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PREFACE

In Septemaer 1976, t he U.S. Nuclear Regulatory
Commission (U.S. NPC) , which is responsible for developing
perf orma nce crite ria f or high-level radioactive solid
wastes, requested that the National Research Council (NRC)
conduct a study of the scientific and technological problems
associated with the conversion of liquid and semiliquid
high-level radioactive wastes into a sta ble f or a suitable
f or transport ation and disposition. In responsu, the NRC
established a Panel on Waste Solidification under the
Committee on Padioactive Waste Management. The Panel
consisted of experts in each of the major inorganic
solidificati , t ec hnologie s: glass, ceramics, metals, and
ceme nt a nd concrete; and e xperts in materials science,
radiation ef fects on solids, mineral stability and
we at h eri ng , and nuclear technology. As a result of
President Carter's decision on April 7, 1977 that the United
States would i ndefinitely defer all civilian reprocessing of
spe nt nuclear fuel, the Pa nel broadened the scope of its
study to include consideration of spent fuel as a potential
solid waste form.

The F inel's early delibe rations in 1977 were ncsisted by
brie f ing t from personnel of the U.S. Energy Fesearch and
Development Administration (ERDA) . These briefings,
augmented by va rious EFDA documents and reoorts, acquainted
the Panel with the research and development on waste
solidification being conducted in the United States. To
familiarize the Panel with research and development
activities abroad , the Chairman and three Panel members
visited solidification f acilities abroad and discussed the
present state of the art with their colleagues in the
U.S.S.P., France, West G er ma ny , the United Kingdom, Belgiua,
Swede n, and Denma rk. The opportunity for this Panel to
communicate and exchange inf ormation during these visits
proved very valuable.

Using the inf ormation obtained f-om t hese sources, the
Panel pe rf ormed the f ollowing taske.

Analysis of the role that the properties of*

different solid forms play in determining selection
of the form appropriate to a particular total
radioactive waste management (RWM) system.

566015-
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Evaluation of inf ormation currently being used*

as a basis for developing different forms of solid
waste, and compa rison of this inf ormation with
information available from the most advanced
research on materials considered for use as waste
forms.

Examination and evaluation of management of*

R6D for solidifying radioactive wastes.

Evaluation of the research done so far, and*

recommendations for the future.

Formulation of recommendations to federal*

agencies concerning solid form options currently or
potentially available as part of the total PWM
system.

The following subjects were beyond the scope of this
report:

Quantitative risk analysis of waste*

solidifica tion, beca use such analyses are not very
useful if they do not exandne the complete PWM
system.

Selection among isolation or emplacement*

alternatives.

Transportation technologies.*

Incorporation of gaseous radioactive wastes*

into solid forms.

Analysis of economic, social, or political*

issues af fecting a decision to permanently dispose
of spent fuel.

566016
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SUMMAHX

The solidification of high-level liquid radioactive
wastes f rom nuclear fuel reprocessing plants is a key
eleme nt in most proposed radioactive waste management
systems. The primary f unction of solidification is to
minimize migration of radionuclides from the waste to the
biosphere; the f irst requirement of the solid waste form,
therefore, is that it be capable of f urnishing a major
barrier tc that migration. In addition, the solid waste
form selected must be suitable f or all phases of w 3te
manage me nt , including processing to produce the solid form,
possible temporary storage, transportation, and emplacement
in the repository.

Because a va riety of system options is currently
available and because diff erent systems will make varying
demands on the solid waste form, the choice of an
appropriate solid form cannot be made witi.out considering
the specific radioactive waste management system in which
the form will play a part. Furthermore, it is likely that a
solid form chosen for use in one system will not be the most
suitable choice for another system. The ;ge of the waste,
how much transportation is involved, and che geologic medium
chosen f or construction of a repository will be important
determinants in selecting a solid waste form; other critical
considerations will be the relative safety, reliability, and
cost of the various methods used to process the solid.

Quantitative perf ormance criteria for solidified high-
level radioactive wastes are currently being established by
the U. S. NPC. Until that procedura is complete, the Panel
cannot judge whether any or all of -he waste forms
considered in this report are " acceptable." Existing
gove rnme nt regulations on the storage, handling, and
transportation of spent fuel assemblies (SFAs), however,
might assist the policymaker in determining the
acceptability of other solid waste forms.

On the basis of its detailed study of the relative
advantages and disadvantages of individual solid forms, the
Panel has reached the conclusions and developed the
reccmmendations summarized below. For a more detailed
listing of findings, ree Chapter 5 of P4rt i of this report,
which concludes Part I's discussion of the problems relating

r-c
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to the solidification of high-level liquid radioactive
wastes. Technical evidenc. in support of the Panel's
findings is contained in Part II.

1. The Panel finds that many solid forms described in
this report could meet sta ndards as stringent as those
currently applied to the handling, storage, and
t rans porta tion of spent f uel assemblies.

2. The Panel conciudes that solid waste forms should
be selected only in the context of the total radioactive
wa st e ma nage nent s ys te m. Considerations af fecting this
unoice include the age of the waste, t he hazards involved in
processing, the amount of transportation entailed, and the
characteristics of the geological formation in whicb the
solid will be emplaced.

3. The Panel finds that many solid forms are likely to
be satis factory for use in an appropriately designed system,
(see Chapter 3, section on the radioactive waste management
system) . Furthe rmore, at lea st one f orm--glass--because o f
an extensive developmental e f fort, is currently adequate for
use in a first demonstration system consisting of
solidification, transportation, and disposal. For the
implementation of a la rge- sca le solidification program,
glass may also be adequate. but, on the basis of our
analysis, it cannot be recommended as the best choice,
especially for the older DOE wastes. In fact, a modest RSD
effort may well provide alternative first or second
generation solid forms whose long-term stability and ease of
processing are superior to glass.

4. The Panel finds that the current United States
policy of deferring the reprocessing of commercial reactor
fuel provides additional time for RSD on solidification
technology for this class of wastes. During this time
special attention should be given to waste forns other than
glass, which have re ceived inadequate attention to date.
The additional information thus developed may also be
applicable to DOE wastes.

5. The Panel concludes that def ense wastes which are
relatively low in radioactivity and thermal power density
can best be solidified by low-temperature processes, such as
those used to produce cement-matrix and some ceramic forms.

6. For solidification of f resh commercial wastes that
are high in specific activity and thermal power density, the
Panel recommends that, in addition to glass, the use of
f ully-crystalline ceramics and metal-matrix forms be
actively considered.

7. Prelimina ry analysic of the characteristics of
spent fuel pins (SFPc) indicates that they may ne eligible

2
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for consideration as a waste form. Howeve r , before disposal
can take place, SFPs must be characterized in detail and a
system must be developed f or packaging them.

8. Because the dif fercnces in potential health hazards
to the public re sulting f rom the use of various solid forn
and disposal options are likely to be staall, the Panel
concludes that cost, reliability, and health hazards to
operating personnel will b3 major considerations in choosing
among the options that can meet safety requirerents.

9. The Panel recomae nds that responsibility for all
radioactive waste management ope rations (including
solldification P SD) should be centralized. The expertise
exist ing in indust ry, universities and nonprofit
institutions, which the Panel feels has teen neglected in
the past, must be more f ully drawn upon through use of
scientific symposia, professional society meetings and PSD
contracts. Funding for RSD should be stabilized to provide
sustained support (f or example over a ten year period) for
long-term research. Regular communication and cooperation
among ma jor contractors working on radioactive waste
manageme nt should be mandated.

SE

SGG019
3



PART I
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CHAPTER 1

NATURE OF THE PROPLEM

THE ENEPGY/ENVIPON:4ENT CONTEXT

This report is being written at a time when the world is
acut ely awa re of the crucial importance of energy in the
economies of developed and developing na t ions . For the
first tine, curtailment and eventual exhaustion of supplies
of oil and natural gas are perceived as real possibilities
in t he not-so-distant future. In every na+ ion, politica l
leaders and their technical advisors are casting about for
alternat ive sources of ene rgy. Nuclear fission is one such
energy technology with the proven potentia l for augmenting
oil and gas as a means of generating electricity.

In some countries, decisions are already being made to
move toward a nuclcar energy economy. In the United States,
the decision f or or against a 3 rge expansion of the nuclear
ind u s t ry still hangs in the balance.

One of the considerations that weighs against the
nuclear alternative in the United States is the fact t ha t
t he nuclea r f uel c yc le has not been closed; t h at is, spent
fuel pins f rom connercial power pr oduction are accumulating,
and no f inal decision has been made about their ultimate
disposition. Opponents of nuclear power interpret the
situation as evidence that the necessary technology is
lacking; propone nt s reply that the technology is available--
all that is requ ired is a policy decision to go ahead.
Policymakers sense that both viewpoints may he influenced by
the special inte rests involved. The pub lic, meanwhile,
which has become increasingly aware that there is no such
thing as a risk- f ree mode of life, is pa rticularly
suspicious of technologies that are unfamiliar.

The policyma ke rs ' ta sk will be easier if the purely
technical issues surrounding the safe nunagerent of fission-
powe r wa stes can be clea rly identified and evaluated.
Foremost among the se technical issues is the management of
the spent fuel pins and high-level liquid wastes that result
from reprocessing spent fuel. The objective of waste
manage rre nt is to e nsure that the radioactive components i n'
these wa stes a re e f tectively prevented f rom reaching the

566 %'



a safe, worldwidebiosphere. To accomplish this objective,
system must be developed f or the reprocessing,
solidification (or treatment of spent f uel pins) ,
transportation, and ultimate isolation of nuclear wastes.
An important component of this system is solidification.

It is the ba sic assumption of the Panel that eventually
all high-level liquid wastes (H LLW) will be solidified.
This report analyzes the alt ernative solid f orns that ca n be
used.

REASCUS FOR SOLIDIFICATIvN

Nature o f the Wastes

Nuclear reactors, whether used tor research, generation
of elect ricity, or production of material for nuclear
weapons inevitably produce radioactive wastes. After
nuclear fuel has been irradiated for an appropriate amount
of t ime (three to four years for nuclear power reactors) , it
is removed f rom the reactor in the solid form termed spent
fuel assemblies (SFAs). T he SFAs are made up of spent fuel
pins (SF Ps! (see Fiaure 1. 1 ) which are in turn composed of
metal clad ceramic pellets a pproxinately 1 cm in size.
These pellets contain unburned uranium as well as substances
that are produced during irradiation of the nuclear fuel
such as plutonium, other actinide elements, and higbly
radioactive fission products.

eprocessing of spcnt fusi is essential to ther

production of plutonium used in nuclear weapons. SFPs from
the military program are t herefore dissolved to allow the
recovery of uranium and plutonium. The residual liquid
contains the fission products and a very small f raction of
plutonium. For spent fuel f rom the civilian nuclear power
industry, however, curre nt U.S. policy does not permit
reprocessing; he nce the radioactive fission products and the
plutonium f rom commercial reactors are contained in the SFPs
themselves. Because the current United States policy is to
defe r commercial reprocessing, the Panel has considered SFPs
as one of the potential solid forms for ultimate disposal.

At present, large amounts of the radioactive wastes
re sulting f rom military reprocessing and research (comaonly
referred to as DOE wastes) are being stored in tanks as a
complex mixture of liq uid , s ludge , and salt cake
("semiliquid"); should U.S. policy change to allow
reprocessing of wastes f rom commercial reactors, these
amounts will be augmented. Moreover, the fresh single-
phase, liquid wa stes likely to result f rom cornercial
reprocessing will be more radioactive (one- to two-year-old
commercial wastes may cont ain hundreds to thousands of

6 566022* p, O c > v ,t
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FIGURE 1.1 High-level wastes from light-water reactors (LWR).
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curies per liter) thar the older multiphase, semiliquid
military wastes.

