe3* in a single crystal and a powder of ScPOs are compared.5 From the
5-1ine spectrum, it can be concluded that Fe jons are in the 3+ valence
state, and from the relative and absolute extremes of the EPR lines which
occur when the magnetic field is applied along the a- and c-axes of the
zircon structure, respectively, it is deduced that these impurities occupy
the Sc site. A comparison with the powder spectrum shown at the bottom
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of Fig. 4 indicates that Fe3* jons occupy the same site in ScPO powder
prepared by coprecipitation in molten urea. Such a comparison demonstrates
the ability of EPR to "follow" an impurity through complex physical- or
chemical-process sequences. The extra line that is not labeled by an
arrow or a bar at the bottom of Fig. 4 is due to an unintentional im-
purity. The large central line is due to an even isotope and is sur-
rounded by 6 weak hyperfine lines characteristic of an odd isotope with

a nuclear spin of 5/2. From the magnetic-field position of the central
line and the magnetic-field separation of the hyperfine lines, this_im-
purity can be identified as either Mot (two odd isotopes 95Mo and 97Mo,
both with I = 5/2 and natural aS*ndances of 15.8% and 9.6%, respectively)
or Zr3t (only one odd isotope, “!Zr, with I = 5/2 and a natural abundance
of 11.2%). Although the EPR spectrum of Zr3* has never been observed (see
Table 1), the relative intensities of the six hyperfine lines compared
with the central line seem to favor the presence of Zr3t impurities.
Further work is in progress for this system, but it has not been possibie
to reproduce this spectrum by intentional doping at the present time.

EPR spectra of rare-earths and actinides in solids can be clearly
identified by using special enriched isotopes. Figure 5 shows the EPR
spe535um of 167Er3+ in LuPO?, while Figure 6 represents the EPR spectrum
of cm3+, 244cm3*and 241Am2+ in SrClo.7 In Figure 7 the EPR spectrum
of 239py3+ in CaFp8 exhibits, in addition to the hyperfine interaction
with the I = 1/2 nuclear spin of 239y, a superhyperfine interaction with
the 8 nearest fluorine nuclei (I = 1/2). Such a hyperfine interaction with
the neighbors is very useful in locating the paramagnetic impurity in the
host lattice with a high degree of certainty.

As can be seen in Fig. 1, EPR spectroscopy can also provide useful
information via the line intensity which is proportional to the number of
paramagnetic impurities. Therefore, some indication of the nature of the
phase diagram can be obtained. Figure 8 shows the EPR spectrum of Fe3+
in a single crystal and a powder of LuPOg. It must be specified, however,
that the single crystal has been grown using a starting composition com-
posed of Lu203 with 99.999% purity and 0.5 mol% of Fep03. As can be
seen, the intensities of the Fe3t 1ines are comparable to those of Gd3*,
which is an undesirable impurity in this case. Accordingly, these find~
ings indicate that either most of the Fe ions are in the divalent state
or that most of the Fe ions remain in the Tead flux used to grow the
crystals, because the phase diagram of (Lu-Fe)P0Og is not favorable for the
incorporation of a high Fe concentration at high temperature. Correlated
Mossbauer experiments? confirmed the second hypothesis, since FeZt was not
detected by this technique. Similar conclusions can be reached by study-
ing coprecipitated powders of Fe-doped LuPOq (Fig. 9). At thermodynamic
equilibrium, a broad line is observed (see spectrum (a) at the top of
Fig. 9) which, in correlation with the results of Mossbauer experiments,
can be attributed to FePOp aggregates. The small features on each side
of the broad 1line correspond to the fine-structure lines of those Fe3* ions
which are already in substitution in the LuPO4 lattice. Heat treatment of
the powder followed by a quench brings the system out of thermodynamic
equilibrium and thereby increases the solubility 1limit of Fe ions in the
LuPOq host. Spectrum (b), as presented at the bottom of Fig. 9, demon-
strates this fact, i.e. following the quench, the LuP04:Fe3+ signals are
much more intense while the broad line due to FePOs aggregates has sub-
stantially decreased.
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Fig. 8. EPR spectra of Fe3* in a single-crystal and a powder of
zircon-structure LuPOs. In (a), (b) H is parallel to the
c- and a-axes, respectively, of the single crystal, and in
(c) the EPR spectrum of a precipitated powder is shown.
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Fig. 9. EPR spectra of Fe3* in a powder of LuP0Og prepared by
coprecipitation in molten urea:4,5 (a) as obtained after
calcination at 800°C, and (b) after heating the powder in
a torch and quenching. The broad line (a) is attributed
to FeP0s aggregates, while the lines jdentified at the
bottom of the figure correspond to Fe3* jons in substitu-
tional sites in LuPQy.
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Information that EPR spectroscopy can also provide in order to
characterize nuclear waste forms is obtained from the linewidths of the
different EPR transitions (Fig, 1). Since the linewidths are sensitive
to defects and strains, paramagnetic impurities such as Gd3* can be
used to probe the "quality" of the host crystal structure. This tech-
nique offers some advantages over x-ray diffraction techniques, since
any broadening of the diffraction peaks are screened by the intrinsic
linewidths resulting from the instrument characteristics and the crystal-
lite size. For example, single crystals of LaPOj have been grown with
the addition of various amounts of PW-4b simulated waste, and the EPR
spectra of Gd3*t in these samples have been compared with that obtained
for a pure LaPOj single crystal. Such a comparison is shown in Fig. 10
for a mixed crystal grown from a starting composition of 5:1 by weight
of Lap03 and PW-4b calcined waste. The magnetic field positions of the
different Gd transitions are unchanged in the PW-4b doped samples, and,
therefore, it can be concluded that the host still has the monazite
structure characteristic of pure LaPO4. The linewidths, however, are
broader due to the other impurities that are in solid solution in the
crystal. Figure 11 shows quantitatively the relationship between the
average linewidth of two symmetric transitions and their magnetic field
separation, The measurements were carried out for four different crystals
and two different magnetic field orientations. Since the linewidth of
the transitions is proportional to its magnetic field separation from