Storage of radioactive wastes as liquids or semiliquids
may be an acceptable tempora ry measure; it is unacceptable,
however, in the long term, because radioactive vastes are a
long-lived source of radiation and because, in liquid or
semiliquid f orm, they are dispersible and chemically
reactive. The orderly management of the nuclear fuel cycle
requires that existing HLLW f rom research and military
operations be solidifieu, and that acceptable nethods be
developed for solidification of possible future commercial
wastes.1

Amounts of Stored Wastes

The vast ma jority of radioactive wastes f rom milit ary
and civilian reactors, exist as HLLW2 or in SFPs. In the
United States, approximately 265,000 m3 of HLLW are stored
in la rge steel tanks ranging up to 5,000 m3 in size. These
ta nt. s are located at three principal sites (Hanford,
Savannah River, and Idaho Falls) and are officially
designated as having been derived f rom military and research
operat ions. Together with 1,480 m3 of solid waste in the
form of calcine--an anhydrous oxide powder-- (see Chapter 2,
section on calcine), the liquids at these sites constitute
t he sum total of noncommercial high-level waste now in
existence.

The total inventory of commercial spent tuel assemtlies,
which are stored in basins near or at the Nactor, is, an of
October 1977, some 2,268 metric tons . If processed by
current techniques (U.S. ERDA 1976 b) they vould yield
approximately 2,000 m3 of high level liquid wastes.3 Tne
total radioactivity content in the commercial SFAs current 'y
exceeds that in the DOE wastes. Some of the SFAs have only
recent ly been renoved f rom the nuclear power reactors,
howe ve r , and their radioactivity level will decay rapidly
(see Part II, Cha pte r 11, section describing light-water
reactor fuel assemblies) . In addition to these SFAs, a
f airly s wall amount (cec Table 1. 1 ) of HLLW derived fron tht
reprocessing of commercial spent f ue l is now stored at West
Valley, New York.

As Table 1.1 indicates, the volume of military wastes
presently in storage greatly exceeds that of tie commercial
wastes. Nevertheless, because of the potentia 1 growth of
nuclear power in the United Statec , this situation could
change in the f uture. A current proj"ction used by the DOE
(1978) i s tha t by 1995, 60,800 tonnes of s pe nt fuel will
have been discharged f rom commercial nuclear power reactors.
If processed by current techniques (Pure x processes) these
would be expected to yield 5 2,00 0 m3 of HLLW,3 still not as

8
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TABLE 1.1

Total Inventory of Spent Fuel and High-1 evel Wastes in the United S? ates

DOE Commercial
Amount Ac ti vi ty Amount Ac ti vi ty

0 6
(curies X 10 ) (curies X 10 )

N 450k 2,300 m 31AHigh-level liquid Wastes in Tanks 265,000 m

Unreprocessed Spent Fuel 2,268 tons *- 3,400*
(2,000 m )f3

U 51. 4High-Level Solidified Wastes 1,480m

a About half of this volume is in the form of salt cake ar.d sludge-

(U.S. Di: 1978).

A uantity of 90 137
Q Sr and Cs (F.P. Baranowski, U.S. Enerav Research and

Development Administration, personal communication to M. Willrich,
Massachusetts Institute of Technology Energy Laboratory, October 27,1976).

E Waste is estimated to by 5 percent sludge, by volume (U.S. NRC 1976).

A uantity of 90 137
Q $r and Cs as of 1973 (U.S. NRC 1976).

e_ Alexander et al. (1977).

1 rojected amount of HLLW produced from reprocessing current inventory ofP

comme rci a . S fps . Based on an estimate of 850 liters /MTU (U.S. ERDA 1976b).

3 These wastes are in the form of calcine (U.S. ERDA 1977b).

GCiiO25
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great as the pre se nt volume of military wastes. It should
be kept in mi nd , however, that such reprocessed commercial
wastes will be much more radioactive and have higher rates
of heat generation than the military wastes (see Table 1.1 ) .

FUNCTIONS OF SOLIDIFICATION

Solidification of HLLW is an essential f actor in
minimizing the possible release of radionuclides during the
transportation or disposal of radioactive wastes. The solid
was t e form is defined for the purpose of this report as the
total unit which, as the product of a solidification
process, will be transported to and emplaced in a
repository, f or pe rma nent storage or retrieval. The solid
form can pro ride both primary and secondary levels of
containment for the radionuclides '+hin the waste. Figure
1.2 and Table 1.2 illustrate schematically the nature of the
solid wa F+.e fona and the two levels of containment. As can
be seen trom Figure 1. 2, the solid waste form itself is
buttressed by additional barriers against the release of
radionuclides, such as the waste container and t he geologic
f ormation in which the waste has been emplaced.

Primary Containment

In any solid waste f ouu, the radionuclides are first
contained at an atomic and molecular level. Virtually all
materials that a ct a s the immediate host for these
radionuc lides are ceramics--i.e. , high-t e mpe rature inorganic
no nmeta l lics. As Table 1. 2 indi ca te s , there are four
different types of crystalline (or partly crystalline)
primary ceramic hosts to contain the radionuclides, and one
noncrystalline form which, because of the terminology used
in this field, is re f orred to separately as " glass." Ex cept
for significant quantities of dry strontium fluoride (SrF )2
and cesium chloride (CsCl) that are being stored at the
Hanf ard Reservation in Washington Crate, all crystalline
forms are mixtures of oxide phases t aat have well-known
crystal structures. An oxide glass is merely a variant of
this thene, wherein ideally the single phase host can
accommodate all the ions. I n practice, glasses with high
loadings of waste of ten ha ve small percentages of
crystalline phases and/or are separated on a microscopic
scale into two glassy phases.

Secondary Containment

Many, but not all, proposed waste forms involve
composites of one of the primary formc tound together in a
matrix of a second material (see Figure 1. 2) . This matrix
may be a low-melting metal, such a s lead, a high-melting

10 566026
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FIGURE 1.2 The solid waste form showing three levels of containment:
(1) a primary phase, which contains the radionuclides at the atomic
and molecular level, (2) a secondary phase, which binds the primary
phase particles in a matrix of a second material (see Figure 10.1 for
an actual example); and (3) a tertiary level, the container.
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TABLE 1.2

Solid form Containment Options

Prima ry Secondary Centainer

Ceramic materials Metals Mild steel
Supercaicine
Low-temperature Cement Stainless steel

ceramics
High-temperature G1 ass Titanium

ceramics
Fuel pellets Copper

Gl ass Concrete

Alumina or other
ceramics

566028
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metal, such as titanium, or a concrete that has set at
ambient tempe rature. The matrix provides both a physical
and chemical barrier that prevents solvents from reaching
the ra dionuclide s. Howeve r , the meta llic secondary
containment materials are unable to incorporate the waste
ions into their structures, and the other secondary
containment mate rials can only do so for specific ions in
small amounts.

ADDITIONAL FORMS OF PROTECTIOt;

Protection against possible release of radionuclides
goes beyond the two levels of containment provided by the
solid form itself. A satisfactory method for disposing of
high-level nuclear wastes will he one that uses a sequence
of multiple barriers (see Figure 1.3).

.

The outermost protection against exposure is the
physical isolation provided by deep emplacement in a remote
geologica l forma tion. The first barrier to release of
radionuclides into the biosphere is the ceological formatio-
itself , which eventually becones the real container.
Through careful selection of both the geological formation
and t he solid form, release of radionuclides brought about
by the interaction of the host rock with the high-level
solid wastes (HLSW) can be limited. The second, much Kore
temporary ba rrier, is the ca niste r. The canister, made of
metal or ceramic , was originally designed to provide
mechanical convenience and safety during transportation.
Currently it appears that the intended function of the
canister will be to provide an ef fective chemical barrier
for a period of tine rangi ng from five to one hundred years.
An additional chemical barrier can be supplied by an
overpacking material, consisting of a mineral powder capable
of adsorbing radionuclides ions, and/or a metallic shell or
casing t hat prevents the canister f rom coming into contact
with the host rock.

The innermost ba rrier is the solid waste form itself-
Before permanent enplacement and particularly during
tra n s porta tion, the physical and chemical properties of the
solid waste form are importa nt elements that can help
protect the public f rom inadvertent exposure to radiation.

CCGOCS
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E. Schd Waste Form

A. The outermost protection is provided by geographic isolation and physical
removal in mines or excavated vaults.

B. The rock formation will, in most cases, react chemically and physically
with the waste to form the 1rng-term container.

C. The waste is separated from the rock by an optional overpack, which
can be a metallic cylinder or a mineral powder that adsorbs radionuclides.

D. The container provides protection, particularly during shipping and
during the retrievable phase af ter emplacement.

E. The solid waste form is a major barrier during transportation, after
emplacemer.t. and also after reaction with the host rock.

FIGURF 1.3 Multiple barrier concept for disposal of nuclear wastes.
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NOTES

1 Most of the radioactive gaseous elements of concern such
as asKr, tz'I, tritium, and 1*C, will be released when
fuel elenents are chopped and dissolved during fuel
reprocessing. These gases will either be diluted and
dispersed to the atmosphere or recovered for eventual
disposal. A number of processes have eit her been
developed or are under development to handle this
problem (see EPDA 19 76 b) .

2 DOE wastes, although referred to generically as
" liquid," contain various solids (see previous section) .

3 Although HLLW is expected to be generated from Purex
reprocessing at about 5,000 liters / metric ton of uranium
processed (:4TU) , the volume will be reduced to between
600-1,100 liters /MTU for interim storage (U.S. EPDA
1976h). The estinates of 2,000 m3 (f rom the present
inventory of SFPs) a nd 5 2,00 0 m3 (1995 inventory) are
based on a choice of 8 50 liters /MTU.

t. . .
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CHAPTER 2

SUMMARY OF ANALYSES OF INDIVIDUAL SOLID FOPMS

The major technical work of the Panel has been to study
and evaluate the various solid forms and the methods that
have been proposed for incorporating high-level liquid
wastes in them. The resulting detailed analyses of the
individual forms and aethods are presented in the Technical
Analysis section (Pa rt II). This chapter, af ter briefly
outlining the general characteristics of solid forms that
affect t heir performance in the multibarrier system,
summarizes the technical a nalysis of each form.

CHARACTERISTICS OF THE SOLID FOFM

The relative inportance of particular properties of the
solid form will vary according to the needs of each stage in
t he wa st e-ma na ge me nt process. Dispersibility and
leachability, for instance , are key characteristics during
processing and transportation before emplacenent in a
geological repository. If, for example, an accident were to
occur during the processing, handling, or transportation of
radioactive wastes, the least dispersible waste form would
pose the least risk to public health and safety. And if
wa te r we re to cone in contact with the wastes, the solid
form least subject to leaching would af f ord most protection
because the rate of dissolution of the radionuclides
contained within the waste is determined by the leachability
of the solid f orm. Following emplacement, on the other
hand, chemical and thermal interaction of the solid form
with the host rock become more important considerations than
dispersibility and leachability of the original form. For
example, if water were to enter the repository after 100
years and come in contact with the wastes, the dissolution
of the hazardous radionuclides contained within would be
governed not by the leachability of the original solid waste
f o rm , but rather by the leachability of the solid product
formed by the waste / rock interaction. The nature of this
product can be determined by choosing a solid waste form
whose chemical composition, crystal structure, and thermal
characteriutics are compatible with the host rock.

566032
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Because of the high he at generation rate of some
radioactive wastes, therma l stabilit y must be considered in
choo si ry a solid waste form. Sone solids change their form
when subjected to high temperatures; for exanple, glass nay
crystallize. Others lose their mechanical strength.
Furt he rmore , as a result of chemical changes brought about
by high temperat ures , properties such as leachability may te
a lt e red.

In addition to thermal stability, thermal conductivity
is an important factor in choosa ng a solid waste form. The
thermal conductivity of the waste form--along with its rate
of heat gene ration--will i n part dete mine the temperature
both at the center and surf ace of a waste canister. This ?. s

an important Consideration in designing a re[ository for
spacing or containers, o ve rpa cki ng , and so forth.

Concern has been expre ssed that ma ny solid waste forns
will Le adversely a f fected by irradiation f rom the alpha
pa rt i c le s, beta pa rticles, gamna rays, and neutrons that are
emitted by the radionuclides within the wasto (:see Chapte r
12 f or a detailed discussion of ra diation ef f ect s) . In
ge ne ra l, ef f ects < Z five t ype s c a n re s ult .

The mest sig ni f icant of these ef f ect s is radiochemical.
Beta- and gamma-induced ionization and decomposition of
water and nitrates can lead to the production ot gases
(hydroge n and oxides of nitroge n) that build up pressure
inside ca nisters. (concrete is of pa rticula r concern in
this rc s : e c t , because it contains si 'ficant quantities ofs

chemically bound water, which accent iate the potential for
buildup of pressure i n the sealed canister. This propensity
re q uirc - f urther study.)

A recond effect consists of lattice expansion and
dimensional changes that a re caused by accumulated atomic-
scale strains associa ted wit h lattice and network defects
(see Cha pters 7 and 8 on Glass and Ceramics) . At the total
fluxes of radiation expected from the rad ionu c li des in
waste, however, this type of radiation damage will be
ne glig ib le or very minor.

A tnirl effect, sudden relcase of stored encroy, could
in principle cause a rapid tempe rature rise. For the waste
torms currently under considerat ion, howe ve r , lot h the
amount of stored energy and the length of time nocersary for
release of that energy a re such that sudden release of
stored energy poses no dancer.

The increase in internal ene rgy resulting from raciatior.
damage might produce a fo'rth effect, enhanced chemical
reactivity. The amount r energy involved is so low,
howe ve r , that this phenam non will cc ntr ibute little
measurable increase to the Jaten of reaction.

t:r c o n *>OvuGou
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As radionuclides in waste decay, they are replaced with
daughter products (tra nsmuta tion) that may or may not te
compatible with the crystal structure of the waste form.
Although there is no evidence to show that the chemical-
structural ef fects of transmutation, as distinct from
radiat ion da mage, will have seriocs consequences, the
possibility needs to be examined and evaluated. It has teen
almost totally neglected so far.

PRIMARY CO:ITAINMENT FOPMS

Primary containment forms are solid forms that contain
the pote ntially haza rdous radionuclides f ound in radioactive
waste at the atomic or molecular leve l. Some primary waste
forms have excellent prope rtie s: law leachability, low
dispersibility, high thermal conductiv:+y, and so forth. In
gene ra l, they appear to be suitable f .>r both t ransportat ion
and disposal without bei ng f urther processed or converted to
another solid f orm. ke shall denote these forns potential
f ina l forms. It is possible to convert them into even more
desirable fira l forms. Other primary waste forms do not , in
the Panel's opinion, have suf ficient ly good properties to
qualif y them as notential fin't forms. Instead, further
processing will be required to convert them into suitable
torms. We denote these i n t e r med ia te forms.

Intermediate Forms

Calcine

One of the simplest me thods f or converting high-level
liqui'l wastes into solids is to evaporate and partially
decompose the liquids at temperatures above 5000C; this
process typically yields a fine powder, generically called
" ca lc i ne . " Several variations of the process have been
deve loped i ro '. ud ing spra y, f l uidi zed-bed , and rotary-kiln
calcinat ion. All produce essentially the same product, a
poorly crystalline or noncrystalline powder in the 10
micrometer to 100 micrometer size range (or granules up to a
few millimeters in size) consisting principally of
ret ractory oxides and residual nitra tes that have not teen
decomposed. Since 1963, the soliditication program at the
Idaho Na ticna l Enginee ring Laboratory (I N EL) has routinely
produced and now stores about 1,500 m3 of calcine. lais
ca lcine is the only significant amount of processed high- 3

level solidified waste in existence in the United States. ,

At present, calcine is not considered suitable as a
final waste form because it is soluble in water and hignly
dispersible, a nd its poor thermal stability can lead to the
volatiza tion of various radionuclides (including ceslun and
ruthenium) . The re f ore , neveral processes are teing
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considered that incorporate calcine into a composite or
transform it into a different solid form. Thus far, gla ss
ma de f rom calcine ha s received the most a ttention. (See
Chapter 6 f or a de: ailed discussion of calcine.)

Supercalcins

To improve t he propert ies of simple calcine, the
composition of the high-leve l liquid wastes can be modified,
before calcination, by the addition of caref ully selected
:uterials such as nitrates of calcium and aluninum. Ti.e
liquid mixture is then ca lcined , resulting in a powdet--
called supercalcine--with siquif icantly improvea proparties.
The solubility of eurercalcine can be five to six orders of
augnitude lower thar. that of calcine, and the volatility of
certain components can be two to four orders of magnitude
lowe r , Nevertheless, Lecause it is highly dispersible, the
Panel does not regard unconsolidated supercalcine as a
suit a ble final waste form, but as an intermediate f orm t o te
converted or incorporated into final forms such as glass,
ceramica, or various composites. For example, consolidation
of superca lcine with othe r m . :erial, sucn as portland cenent
or low-melting metal, has resulted in a less dispercible
product. Thus, it is gene ra lly still considered an
intermediate waste form. (See Chapter 6 for a detailed
discussion of su pe rc a lci ne . )

Su pe rsludge

The DOE wastes stored at the Savannah Fiver Plant (SPP)
and the llanf ord Pese rvation contain significant amounts of
racioactive " sludge" (i . e. a mixture of IILLW and HLSW) at
thc bottom of their storage tanks. A promising method t >r
dealing with this type of waste, somewhat analogous to the
conversion of calcine to supercalcine, is to add slurries of
mat e ria ls (such a s c lays a nd othe r aluminosilicates) that
are selected to make a product that is much less leachable--
a "nupersludge." Likc calcine and supercalcine,
"supersiudge- is regarded by the Panel as an inte rmediat e
form. It can either te further treated to form a low-
tempe rat ure ceramic or inc or porated into a cement / concrete
matrix f or grout ing (pumpi ng into hydrofracturtd qeological
formations several hundred meters Lelow the surf ace) or for
disposal in drums. (See Cha pter 6 for a detailed discussion
of supersludge. )

Encapsulation of 1 'Cs and a0Sr
,

To reduce the ra te o f heat generation of the wastes at
flanford ana thus prolong the life of the ll LW storage tanks,
a decision was made in tne mid 1960s to se pa rate out the
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ma in hea t-produc ing isotopes--137Cs and 90Sr. (The U. S.
Atomic Energy Commission [ AEC ] was hopef ul, at one t ime, of
finding uses for the radioactive isotores present in the
Hanf ord wastes. ) To date, about 80 percent of the 137 Cs
and o5 percent of the 90Sr have been scparated from the tulk
of the wastes (NRC 1978). Of these separated wastes, about
90 percent are currently stored as liquids in stainless
steel tanks equipped with cooling coils. The re maining 10
percent has been converted to solid CsCl and SrF and is2
being stored in stainless steel and nonferrous nickel alloy
capsules in o cooled water basin. These capsules are
sources of intense hea+ that, if emplaced in a repository
e x ca va t e d from basalt, wou l<* probably nelt the adjacent
rock. A lt e rna t i ve ly , the ca psules could be incorporated
ir a chemically and ther mally resistant metal matrix, such
as titanium, f or pe rma ne nt i sola t ion in a geological
re pos ito ry . The capsules placed in each waste canister
would have to be f ew enough so that the thermal loading of
the canister would not ove rheat the host rock.

Pesearch is necessary to develop techniques for
converting the 137Cs and 90Sr liquid wastes to stable
ceramic or concrete f orms. Such techniques co'11d replace
the current practice or convetuing ::.s ac lut ions to solid
CSCl and SrF The stable solid forms, tueir Aaste loading2

and the site and shape of the canisters used to contain them
could te selected and designed to prevent overheating of the
host rock after emplacement.

Potential Fi nal Forms

Ceramics

Ceramics are highly insoluble, inorganic, nonmetallic
materials. As a solid waste form, chey are primarily
compused of crystalline oxides and could range in size f ro.
small br iquettes (a veral centireters) to isostatically
pressed monoliths 0.5 m x 1 m.

Ceramics are of interect as a waste form because of
thei r ability to contain all the hazai-dous ra dio nuclidce ,
such as 157Cs and 90sr, in thermodynamically stable
crystalline phases. Furthermare, their cryst alline nelture
prrmits the struct ura l onv ir onme nt of any nuclide to be
precisely detet r.ined ; no nc e , a given nuclide can either he
left in a particular cryatal environme nt or the cor pos it io n
and the processing of t"e wa st e ca n t e modified to produce
new, more desirable phares.

Severai methods of making ceramic waste forms have be<cn
studied. iloweve r, re sca rc h into these materials has so far
bcen very limited, and th" necessa ry process et,gineerin" har
not been developed. Until more information is avail .ble
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about the ease and ef ficiency of producing ceramic waste
forms, ceramic production cannot be compared with that of
other waste forms, such as glass.

Five major techniques are currently available for making
a ceramic waste form (1) Hot pressing--supercalcine itself,
or a mixture of it with glass f rit, is consolidated under
conditions of high temperature ( 1,00 0 0C) and high pressure
(130 to 260 kg/cm2) . A variant of this technique is hot
isostatic pressing in which an evacuated metal container
filled with supercalcine is hydrostatically stressed by
compression of a rgon gas to produce large dense monoliths.
(2) Sintering--pure supercalcine or mixtures of calcine with
additives a re consolidated through use of high temperatures
(1,200oC) alone. (3) Fusion casting--a mixttre of calcine
and various additives is melted at about 1,4000C and then
cooled to promote controlled crystallization, which results
in a strong coherent solid. (4) G la s s-c e ramic-- su pe rcalcine
or a mixture of calcine plus glass f rit and a nucleating
agent is melted and cooled rapidly to produce a glass that
is then carefully heated to promote controlled
crystallization throughout the solid. (5)
Adsorption /densi fica tion-- the high-level liquid wastes are
directly sorbed onto preformed ceramic " bricks" of inorganic
ion exchange materials. The bricks are then heated at
1,000oC to fix the radionuclides of inter, 7t in stable
crystalline phases.

Of all prima ry solid waste f orms , ceramics are the most
thermally stable and the most resistant to leaching and
radiation damage. Furthernore, some ceramic forms are
capable of greater waste loading per unit volume than any
other form except calcine.

The major disadvantage of ceramics as a waste form does
not derive f rom their properties, which in the view of the
Panel are superior in many respcts to those of other f orms,
but f rom the relative complexity of some of the high-
tempera' ure processing methods required to create them. Of
the processes examined, the adsorption /S msification process
is particularly promising, because it is relatively sinple,
involves relatively low operating temperatures (compared to
glass and other ceramic processing), and is relatively low
in cost. Hot isosta tic pressing is a recent commercial
technology that of fers some attractive f eatures--principally
low temperature sealing and the formation of large separate
units by a batch process. (See Chapter 7 for a detailed
discussion of ceramics.)

ycoi,I)p y ;ve>(
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Glass

Glass is infined as ". ..an inorganic product of fusion
which has bes a - oled to a rigid condition without
ci mtallizati . Radioactise wastes in glass form"

genertlly conoisc of one nm. crystalline monolithic phase.
In some cases, this could be 3 m long x 0. 5 m in diaaete r,
in others, centime te r-si ze pellets. In practice,
radioactive wastes in glass form are base.' cither on a
silicate or phosphate network, contain h*gh percentages of
wa ste ions (which render them relatively instable), and
of ten contain significant amounts of crystalline phases
dispersed as submillimeter-sized impurities.