the central Tine, it can be concluded that the line broadening is “inhomo-
geneous" (i.e. the 1ine broadening is due to a distribution of line
positions with this distribution resulting from a distribution of impuri-
ties in the crystal). It can be seen, however, that the amount of waste
in solid solution in the crystal does not depend solely on the initial
concentrations used for the crystal growth.

The sensitivity of the Gd linewidths to defects or strains is under
current investigation as a means of detecting metamictization phenomena
in orthophosphates. Mixed Lny.xAny P04 crystals, where Ln_is a rare earth
and An an actinide, have been grown and EPR spectra of Gd3* in these
systems are of considerable interest for detecting radiation damage cre-
ated by c~particles or o-recoil of the An ions.

In conclusion, I would like to mention the review article by Lynn
Boatner and Marvin Abrahaml0 concerning the actinides in many crystals, 1
think this is very useful for the purpose of characterizing actinide
nuclear waste forms.

DISCUSSION

BOATNER: I would just like to re-emphasize a couple of points from these
two papers this morning, and I hope that you can see from these papers that
in our program we have a two-pronged attack. One, is a very basic approach
in which we are using what I think are some fairly sophisticated spectro-
scopic techniques to really investigate, on a microscopic basis, what is
going on in these crystalline materials; exactly where a given impurity is
and what is its valence state. In other words, we are really looking
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Fig. 10. EPR spectrum of Gd3* in monazite-type LaPOg sinale crystals
with H parallel to the principal electric field z-axis of
one set of two magnetically-equivalent sites (i.e. (1,4)
or (2,3) in Fig. 3). a) Pure single crystal, b) single
crystal grown from a starting composition of 5:1 by weight
Lan0, and PW-4b calcined simulated waste. The average
Tinewidth AH p of two symmetric transitions, measured peak-
to-peak on tﬁe first derivative spectrum, is reported in
Fig. 11 as a function of the magnetic-field separation AHm

of these transitions.
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Fig. 11. The average linewidth aHo, of two symmetric Gd3t
transitions (see Fig. 108 as a function of the mag-
netic field separation aHM of these transitions is
shown for different single crystals of LaPOg grown
with various amounts of PW-4b simulated waste, and
for two_different orientations of the applied magnetic
field (H||z and H]|]y).

closely at the solid state chemistry of these materials, and we can use
the magnetic resonance technique to follow things through both chemical
and physical processes. That was brought out in the work on the cerium
phosphate. You can lock at the gadolinium spectrum in a single crystal
that has been deliberately doped, then you can do something like the urea
precipitation process, do physical processing at the end, and can use the
spectroscopic technique to say that this impurity ion, after all of this,
is in exactly the same place in exactly the same structure as in the ]
single crystal. So you can follow what is going on through a fairly com-
plicated chemical and physical process and, by means of this technique,
you can say that in this process we have not created a crystalline form
or polycrystalline form that is highly non~stoichiometric so that impur-
ities have become associated with nearest-neighbor defects. That is, we
have not really changed the solid state chemistry of the polycrystalline
(e.g. hot-pressed) peliet relative to the sinale crystal.
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ABSTRACT

Synthetic analoas of the mineral monazite [(Ce,La,Ca,Th,U)
(P,Si1)04] are promising host phases for the isolation of actinide
wastes. The favorable properties of this class of materials in-
clude (a) similar geochemical behavior of lanthanide and actinide
elements which permits extensive ionic substitution within the
monazite crystal structure, and (b) high resistance to weather-
ing, hydrothermal alteration, and leaching by natural ground-
waters or solutions. Synthetic LaPOgq and CePOgq crystals doped
with varying amounts of transuranic elements have been grown in
the laboratory and preliminary leaching studies confirm the highly
resistant nature of these monazite-like phases. In the present
investigation, the optimal conditions necessary to form high-
density, simulated waste pellets from calcined LaPO4q and CePOy
powders have been examined. Pellets that are close to the theo-
retical density are necessary in order to minimize porosity and
hence potential avenues along which fluid/waste interactions can
take place.