Glasses containing radioactive wastes are usually
produced by feeding a mixture of calcine and glass-making
components into a vessel where they are melted. In some
cases, the melting vessel it se Lf serves as the final waste
cont ai ne r (I n-Ca n Me lting ; HARVEST Process--see Chapter 8) ;
in others, the molten glass is drained f rom the melter into
a metal canister. Recently, the use of refractory-lined
melters heated by immersed electrodes has become favored.
Such melters should probably be incorporated into any
vitrification process that may be unde rt a ken. Knowledge
gained from the large store of existing industrial
experience in the design and operation of electric r;elters
could be used advantageous ly toward this end.

Glass has many f eatures that make it an attractive form
for solidifying nuclear wastes. It can dissolve nearly all
metallic oxides, in reasonable concentratione, into a single
phase. Furthermore, well-homogenized silicate glasses tend
to be insoluble under ambient conditions in the laboratory,
have a high thermal conductivity (as compared to calcine ,
for example), and are resistant to radiation damage.
Despite these advantages, it is not clear to the Panel why
glass has come to be regarded, worldwide, as the form of
choice f or solidif ying high-level liquid wastes, since glass
has a number of disadvantage s. The choice appearr to result
from the assumption that t he single criterion of solid-vaste
perf orma nce is low leachability. Waile some high-silica
glasses can have very low solution rates accordi.ng to
conventional tests, glass is definitely nat the best form in
this respect. Its metastable nature invites physical and
chemical changes by phase se pa ra tion , devitrification, and
hydrothe rmal decomposition.

In terms of processing, glass is probably the least
desirable of solid waste forms. The conversion of liquid
wa ste s into glasses involves the handling of gases, vapors,
dust, and hot ( 1,0500C), co rrosive , volatile fluid glass.
Requirements f or total confinement, remote operation, and
infrequent maintenance make vitrification plants very
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dif f icult to eng inee r. (See Chapter 8 for a detailed
discussion of glass.)

Spent Fuel Assemblies

A f te r LWP fuel has been irradiated for three to four
years, it is removed in the form of s pent fuel pins f rom the
power reactor. This spent f uel contains actinides (uranium,
plutonium, aeptunium, a me r ic i um, curium) , fission products,
dnd trit ium. Light-wa ter reac cor (LWP) spent fuel pins are
long sections of zircaloy tubing (about a centimeter in
diamet er , and f our meters long) filled with ceramic pellets
that consist mainly of a solid solution of uranium dioxide
and plutonium dioxide t toget her with other radionuclides.
The fuel pins, when held together in a geometric cluster by
end pieces and element spacers, are known as spent fuel
" assemblies."

Current United States government policy is to def er
inde finitely the reprocessing of commercial spent nuclear
fuel. Because of this action, the Panel decided to consider
spont f lel assemblies as a potential waste forn to be placed
in a geoloaic repository. Of course, SFAs dif fer f rom otner
solid wa ste forms in that they are not the product of a
'olidification process involving high-level liquid wastes.
Furt he rmore, the amount of uranium and plutonium in SFAs
greatly exceeds the amount present in other waste forms.
Neve r t he le ss , th e sa me f actors that determine the
suitability of other waste f orms will also a f f ect the
suitaLility of SFAs as a waste form.

Preliminary analysis cuggests that spent f ue l assemblies
may be a suitable wa ste f orm, but further studies and
experimental work are necessary to establish feasibility
firmly and define the method of preparing the assemblies for
retrievable storage or ultimate disposal. Little is known
about the pha ses present or likely to te formed as a result
of hydrothermal reaction in various rocks. It appears
essential at any rate to e ncase the spent fuel assembly in
an outer metal can to f acilitate handling and increase
safety a t the re pository.

Spent fuel has three advaatages as a disposal form: it
is less costly than other forms; it requires less processing
on the surf ace t ha n othe r f orms, and is therefore less
ha za rdous in the nea r term; and it eliminates the need f or
processing and ha ndling a variety of low- and intermediate-
level wartes.

The heat generation f rom solid waste is the principal
f actor in determining the spacing of solid waste containers
in a geologic re pository. The greater long-term thermal
power of spent fuel (sce Chapter 11, Figure 11.4) results in

23 D5GC39



one of the major disadvantages of spent f uel as a disposal
form: the lower maximum heat loading in a repository. DOE
(1978) estimates that 66 to 99 kW/ acre of spent fuel can te
stored versus 100 to 150 kW/ acre for high-level waste froa a
processing plant. The second disadvantage is that spent
fuel introduces into the repository f ar larger quantities of
plutonium and uranium than would be introduced by other
forms. Hence, spent fuel must be judged a greater long-te rm
potential hazard. Also, in a salt repository, the presence
of plutonium and uranium make the remote possibility of
criticality a concern if the repository were breached, water
were to enter and dissolve the salt, and the fis sile
material were somehow arranged in a suitable configuration.
The disadvantages associated with permanently disposinc of
the energy resources repre sented by the uraniua and
plutonium in spent fuel are beyond the scope of this study.

_

(See Chapter 11 for a detailed discussion of s pent fuel
assemblies.)

S ECONDARY CONTAIt. 2ENT FDPMS

Secondary containment forms are solid materials that
serve as a matrix for incorporating various primary waste
forms.

Metal Matrix Composites and Metal Containers

Metals can be used in the solidification process in two
ways: ( 1) as a secondary containaent matrix for any of the
primary forms (especially supercalcine or glass) , and (2) as
the outer container f or transportation of the solid form.
The principal advantages of metals as a macrix material are
their high thermal conductivity (lowering the steady-state
center-line temperature) and their ability to resist
leaching attack by external solutions. Use of metals for
the oute r container provides mechanical strength, inportant
during transportation, ano corrosion resistance, important
principally in a retrievable emplacement phase. For these
reasons, metals are generally considered the best material
available for outer containers even though, on a geological
time scale, all but the noble metals would be much less
stable than ceramics such as alumina.

The metal matrix form is designed at presert to consist
of large solid metal cylinders of lead or aluminum,
typically a meter or so in length and 10 to 20 cm in
diameter, that contain uniformly distributed heads or
granules of the primary containment form (either glass or
supe rcalcine 2) throughout the metal matrix. The primary
containme nt form represents 25 to 50 percent of the total
volume of the metal matrix.
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A preference for introducing the metal through low-
temperature melt technologies has led to extensive research
on the use of lead but little on the use of aluminum and
titanium. As a possible matrix material, lead has received
an inordinate amount of attention. The prospects for
titanium are good, and f urther study on this netal seems
warranted. (See Cha pter 10, section on metal properties) .

Three methods are currently available for processing
metal ma trix composites: (1) immersion of waste particles
in molten metal, (2) sintering of a mixture of glass or
supercalcine uith metal powder, and (3) compacting and then
sintering a mixture of the primary phase beads and metal
powd e r . A rather diff(rent technology, which warrants more
atte ntio n, is cold isostatic compaction, in which metal
powders are blended with glass beads into a retal container
that is evacuated, welded shut, placed in an argon-filled
chamber, and stressed pneumatically by compressing the
argon.

Technological development of molten metal natrix
composites has depended almost entirely on the ef forts of a
multinational European operation, Eu roch emic , in Belgium.
To date, these composites have been demonstrated up to the
pilot-plant stage. (See Chapter 10 for a detailed
discussion of me tal matrix composi tes. )

Ceme nt/Co nc rete Composites

Concrete is a widely used, well-understood class of
inorganic composites made up of sand, gravel, crushed rock,
or other aggrega tes held together by a hardened paste made
of cenent (primarily calcium silicates and aluninates) and
water. In work on high-le vel solid wastes , supersludge or
supercalcine containing the waste ions are typically
incorporated in place of the sand or gravel. Upon hydration
of the cement (which has the ma jor processing aivantage that
it can take place at anbie nt temperatures and pressures) ,
concrete becomes comparable in strength, hardness, and leach
resistance to many types of natural rock.

Cement-based composites are a promising medium for
containing radioactive wastes. Althougn it is possible to
add liquid wastes directiy to cement or concrete (thereby
forming new, poorly studied primary containment phases),
most of the cement-based composites that are being
considered consist of primary solid waste forns, such as
granules or fine powders of supercalcine or supersludge,
added as the aggregate to the cement. The resulting plastic
waste form now offers a unique advantage: it can be pumped
(gro uted) underground into thin (10 to 40 centimeter) sheets
within suitable geological f orma tions , or it can be cast
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into large cylinders (1 m high x 1 m diameter) tor ultimate
disposal.

The cement / concrete f orm, as wc .1 as providing the major
advantage of simple processing at low te mpe ra t ure , has
surprisingly suitable properties. For example, the
leachability and dispersibility of supercalcine-concrete
composites are probably comparable to those of glass. In
addition, the amount of wast e 2 hat can bc loadcd into a
cene nt-based composite is simila r to the amount that can te
loaded into a glass or metal matrix waste form. The the rnal
stability of concrete is acceptable if temperatures do not
exceed 3000c, but if temperature rea ch t he range of 500-
900oC a complete loss of strength can Le expected. Cement
composite forms theref e appear to te promising tor the
relatively old and dilute DOE wastes, but somewhat less
attractive f or the f resh commercial wastes that have a high
rate of heat generation.

The n.ost sig nifica nt unknown regarding the encapsulation
of cement-based composites in a sealed canister is the
possible buildup of pressure as a result either of the
radiolysis of water and nitrates or of the conversion of
water to steam. Further research is needed, therefore,
before the use of cement composites in sealed canisters can
be judged suitab le. If radiolysis does not prove to be a
significant problem, a cement-based composite is likely to
be t he pref erred waste f orm f or the solidification of DOE
wastes. I nitial studies in this area are currently under
way (Bibler and Orebaugh 197 7, Tingey and Felix 1977).
Although no detailed cost analysis has teen made, the use of
supersludge and "supergrout" com posit ion s , combined with the
well-developed grouting technology, could well provide the
most cost-ef fective f orms and methods for waste
sciidification. (See Chapter 9 for a detailed discussion of
cere nt and concrete composites.)

IIOTES

1 LWR fuel initially contains only uranium. The plutonium
present in spent f uel is produced during irradiation.
Should commercial spent f uel eventually be reprocessed
in the United States, the plutonium could be recovered
and used with uranium as a mixed oxide fuel.

2 Current design of aetal matrices uses supercalcine and
glass, but other solids could be used as well.
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CHAPTER 3

SELECTING A SOLID FOPM

To select a suitable solid torm f or disposal of
radioact ive wa stes, the characteristics of the individual
forms, outlined in the preceding chapter, need to be
considered in the context of the radioactive waste
manage me nt system as a whole. Choice of the node of
operation at each stage will af f ect choice of the waste
form, and vice versa, rurther, choices made at each stage
will affect those made a t succeeding stages. Clearly, once
adequate data are available, common-sense tradeof f s are
called for; in one instance operations may best be modified
to accommodata the exigencie s of the form, whereas in
another case the demand of operations may constrain the
choice of a form. Since a number of dif ferent options may
be available to achieve the given objective of adequate
safety, cost, reliability, and simplicity of pro cess ing
becone important factors in selection once the safety
criterion has been met.

The present chapter discusses the selection process in
terms of the interactions between the form and the syster,
and the influcnce on both of cost.

THE RADIOACTIVE WASTE MA!1AGEMEt:T SYS'IEM

Relative Risks During Operation of the System

The Radioactive Waste Management (PWM) system is defined
to include a range of cperations that begins wit h t he
removal of spent fuel pins f rom tne reactor and ends with
the permanent emplacercnt of spent fuel pins or high-level
solid wa ste in a repository. The na jor components of the
system, as illustrated in Figure 3.1, are storage,
reprocessing, solidif ica tion, t ra nspor ta tion , and isolation.
The options available for both the solid form and the
isolation medium are illustrated in Figure 3. 2. In
principle, the system could require five facilities and fcor
transportation s teps to accommodate either storage and final
disposal of the SFPs t he ms elve s , or reprocessing of the
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SFPs, stor ige of the resulting HLLW, solidification, and
disposal of HLSW.

The focus of this report is the group labeled " Solid
Form Options." However, ;ecause these options and the other
groups of options shown in the figure are interrelated, all
the components of the system need to be examined to
determine the extent to which each a f f ects selection of a
solid form. Furthermore, the time intervals between the
various components--fuel discharge, reproces s i ng ,
solidification, and eaplacement--are impor tant factors in
the overall radioactive waste management strategy. To
simplify discussion, we ha ve divided the syster into three
basic steps: processing, transportation, and emplacement.
Table 3.1 shows the demands made on the solid form at each
step, and the physical and chemical properties of the solid
f orm required to satisfy t hose demands.

Processing

Processing liquid waster into solid torm aust be done in
a way that minimizes the e xposure of worke rs to radioactive
material and at the same time ensures that no radioactive
material will be accidentally released to the environment.
We believe that these purposes are served by using processes
that are a s simple to operate a s possible, that avoid high
temperatures and highly dispersible prolucts, that are
adaptat le to remote operation and maintenance, and that
provide f or quality-control inspection.

Except f or dispersibilit y, tne properties of the solid
form are relatively unimport ant during processing. Studies
done at the Savannah Eiver Plant (U.S. EPDA 1977c) indicate
that the differences in risk to the public between
proce ssing high-level wast es to concrete, glass, or dry
powder a re insig nifica nt. F urt he rmore, the risks
associated with processing appear relatively ainor in
compa rison with those associa ted with transportation.

Transportation

During t ra ns porta tion the wa st e is closer to larger
numbers of people and is in a less secure situation than
during processing or enplacenent. Therefore, the safety
measures required for transportation appear to be greater
than those for other phase s of the RWM system (o ce Dryof f et
a l. 1977, U.S. EPDA 1977c, U.S. NRC 1977).

Pisks of accidental dispersal of radioactive material
are greater during transportation than during Either
processi ng or emplacement, as are risks of sabotage and
terrorism, although the latter are small in absolute terms.

-
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TABLE 3.1

System Cen! ands on the Solid Waste Furm

Emplacement
Processinq Trans po r ta tion Retrievable honretrievable

Objectives Minimize hazard Minimize hazard Maximize stability Maximize stability in

to worker during transpor- in canister for equilibrium with

Minimize hazard tation possible retrie- hos t rock
during storage vability

Maximize stability

versus rock and
groundwater attack

La
a

Properties of Solid Process should be Low solubility, icw Low solubility, good Yields phases with minimum

or Process Charac- simple, adaptable dispersibility. thermal conductivi ty, solubility in equilibrium

teristics for reacte opera- good thermal con- low reactivity with with host rock

tion ductivity, good rock and water
Solid not too dis- mechanical pioper-

persible ties against acci-
dent, minimized
volume

Demand on Solid Solid properties Maximum demand on Container properties Physical properties
gjg
gyg Properties unimportant solid properties important; knowledge no longer important;

of thermal properties insolubility of post
q7) significant reaction phasesq) import an t

,;
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Therefore, the number of transportation steps entailed by
any pa rticular system (Figures 3.1 and 3. 2) will be
important in determining the demands made on tLe solid form.
It is during transportation that it is most important for
the solid form to have a low solubility in typical surf ace
waters and be nondispersible.

It should, however, be noted that the increased
precaution required during transportation is short-lived.
Some RW:4 pla ns, moreo ver , pa rticularly those for DOE wastes,
ca ll for on-site dispcsal of wastes, thereby obviating the
need f or tra nspo rtation. If the transportation step wcre
eliminated, demands on the solid f orm might te significantly
reduced.

Transportation risks a f f ect selection of a solid form in
two ways. First, the degree of risk depends, to some
extent, on how much material is being transported; the re f ore
the amount of wa ste that can be incorporated into a given
solid form (wast e loading) is a consideration in choosing or
rejecting that form. Seco nd , the physical properties of the
solid form such as leachability, dispersibility and
vola tili ty , might render it less or more hazardous after a
transportation accident. Transportation risks f or three
solid waste forms have been calculated and compared in a
rece nt study by The Analytic Sciences Corporation (1978).
The results indicate that the netal matrix fora is superior
to glass which, in turn, is superior to calcine.
Furt he rmore , the calculated risk f rom transporting either
glass or metal matrix forms appears to be small in
comparison to risks incurred during other stages of the LWR
fuel cycle (Nuclear Energy Policy Study Group 1977). Pisk
analyses such as those performed for metal, glass, and
calcine have yet to be made for all the solid forms
discussed in this report. Such analyses are essential for
determining.the suitability of the various forns.

For tihe policynaker concerned with public acceptance of
a pa rticular waste f orm in a particular system we can point
to a helpful comparison. By examining the properties of
spent fuel pins and their vulnerability during handling and
transportation, future r isks f rom high-level solidified
wastes can be compared with those now teing taken.

Emplacement

of the various methods that have been proposed for
permanent disposal of nuclear wastes, emplacement of the
solid form in a geological formation on land is currently
favored in the United States. There is some con f usion about
the nomenclature of such formations. Technically each
geological formation is a pa rticular rack type. Hence, the
terms " host rock" and " geological formation" may be used
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interchangeably. Frequent ly , a misleading distinction is
made between sa lt, shale, and " crystalline" rocks. All the
candidate host rocks considered for RWM are corposed of
crystalline materials. Therefore, the only terms used in
this report are the proper rock names: sa lt (bedded or
dome), shale, granite, basalt, and so on.

Rece nt a na ly se s (Dryoff et al. 1977, U.S. URC 1977)
indicate that risks af ter emplacement are smaller than
during t ransportation or processing, and that the nature of
the solid form, in particular its solubility, nakes a minor
difference to an already relatively small risk. The APS
study (1978), on the othe r ha nd , indicates that if a leach
rate of 10-7 g/cm2/ day or lower were " reliably achievable,"
the waste form itself could provide a meaningful barrier to
radionuclide release. It should be noted that the above
studies have not examined the range of waste forms
considered here; nor have they considered :n detail the.

significance of the interaction between waste and rock,
although a particular waste / rock interaction, under
appropriate hydrogeological conditions, might te desirable,
and could therefore to an important consideration in
selecting a solid fore.

During geological emplacement, there may be a relatively
short phase when the waste is retrievable, during which the
integrity of the container will be important but the solid
form itself will be relatively unimportant. The final
"geologica l time" pha se, however, will provide an
opportunity f or substantial interaction of the solid waste
with the host r oc k. After 100 years, the physical
properties of the original solid may become relatively
unimportant, while the chemical properties produced by the
interaction could become significant. This interaction,
which may prove de sirable, will be very strongly af fected by
the presence of water and by the high temperature of the
waste.

Inso f ar ac a repository is designed to assure isolation
of the wastes for a few half-lives of plutonium (1 half life

24,360 yeare), one must consider the nature of the=

containment system a f ter the high-temperature , radioactive
waste has reacted with the rock. Al though a suitable
repository is expected to be failsafe, regardless of the
characteristics of the wastes stored within it , the concept
of " multiple protection barriers" requires that the final
solid forms have a minimum solubili.y and thus a minimum
rate of release of ions.

Pesearch on waste / rock interaction has only just been
funded (Pennsylvania State Universit y 1977), so that direct
data on the topic are not as yet available. Several
generalizations can, however, be made on the basis of the
related, rather extensive, geochemical literature.
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1. Under t he conditions expected near the waste
canisters within a geological repository, i.e. t empe ra tu re s

from 200 to 8000C, modest pressures of 1 to 300 bars, and
the presence of water $ rom cavities, hyurated minerals, and
so on) , extensive interaction and alteration of the original
wastes is certain.

2. Such interactions will af tect glass more than any
of the crystalline forms.

3. Salt will be mo re reactive (because of the
differences in free energies) with oxide wastes than will
granite or sha le.

4. Not all inte racti ons between the waste and the hout
rock lead to products inferior to those originally present
in the waste form. However, extensive studies will te
necessary to determine what is likely to occur in each
part icular case.

5. Because common mine rals of soil, shale or granite
can fix radionuclides throuan sorption, studies should focus
on this process as well as on reaction.

A lt houg h , it is not feasible to wait for a thousand
years or more ro verif y experinentally the long-term
stability of high-le ve l solid wa ste forms, an examination of
various natural minerals (especially those containing ions
found in radioactive waste) that are a quarter of a million
or more years old can te instructive. For exanple, certain
natural minerals contain decaying radionuclides that
influence the crystal structure and weathering behavior of
these minera ls. Thus, studies of the phenomenon of
me tamict izat ion (structural damage in minerals caused by
radiation or particle tombardment) provide some indication
of the msgnitude of the effects of radiation and
transmutation on the crystal structure and stability of
various solid wa ste forms. With respect to mineral phase
stability, nature gives a cood indication of the specific
crystal structures that be st resist dissolution, alteration,
and weathering under near-surf ace conditions. Those phases
that survive a million yea rs of changing geological history
provide assurance that mineral or phase "statility" for a
million years is quite common. Thus, the minerals of
various teach sands form excellent prototype structures for
waste encapsulation at the atomic le vel. Likewise, they
denonstrate that glass, which may be an adequate waste torn
under pa rticula r system conditions (d r y, low temperature) is
not among the best materia ls.
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Optimizing the Systcm

Protection f rom the hazards of radioactive waste at
various points in the waste mana geme nt system is provided by
a combination of sur ve illa nc e , isolation, and
i mmobili za tion .1 Figure 3.3 illustrates the pat h o f t he
high-level waste as it moves througn five different steps in
the system. The shaded volume near the origir represents
those situations whe re a n unaccontab_lc degree of risk
exists. Optimization of the system requires keeping the
path of the radioactive wast e i tar tram the origin as
poss ib le , at minimum cost.

As we follow the path, we find: dLLW at tf(
re proces sind pla nt is highly mobile and requires
considerable surveillance. Solidification of HLLW greatly
increases immobiliza tion. Transportation to a surf ace
storage f acility reduces t he need for surveillance, but
increases the isolation of t he wa s te s . Emplacement in a
deep geologic repository f urther increases tLe isolation of
the waste while limiting the need for and the feasibility of
surveillance. After several decades, if appropriately
planned, the reaction with the host rock enhances
immobilization and f urther decreases the need for
su rve illa nce .

As explained in Chapter 1, the total RWM system of fe rs
mu lt i ple ba rriers against release of radioactive materials.
Each of the ba rriers nay be designed to provide as much
protection as possible. By naximizing the ef ficacy of each
separate barrier, the effectiveness of the system is
na ximize d .

For example, t he transportation cask can te designed or
the geological formation selected so that practically any
s olid form would be satisfactory. However, selection of a
system by the decision maker will clearly involve tradeof fs
among the various le ve ls of protection and the costs of such
protection. The a na lysis in this re port enunera tes a full
range of options, to provide the decision maker with
inf ormation essential for a rat ional choice.

sone examples may help to illustrate the kind of
tradeoffs involved in deciding between available optionc.

The nunber of transporta tion accident s is expected to te
roughly proportional to the number of shipments made. Ba sed
on this assumption, the "best" f orm would te the one that
possessed the maximum content of wastes per unit volune. On
the ot he r hand, if transportation were eliminated by
locating the disposal site and solidification plant
together, less costly, high-volume technolog ies mig. t te
preferable.
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The heat gene ration ra te of radioactive wastes is
largely dependent on the age of wastes (t hat is, the time
spent in the st o ra ge pools) (see Table 3.2). The solid
forms most s uita b le tor fresh (o ne - to two year-old) wastes
will te different f rom the f orms suitatle for those wastes
(such as the vast majority of the DOE wastes) that are
twenty to thirty yea rs old . Furthermore, the acceptable
thermal loading of the repository may vary with the
characteristics of the geological formation, tLereby
ruqqesting use or still a different solid form.