Calcined powders prepared by a urea precipitation process
were cold pressed and hot pressed under a range of controlled
conditions to form coherent, cylindrical pellets. Changes in
density were examined as a function of P, T, and duration of
sintering. For cold-pressed pellets, a significant increase
in density occurs during sintering between 1000°C and 1100°C.
This increase is correlated with substantial grain coarsening of
the pellet microstructure. A comparison of cold and hot press-
ing techniques suggests that, only after sintering, does the
density of cold-pressed pellets approach (but not equal) that
of the hot-pressed pellets. Densities > 90% of the theoretical
value of 5.11 g/cm3 are easily attainable by hot pressing with-
out sintering.

The significance of density differences on pellet stability
will be investigated in future leaching studies. The apparent
advantages of the higher densities achieved by hot pressing

**Operated by Union Carbide Corporation for the U.S. Department of Energy
under contract W-7405-eng-26.
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must be weighed against the increased technological/engineering
complexities involved when working at sustained high tempera-
tures in a remote environment. Thus the cold pressing technique
may ultimately prove more practical for large-scale commercial
operations.

INTRODUCTION

One of the most promising alternative nuclear waste forms currently
under investigation for the isolation of actinide elements are synthetic
analogs of the rare-earth orthophosphate mineral monazite;1,2 Natural
monazites [Ce,La,Ca,Th,U)(P,Si)04] appear to be highly ‘resistant to
chemical alteration and radiation damage. However, much additional
research_will be required before monazite waste forms can be fully de-
ve]oped.3 In this paper, preliminary results obtained by cold and hot
pressing synthetic monazite powders (LaP0y, CePy) into simulated waste
pellets are presented. Emphasis is placed on the optimal conditions
necessary to form high-density pellets and how these conditions corre-
late with changes in microstructure or petrographic texture.

METHOD

iynthetic monazite powders were prepared by precipitation in molten
urea.® Using a cold-pressing technique, calcined LaP0O; powders were
mixed with a small amount of binder consisting of steric acid plus
acetone., The resultant mixtures were uniaxially compressed, typically
for 15 minutes, at various pressures. In most instances this procedure
resulted in the formation of coherent cylindrical pellets. The pellets
were then sintered at temperatures ranging from 1000°C to 1300°C for
time periods that varied between 8 and 160 hours. In the hot-pressing
technique LaP0, and CeP0Oq powders, without any binder, were formed into
pellets at 1100°C and 275 bars. Portions of these pellets were then
sintered at 1000°C or 1300°C, usually for 8 hours (see Table 1).

TABLE 1. TYPICAL CONDITIONS FOR
MAKING PELLETS

COLD PRESSING HOT PRESSING

COMPOSITION LaPO LaPO,
a

4 CePO4

PRESSURE (bars) 340 275
680

TEMPERATURE 1000 1000

OF SINTERING (°C) 1100 1300
1200
1300

TIME OF SINTERING 8 8
(h) 80

160
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RESULTS

Cold Pressing

- Figure 1 illustrates the increases in density that occurred in re-
sponse to variations in pressure (P), temperature of sintering (Tg), and
duration of sintering (tg) for cold-pressed pellets. Each of these para-
meters was compared w1th the other two variables held constant.

Figure la shows the effect of different pressures on the percent
theoretical density. Only the two most common pressures are compared;
at higher pressures, typically 1360 bars, the pellets frequently cracked
and split into two or more fragments. Note that significant increases
in density (up to 42%) occur as a result of sintering. 'Relatively high
densities close to the theoretical value can be achieved at low pres-
sures by a combination of cold pressing and sintering (e.q. samples 18
and 20). However, the magnitude of the increase at 340 and 680 bars is
very similar.

A comparison of pellets that were sintered at different temperatures
(Ts) reveals that a large increase in density occurs at 1100°C (Fig. 1b).
This conspicuous jump in density between 1000°C and 1100°C correlates
very nicely with a very large increase in pellet grain size (see Fig., 2).
Note that above 1100°C no real increase in density is observed.

Density changes as a function of sintering time (t ) are quite vari-
able but increase for each pair of pellets with 1ncrea51nq time (Fig. 1c).
Under appropr1ate conditions, densities of ~ 90% theoretical or greater
can be achieved in as little as 8 hours; increasina tg to 80 hours does
not significantly increase the density.

In summary (Table 2) the present cold pressing experiments with
LaP0s indicate that:

(a) higher pressures result in higher densities, however no
significant increases were noted above 340 bars;

(b) higher temperatures yield higher densities but no sig-
nificant increases in density were observed above 1100°C,
and,

(¢) no major increase in density