COST AS A FAC'!OP IN WASTE FORM AND SYSTEM SELECTICN

Tr e difference in degree of risk resulting f rom the
va r i o'is solidification an:1 systems options appcars to be
relative ly small . Indeed, in many cases it may be dif ficult
to cloose betwee n two technologies on the Lasis of s a f et y.
In euch cases, the cost of each of the options, togetner
witl t he simplic ity and re liability of the process may be
the best criteria for choosing among the various options.
Although the question of cost has only recent ly attracted
public attention (see, for example, U.S. Congress, House
1977]), it will a lmost ce rtainly become a major factor int

rutare decisions about radioactive waste management.

The determination of h ow muc h we a re prepared to pay for
wnat degree of safety is a political judgment inappropriate
for this Panel to nuke. Neve rthe le s s , to assist the
policymaker who is responsib le f or making such decisions,
accurate inr orma tion on tne costs or alternat ive waste
ma na g e me nt strat egies aust be provided. The Panel belie ven
that this inf ormation is of ma jor signifi:ance to rational
policy planning.

EFDA Cost Es t ima te s

Pe ce nt ly, do cune nt s (U.S. CPDA 1977a, U. S . EPDA 1977b,

U. S. ERDA 1977c) from each of the tnree tajor laboratorics
(Hanford, INEL, and SPP) have imcome available t hat provide
preliminary estimates for the total costs of alt ernat ive
stratecu $ t or solidif icat ion and disposa l of de f ense
radioaD* ve wastes. These costs are t urt her broken down
into component costs for each of the steps required in a
g ive n s t ra te g y , i.ncl ud ing solidi f ica tion. In Table 3.3,
several ot the t otal cost estimates are liste d f or
i llu st ra tive pur pose s. (The total costs for all a lt e r na t ive
strategies considered in the se studics are presented in
Appendix A; interested readers should also consult the
refe renced a rtic les f or de tails rega rding each strategy
listed.) While these attempts to derive cost f igures a re
highly commendable, the Pa nel believes that the present
f ig u re s should be regarded as only approximations. Efforts
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TABLE 3.2

Rates of Heat Generation from Rgdioactive
Decay of Typical LWR Spent Fuel-

Time Out of Reactor kW/MTU

160 days 18.5

1 year 9.2

10 years 0.86
-

The values stown are for fuel irradiated
at 35 MW/MTU to a total burn up of
25,000 mwd /MTU.

Source: U.S. ERDA (1976b).
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should be made, therefore, to continuously upd tn such cost
figures which are es se nt ia l f or rational policymaking.

Too many uncertainties are involved to allow the Panel
to anness t he accuracy of the new detailed estimates (the
authors, themselves, e xplicitly mc ntion the linitations) .
Nevertheless, the fact that each study used a consistent set
of assumptions as a basis for deriving cost estimates should
allow a reasonable compa rison to be made of a wide variety
of alternativ- nians. I n addition, these estiaates indicate
that the totg1 cost f or implenenting the solidif ication,
transportation, and isolation of the def ense wastes will hc
very large, i.e., as high as 30 billion dollars or more.
Implementation costs f or t he Hanford wastes alone range up
to $27.2 billion (U.S. EPDA U77a:2-4). In light of the
magnitule of such costs and the fact that large differences
(one to two orders of magnitude) exist in the cost-
effectiveness (costs / risk reduct ion) of competing options,
the continued improvement of tae init_al- "first
gene ration"--wante management system and the development of
a more cost-ef f ective- "second-ge eration"--system could
re sult in significant savinos to the public, with relatively
small change in risk.

RANKING THE SUITABILITY OF SOLID FCFMS

Applying the c . eria described abov<, the Panel has
'

analyzed, in a q ua lita ti ve manner, the relative suitability
of each solid form for three types of waste considered to te
most representative. This a nalysis places the f orms in rank
order according to their suitability for e ach stage in the
s ys t e m-- Proc e s s i ng , Transportation, Emplacement--and t he n
ra nk s them in terms of cost. The ranking is summa rize d in
Table 3. 4 and pr ovides some of the most important findings
of the Panel rega rdi na the science a nd engineering of waste
solidification. In several areas, our knowledge is not yet
sutt iciently precisc for rationally choosing the nost
suitable solin waste form in a particular system. However,
given the expec sed five- to ten-year period likely to elapse
before large-scala solidification of c '~ercial wastes in
req u i red , the E6I necessary to improve this situation can,
in our opinion, be done ade:Iuately.

The types of wastes considered arc: Category A, the DCE
or " military" wa s tes (most of these wastes are more .n 20

'

years old) ; Category B, te n year o1J commercial wastt_ ; and
Category C, two- year old c omnercial waste s . For many
purposes the distinctions be twr e n B a nd C a re relatively
small, and therefore, the table categorizes them together as
" comme rc ia l . "
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TABLE 3.4

Relative Desirability of Solid Waste Forms During Processing, Transportation, and
Emplacement and Relative Costs of Processing ^

DOE: Category A Commercial: Categories B 6 C

Processine Supersludge/ Cement Matrix S fps (?)

(simplicity, Supersludge/ Ceramic Supercalcine/ Metal Matrix (cold)
efficiency, and Supercalcine/ Metal Matrix (cold) Supercalcine/ Metal Matrix (hot)
reliability of Supercalcine/ Cement Matrix Supercalcina/ Ceramic
p ro cess) Supercalcine/ Ceramic Supercalcine/ Cement Matrix (?)

Supercalcine/ Metal Matrix (hot) Glass
Glass Supercalcine/ Glass (?)
Supercalcine/ Class Glass / Metal Matrix (hot)
Class / Metal Matrix (hot)

Transportation Metal Matrix Metal Matrix
Ceramic (high temp) Ceramic (high temp)

Class Cement Matrix (?)
Cement Matrix Class
Supercalcine SrPs

Supercalcine

Erplacement

A. Retrievable No dif f erences in form. Metal Matrix, Ceramic, Glass,
Containers of titanium, copper Cement, SFPs, Supercalcine,
to be studied. Supersludge/ Cement

B. F e rman en t Ceramic (low temp) Ceranic (Icw terp)
(different Ceramic (high temp) Ceramic (high temp)
ordering in Ceramic / Metal Matrix Ceramic / Metal Matrix
different Cement Matrix Glass / Metal Matrix
rock formations) Glass Cement Matrix (?)

Glass
S fps (especially in presence of
0)2

_ ___________________________________________

Process Costs

(Estimates based Supersludge/ Cement-grouted SFPs (?)
on conplexity) (" Super Grout") Supercalcine/ Glass

Supersludge/Cerent in centainers Glass
Ceramic (Iow temp) Supercalcine/ Ceramic
Supercalcine/ Ceramic Metal Matrix
Glass
Supercalcine/ Glass
Metal Matrix

N PT E : (?) designates insufficient data,

i The order of the forms within any box implies a qualitative ranking (top-best,
bottem-worst). However, the resolution is such that not too much weight should
be attached to minor differences in ranking.
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TABLE 3.4 (continued)

Legend

Supersludge/ Cement Matrix: A mixture of tank sludge with clays, zeolites,
and inorganic gels (supersludge), bound
together with cemen t. This could be grouted
or cast into containers or caverns.

Supersludge/ Ceramic: Supersludge fired to a low-temperature ceramic.

Supercalcine/ Metal Matrix (cold): Supercalcine granules dispersed in a cold
pressed titanium or similar monolithic billet.

Supercalcine/ Cement Matrix: Supercalcine bound together in cement.

S u perc al ci ne/ Ceramic : Supercalcine sintered to a high-temperature
ceramic.

Supercalcine/hetcl Matrix (hot): Supercalcine embedded as granules in molten
metal.

Supercalcine/ Glass : Glass made by adding glassification components
into liquid s tream.

Glass / Metal Matrix (hot): Glass beads embedded in molten metal .

Ceramic / Metal Matrix: Ceramic granules embedded in metal.

Ceramic (low temp): Ceramic forms nade by low temperature processes.
Includes supersludge/ceranic, aqueous silicate,
ceramic sponge (see Chapter 7).

Ceramic (high tenp): Ceramic fnrns made by high temperature processes.
Includes supercalcine/ ceramic, fusion cast
ceramic, glass ceramic (see Chapter 7).

Ceramic : All ceramic forms,

tietal Ma trix: All metal matrix forms including supercalcine/
metal matrix, glass / metal matrix, ceramic /tretal
matrix.

Cerent Matrix: All cement matrix forms including supersludge/
cement matrix, supercalcine/cerent matrix.
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Categories of Waste

A. About 265,000 m3 of the DOE wastes are currently
being stored at three ma jor f ederal facilities as a mixture
of crystallized salts (such as NANO 3), oxide sludges
containing most of the radionuclides, and the supernatant
solutions containing much of the 137Cs. Because most of the
DOE wastes are more than 2 0 years old, a large proportion
(about 90 percent) of the total activity originally present
has deca yed, so that the heat generation rate is quite low.
Since reprocessing of commercial SFPs is deferred
inde f inite ly , the DOE wastes are the only major class that
must inevitably be solidified.

3. Owing to the current national policy deferring
re proces sing a nd solidification of conmercial wastes, spent
fuel is currently teing st ored above ground in the form of
SFPs. By the time a change in reprocessing policy could
raise the prospect of soliditication for t hese wastes , a
s ig nif ic a t:' inventory of ten yea r-old spent fuel will have
been a ma s sed. Moreover, if and when reprocessing does
beg i n, increa se s in available pool storage should allow sone
of the future inventory of s pent fuel to cool for several
years. Such cooling would d rastically diminish the the.~' 11
output and the activity of t he s pe nt fuel, reducing the
demands on the solid f orm and thereby increasing the numrer
of suitable options. Further cooling of HLLK after
reprocessing is also a policy option, although it is limit ed
by a Nuclear Pequlatory Conmission requireme nt that such
wastes be solidified within five years of production.
Hence, at least up to the ye a r 2 0 0 0, tnere could well te a
class of wa stes which we sha ll call generically " ten-year-
old commercia l. " Policy decisions mignt, nowever, postpone
solidification to the point where these wastes becoae
equiva le nt to Ca tegory A above.

C. In the future, it is possible that increased use of
nuclea r powe r will c reate a situation in which the
throughput of fuel is so great, that two-year-old wastes
will have to be processed.

Principal Criteria Used in Fankings

As is clear trom Table 3.4, the age of the wastes was a
ma jo r de te rmina nt in the Panel's ranking of solidification
processes. To understand these ra nP i ngs , the tasic
distinct ion between recommending fores for the DOE wastes
and the possible f uture fresh comxercial wastes must te
clearly understood. The f ormer cons ist of neutralized
sa lt s , sludges and liquids with low activity and resultant
low rates of heat generation. Hence any solid waste form
made f rom DOE wastes and containing 20 to 40 weight percent
of the waste will not gene ra t e tempe rature s above
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approximately 2500C in canisters of the size typically used.
Thus waste forms, such as concrete composites and low-
temperature ce ramics, that are stable to t hese temperature
limits are adequate and pref erred on grounds of process
simplicity. Use of the Oak Ridge National Laboratory (OPNL)
grouting proce ss provide s further simplification and cost
savings. On the other hand, two year-old commercial wastes
gene rate centerline temperat ures of 500 to 8000C in similar
configurations. For these, ceramic torms that possess both
thermodynamic and thermal stability are clearly desirable.
Glass, especially in metal matrix forms, remains an option;
but, as a second generation solution, the Panel feels that
glass is likely to prove less desirable in terms either of
cost or of stability.

In ranking solid form options, the Panel considered
that, tor processing , the form cnosen should minimize the
exposure of equipment to high temperatures because high
temperatures inc rease the threat to long-term engineering
stability and reliability of the system, increase the
volatilization of wa ste components, and increase the need
for replacing equipment.

Under the heading of t ra nsportation, solid forms were
ranked according to their re lative fragility,
dispe rsibility, and solubility in surf ace water at anbient
te mpe rat ure.

Under the heading of emplacement, the principal
criterion was the stability of the inscluble form in contact
wit h rock and water under physical / chemical conditions
expected in the repository. Tne ranking of spent fuel in
terms of perma nent emplacement wa s influenced by the
possibility that, in the f ut ure, attempts might be made to
remove the plutonium and uranium f rom th e spent fuel pins.

Cost Criteria and Considerations

The principa l criterion used by the Panel in deriving
its rankings in Table 3. 4 was process complexity, knowledge
of which was based on industrial experience in producing a
variety of technological products for purposes unrelated to
radioactive wa ste managene nt. The costs of transportation
and emplacement were not considered since they depend on the
choice of a pa rticula r disposal plan.

Some of the new EFDA data support the Panel's findings.
For example, the study at INEL (U.S. EFDA 1977t) estimates
that the cost for processing a metal matrix is greater than
the cost f or processing a glass-ceramic. As another
example, the study at SRP (U. S. ERDA 1977c) estimates that
the processing cost for glass is about three times es great
as that fo r ce me nt . However, the study goes on to say that
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"because of the high cost of containers and storage
facilities, the smaller volume glass waste product is not
significantly more e xpensive than the higher-volume concrete
product in overall plan costs. . . . " The Panel disagrees with
this statement, firding that a cement composite can hold as
much waste per unit volume as can a reasonably insolutle
glass. (See Chapter 9, section on state-of-t he-art review.)

Finally, as recognized in the INEL study (U.S. ERDA
1977b), it is importa nt to note that because the
technologies for glass and calcine production have received
such a commanding proportion of RSD f u nd s (90 percent since
1950, see Cha pte r 4, Table 4. 2) , cost estimates for these
technologies a re much more reliable than those for other
technologies.

SOME SOLIDIFICATION PLANS SELECTED BY THE PANEL

The principles developed earlier in the chapter show
that the re is no " te s t " form that can be recernended
unive r sa lly. I n stea d , t he wa st e form chosen for use in one
system may not be the most suitable choice in another
system. The f our solidification plans outlined below have
been devised, on the basis of the ra nkings depicted in Table
3.4, to illustrate some of the more promising (t hough ty no
means the only) options. Each treatment described is
suit able f o r a pa rticular type of waste and is compatible
with specific rock types and transportation requirerents.

DCE Waste

Plan I

1. Flush out tanks anu separate sludge from supernate
(a lka line liquid f raction of 3OE wastes) . Wash sludge and
mix wash fluids with super na t a. Pass supernate over
optimized zeolite-clay-gel bed to extract 13 7Cs and 9 0 Sr a nd
other ra dionuclides.

2. Combine ted-adsorbents with sludge, and at the sane
tine add necessa ry components tailored to give total
composition of optimized " su pe rs l udg e-co n c r et e . "

3. Eit he r: Ca st concrete cylinders in 6 mm titanium
or stainless steel cans 1 me te r diameter, 1 to 3 meters
high. A f ter concrete has set, heat to 1500C, outgas, and
weld containers to seal.

A lte rnatively: G ro ut supersludge-concrete into tedrock
layers or caverns on site usina, for example, the ORNL
grouting technology.
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4. Stack containers in frame for retrievable storace.
Add tailor-nade overpack materials to form protective laye rs
duri ng retrievable phase, and as an additional barrier
during perma nent isolation.

5. To keep transport ation to a minimum, locate
repository on site. At Ha nf ord, for instance, horizontal
tunnels could be used in Pattlesnake Hills.

Plan II

1. Centrif uge and sepa rate solids in sludge from
su pe r nat e.

2. With these solids make supe rs lud g e , and from it a
cement-composite to be grouted or cast into cylinders.

3. Prepare porous ce ra mic pre- f orms (large bricks)
from tailor-nade zeolites and related phases specifically to
sort the radionuclides of the supernate.

4. By repeated filtrat ion through pre-f orms , remove
most of the ions from the supernate.

5. Consolidate ceramics by sintering belcw 1,0000C to
f orm mod e ra te- s t reng th , crystalline ceramic bricks.

6. Fill canisters with reacted pref orms.

Fresh Com.Tercial Wart e

1. Locate solidification plant adjacent to
reprocessing pla nt and storage facility to keep
transportation to a minimum.

2. Solidif y HLLK to supercalcine pellets tailored to
contain radionuc lide s in stable ceramic phases.

3. Blend pellets to 20 volume percent of the charge,
the remainder being commercial purity aluminum powder.
Contain in an aluminum can. Veld to seal. Isostatically
compact at 3000C to near 100 percent density. Dimensions of
compacted cylinders: 35 cm diameter and 7 0 cm in length.

- Volume perce nt selected to permit continuity of
Aluminum matrix, not o f pellets.

- Low processing te mpe rat u re reduces reaction with
processing equipme nt , eliminates volatilization
problems.
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- Aluminum selected f or ease of def ormation during
processing, thermal conductivity, cost, limited
reactivity, and corrosion resistance.

- Size of cylinders selected to limit size of
processing equ .ent.

4. Emplace cylinders in 3 mm thick titanium cylinder
and weld titanium container.

- Titanium selected for corrosion resistance, lack of
reactivity.

5. Emplace titanium cylinders in salt, shale or
granite for retrievable storage or final disposal.

Olde r Comme rcial Waste

1. Locate solidification plant adjacent to
reprocessing pla nt to avoid transportation problems.

2. Solidify HLLW to a calcine, mix with a suitably-
selected glass f rit, and convert continuously to glass in a
Pochet-type (see Chapter 8, section on evaluation of current
D F, D) joule-heated ceramic ne lte r for vitrification.

3. Solidif y molten product in titanium canisters.

4. Emplace caniste rs in salt, shale, or granite for
retrievable storage or final disposal.

Costs of Panel's Plans

The systems choices made by this Panel, and enumerateo
above are sufficiently similar to the alternat ives described
in the three ERDA documents (See Appendix A) to permit some
cost comparisons of solidification plans. For example, the
typical plan using concrete envisaged by the Panel for DOE
wastes is not ve ry dif ferent from the SRP pian number 9 and
the Hanford plan number 6. Simila rly the plan using " dry
powder" (SEP number 14-17) can be compared with the
supersludoe and low-temperat ure ce ramic options.
Furthermore, the pumping of s upe rg rou t , an option especially
recommended by the Parol f or f urther study, can be compared
with one of the lowest cost options discussed in the EPDA
documents, that is, SRP plan number 22, which calls for
disposing of the liquid wa stes without containers in the SRP
bc arock caverns. It is surprising however, that a groutino
plan such as the one described by the Panel, is not
explicitly discussed, since ORNL has had actual experience
with this process and cost figures should be a va ilable .
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SUMMARY

Since the total radioactive waste management system
relies heavily on protection provided by a set of mu'.tiple
barriers, it is important to consider each individual
barrier, including the solid waste form. In choosing the
solid fo rm f or a given system, one must consider its role in
the processing, the t ransportation, and the emplacement
stages. Although, among these three stages, the total
hazard to the public during transportation appears to be the
higaest, the hazard is still relatively small and the
dif ferences in risk among the individual forms are not well
know n. In selecting a solid form, t he re f o re , it is
important to consider not only which f orm will perform best
in an unlikely transportation accident , but also such
factors as cost, and simplicity and reliability of
engineering. It is possible that cost, rather than the
properties of the solad wa ste form, may become the more
important determinant of selection. The relative weight
that should be given to cost and safety, however, is a value
judgment which is inappropriate for this Panel to make.

I1OTE

1 As the radionuclides in the wastes decay, thc wastes
become less hazardous and consequently the amount of
protection required decreases. The time scale f or this
to occur is on the order of hundreds of years for the
major fission products (137Cs and 90Sr) and hundreds of
thousa nds of years f or 2 3 SPu.
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CHAPTEP 4

PESEARCH_AND DEVELOPMENT
FOR RADIOACTIVE WASTE SO LTDT FICATION

B ACKGRO UND

The practice of storing high-level wastes, in their
liquid form, in heavy-walled steel tanks was expedient and
adequate in wa rtino. As this practice is extended longer
and longer into the postwar era, delay in developing and
implementing solidification procedures becomes less
de f e nsib le (see e.g., Kubo and Rose [ 1973 ] and the Nuclear
Energy Policy Study Group [ 1977 ]) . Some of the possible
reasons for the delay are worth mentioning here because they
provide a perspective for our recommendations.

ouring the e ra of big and new science of the 1950s and
1960s, the expansionist emphasis of the nation's science
policy was felt pa rticularly strongly in tne energing area
of nuclear energy. An important ef f ect o f this emnhasis was
a comparative neglect, reflected throughout that period in
the AEC budgets, of the "back end" of the nuclear fuel
cycle--including the manag ement of radioactive wastes.
Harvey B rooks, speaking at the Denver Conference in 1976,
summarized the position thus:

"In the first years a f ter the war the waste-
disposal problem was never attacked with a real
sense of urgency. Fesea rch and development
expenditures were relatively sm111, and the whole
problem had little prestige or glanour amorq the
scientists and engineers who were reing attracted
to tne new and growing field of nuclear energy.
rne tew competent peop le who chose to work in the
field got little recognition for their efforts; for
example, so f ar as I can remembe r ne ither the
prestigious Enrico Fermi Award nor the more
numerous E.O. Iawrence Awards ever went to an
' atomic scientist' f or a contribution to waste
ma na geme nt" (Brooks 1976).

Given the prevailing f ocus of science po.licy during
t h:> s e ye a rs , it is "nde rstandable that the accepted view of
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HLLW management as a minor engineering problen remained
unchallenged, and consequently that the relevant expertise
in the scientific community was not tapped to research the
problem with the vigor it me rited . One result of this
attitude and policy appears to have been the early
acceptance, on slender evidence, of glass as the prime
candidate for the solid form. To our knowledge, no research
f rom any of the count rie s principally concerned--France,
Britain, and the United States--substantiated the premise,
on which the choice of glass would seem to have been based:
that natural glasses are " stable" in natural environments.
The data supporting the case for the stability of glass were
largely erroneourly interpreted: in fact, natural glasses
are rela tively ea sily weathered materials, especially when
water is present , and only the high-silica phases survive
tcr any significant length of time. In the absence of
expert evidence to highlight these limitations, a large
proportion of the small ef fort on solidification of HLLW was
concentrated on developing various glasses as the like ly
solid form.

The disproportionate emphasis on glass meant that, until
1975, the small research e xpended on the large number of
other possible f orms was sporadic and uncoordinated.
Calcine, because it was regarded as a possible precursor to
glass, predomina ted among the alternative candidates;
concrete, ceramics, and va rious composites were also
considered. With the exception of some studies of concrete,
however, most a lternative solid waste forms have been
researched only in the last four years, and the level of
effort has been striking ly low. Furthermore, the scientific
community in general has not been involved in the problem.

Our present assessnent i s th a t , while specific glasses
may be an acceptable solid f orm f or a specific waste
mana ge me nt s y s te m , glass cannot be considered the best or
unive rsa l choice. Furthermore, to confine virtually all P6D
to any single solid waste form, cor.sidering t he variety of
HLW management s ystems neede d, is likely to be extremely
wasteful and costly in the long run. The argunent that it
is best to concentrate on a single technology, even if it is
not the best f or all syste ms , is not convincing. Alt hough
glass may be adequate as a first-generation sclution,
parallel work should proceed, at a reasonable level, on
alternatives if their promise is substantial. At pre se nt ,
many o f these alternatives are possible, but an adequate
data base has yet to be deve:oped for choosing among them.
The Panel, in fact, feels Ulat a basic scient ific
understanding of the performance required of the solid forn
is la c ki ng . Eve n le ss in evidence is an adequate plan for
R&D on the materials sciences related to solidification. In
the absence of such a plan, there has been, for the last
decade or two, research on particular favored solutions
proposed, engineered, ma na ge u , and executed Ly individual
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labo rato ries . Among these, there have been only two
" successful" solidification programs in the country.

The IITEL calcine program has been producing and storing
calcine without much dif ficulty f or many years. The product
could be improved (i . e . , by making supercalcine) , but the
process has been well ma naged. The CPNL grouting program
(f or low and internediate level wastes) , which also had
limited PSD f und ing , has also produced a functioning systen.
These programs of fer evidence that the problem of waste
solidification is tractable. Unfortunately, ccoperation and
interaction among dif ferent wa ste solidification programs
have been weak or nonexistent.

The climate that f ostered neglect of radioactive waste
management during the 1950s and 1960s has begun to change in
recent years. I nc reasing public concern over the problem
has begun to be reflected in actions taken by professional
societies and the federa l government. For example, the
American Physical Society has just completed a major study
of t he nuclea r f uel c ycle , including waste management. The
Materials Research Society, the American Chemical Society,
and the Anerican Ceramic Society are planning to hold
symposia on waste management in the near future. Within the
governm3nt, the Departnent of Energy has recently placed a
high priority on basic research related to waste management
(U.S. DOE 1978). In general, there appears to te a growing
awareness that t he c urre nt technical data base may not be
adequate to support future decisions and regulatory actions
rega rding radioa ctive waste management. This chapter
attempts to define past deficiencies and current gaps in
information so that, with tne advantage of hindsight, future
researcn can be tailored more adequately to the needs of the
decision makers.

I!iADEQUACIES Iti KriOWLEDG E
AtiD PESEARCH ON SOLIDIFICATIOli

During the course of this study, the Fanel has reviewed
the availability of information that it felt was required to
make important judgments (see Appendix C f or a discussion of
European P 6D on Waste Solidification) . While in many cases
such inf ormation was readily available--there are excellent
computerized abstract ing services , and DOE and contractor
personnel provided a great numbe r of reports and other
documents--in some areas, the knowledge Lase was inadequate.
Some gaps in kncwledge toward which increased research
attention shoulo be directed are:

1. As a problem in mate ria ls science and engineering,
waste solidification would clearly benefit fran the
syste matic approach normally applied to " mat er ia ls
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sele ct io n" in most advanced materials industries. Efforts
to apply this approach need to be developed.

2. Detailed, developed knowledge of the actual
chemical phases present in spent f ue l is lackirq. In view
of the current U.S. governme nt policy on reprocessing and
the possible disposal of f uel elements, this information is
essential.

3. A great deal of basic research has been done on
radiat ion damage in solids. But, since very few bulk
effects that can translate into chemical changes occur at
tt- radiation levtis involved (50. 1 to 1 displacements per
atom), the la rge store of knowledge is of little value in
unde rsta nding wa ste so2idification. From the relevant data
that are available, it is clear that solid-state radiation
damage is not a se rious problem. Cn the other hand, two
other radiation effects, both inadequately understood, may
lead to problems and may be releva nt to solidification
decisions. The first is the radiolytic decomposition of
hydrated phases in the presence of high-surface-area solids
and at elevated te mpe ra t ures . The second is the influence
of trans mutation on structural stability- a phenonenon that
could have a n influence in 25 to 35 years on the one- or
two-phas e solids containing substantial amounts o. 90Sr or
137C3,

4. The science of experimental geochemistry, which has
laroely come into be ing si nce 1950, can Le used in
developing an understanding- of solidification. The
experimenta l tools that ha ve been developed (e . g . , high-
pres s ure , high-t empe ra ture vessels) allow simalation of
virtually any geochemical condition that .a s ever existed
wit hi n 100 kilometers of the earth's s ur f ce . From
expe rime nts of varying d uration, application of appropriate
theory, and comparison with other mine ralogical data, onc
can predict or explain natural systems where millions oi
ye ars are involved. Thus, the technique for simulation of
the waste-in-rock situation is quite routine. Such
simulation experiment s under hydrothercul conditions with a
variety of solia forms in a variety of rocks will provide a
re liabi.e guide t o t he beha vior of radionuclides after
emplacement.

5. The design of ceraalc materials at the atomic or
mole cula r leve l is now well advanced i n ma ny industrial and
university laborator ies, but so f ar the types of materia ls
studiod dif fer considerably f rom those that n ight be
apprcpriate f or radioactive waste solidification. In
pa rt ic ula r , one of the major solid forms under
consideration, a c eme nt- su pe rs ludge camposite, relies o n t he
interactions of clays and zeolites (aluminosilicates of the
sheet and network families) or noncrystalline ge ls wit h
complex mixtures of iono to i mobilize the radionuclides of
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int e re st . These reactions, as well as those tha t occur when
calcium hydrosilicates or cements are added to the system,
are not adequately underst ood. Yet it is almost certain
that solid waste buried in geological formations will
ultimately be subjected to conditions where reactions of
these types take place.

6. Additional basic data art needed on the adsorption
of ions on simple and conplex mixtures of natural silicates
at low temperatures, including possible chromatographic
se pa ra ti on. Again, solid waste buried in geological
formations will, at some point, almost certainly be
subjected to conditions where interactions of this type take
place.

7. The metallurgy of container / waste and
container / rock reactions under the appropriate range of
simulated emplacement conditions has been inadequately
studied. Studie s of interaction and corrosion of candidate
metals under possible repository conditions are needed.

8. Research on processing of radioactive waste
materials has been very narrowly based--escentially limited
to developing a miniature glass plant. The goal should he
to design simple, remotely controllable processes, that need
the lowest temperature, for primary or secondary
containment. These processes would range from hot pressing
of ceramic pellets or large blocks to cold isostatic forming
of metal matrix conposites.

9. Because radioactive waste contains at least 40
different elements, the basic research required is rather
sophisti ca te d. General answers may not easily be found, but
it is clear that any advancement of the fundamental
knowledge of complex systems would be relevant to
radioactive waste solidification.

These ma jor gaps in our basic scientific knowledge
re le va nt to radioactive waste management developed--in spite
of large total AEC budgets f or RSD over the years--because
of a classic case of targeted, f undamental science falling
between two interests. On the one hand, the waste-
management group in AEC (and later ERDA) apparently felt a
responsibility primarily to develop the engineering for a
more or less predetermined solution of the solidification
problem. On the other hand, the Division of Physical
Research, although possibly f ollowing what they were charged
to do at the time, supported f undamental research directed
to general goals, where relevance to specific AEC objectives
was probably not a major consideration, and possibly even a
disqualification since it may have been assumed that t he
waste-managenent section should f und such work. Thus, some
basic research highly relevant to AEC needs appears to have
been neglected f or two decades. In view of the gaps in
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inf ormation identified above, some change is clearly needed
in research policy: either the Division of Waste Management
or the Division of Basic Energy Sciences t should be
specifically assigned the responsibility and allocated the
necessary funds for the re leva nt fundamental research. The
Panel is encouraged by a recent re po rt f rom the Department
of Ene rg y (1978), which indicates that they are pla'ing a
high priority on waste managenent research.

SCIENTIFIC PERSONNEL

Research and development on problems as important to t he
nation as the management of radioactive waste has normally
drawn on the talent and re levant expertise available from
indust ry and the universities. Several strategies exist for
tapping these sources. For example, by using a " sources
sought" in the Comme rce Business Daily, existing competence
can be ide ntifie d ; indeed, after the early drafts of this
document had been writte n, such a "sourccs souaht" for
solidification research appeared on page 3 of the Commerce
Business Daily on December 2, 1977 Other groups,
especially in universities , can be persuaded by holding
appropriate symposia and inviting known experts.
Professional societies can also be stimulated to hold
meet ings on the topic and to publish and widely disseminate
appropriate papers. Pro je ct managers can invite the
na ti o n 's leading experts on a topic to subnit proposals or
respond to reque sts f or proposals.

Until the last two or three years, management of R&D has
not gene rally taken advantage of any of the normal
mechanisms noted above. Most of the major conferences that
dealt with radioactive waste solidification have been part
of more ge ne ral conferences (such as those listed in Table
4.1) , prima rily addressed, until very recently, to groups
and individuals already working on the problem. There was
little professional society involvement or interest in the
science and technology of solidifica tion. Similarly, after
talking to colleagues most likely to be involved as R&D
perf orme rs or consultants, the Panel members f0and that
there had been little contact with waste solidification
re sea rch unt il 1975, when an accelerated effort began to .

include a broader range of scientists in R6D on waste
solidification. Wha t is most surp rising in this brief
examination of R&D management has 'been the failure to
recognize the a ppropriate scienti fic expertise relevant to
the task. The involvenent of materials scientists,
principally ceramists and secondarily metallurgists, and
experimental geochemists or petrologists in the planning of
the R&D ef forts would have been particularly helpful.
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TABLE 4.1

Major Conferences Involving Nuclear Waste Management

First United Nations International Conference on the Peaceful Uses of Atomic
Energy. Held in Geneva, Switzerland,1955. Geneva: United Nations.

Report of Working Meeting on Fixation of Radioactivity in Stable Solid Media
at the John Hopkins University, June 19-21, 1957.

Second United Nations International Conference on the Peaceful Uses of
Atenic Energy, held in Geneva, Swi tzerland,1958. Geneva: United Nations .

Report of Second Working Meeting on Fixation of Radioactivity in Stable,
Solid Media at Idaho Falls, Idaho, Septerber 27-29, 1960.

Proceedings of the Synoosium on Treatment and Storage of High Level Radio-
active Wastes held by the I AEA in Vienna, October 8-12, 1962.

Third United Nations International Conference on the Peaceful Uses of Atomic
Energy held in Geneva, Switzerland,1964. Geneva: United Nations.

Proceedings of the Symposium on the Solidification and Long Tem Storage of
Highly Radioactive Wastes, February 14-18, 1966. Richland, Washington.

Fourth United Nations International Conference on the Peaceful Uses of
Atenic Energy, Jointly sponsored by I AEA, held in Geneva, Switzerland,1971.
Geneva: United Nations.

Synposium on the t'anagement of Radioactive Wastes frca Fuel Reprocessing,
OECD/I AEA, Paris, November 1972.

Symposiur on the Management of Radioactive Wastes from the Nuclear Fuel
Cycle, IAEA/0 ECD, Vienna, 22-26 March,1976.

Proceedings of the International Symposium on the Managerent of Wastes fro"'
the LWR Fuel Cycle, Denver, Colorado, July 11-16, 1976.

Proceedings of the First Pacific Basin Conference on Nuclear Power Development
and the Fuf Cycle, Honolulu, Hawaii, October 11-14,1976 (edited by Ruth
Farnakes, .45,Hinsdale,Ill.).

IAEA Conference on Nuclear Power and Its Fuel Cycle, Salzburg, Austria, May
1977.
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This involvement would have been helpf ul not only to the
A EC , but also to the profess ional societies and to a lesser
extent to the National Research Council.

LEVEL OF SUPPORT FOP PSD

The deficiencies in management of FSD on waste
solidification were not entirely due to budget limitations,
since many could have been remedied at little cost; however,
before 1974, when the tota l level of ef f ort for waste
management was $5 to $10 million per year, it would have
been extremely dif ficult to initiate many desirable
projects. And as the budgets have risen to about $30
million per year (heginning in 1976), many of these projects
have been started.

The Panel obtained data from the Hanford Peservation,
the Savannah River Plant, and the Idaho National Engineering
Laboratory on the level of support for waste solidification
research, categorized by waste forms. Together, the work
done at these three DOE la boratories comprised approximately
90 percent of all recent waste solidification re sea rch
conducted in the United States (Goetz K. Oertel, U.S.
Depa rtme nt of Ene rgy, personal communication, May 26, 1978).
The Panel recognized that these data would not be precise,
nor could they be separated sharply into categories of basic
research, applied research, or engineering. Nevertheless
these data, which are summarized in Table 4.2 and Figures
4.1 and 4.2 strongly support the Panel's conclusion that
there has been disproportianute emphasis on the development
of glass as a waste form,2 and that virtually no basic
research has been planned or executed on waste
solidification. Further, the data show a significant
fluctuation in the level of f unding f or RSD on radioactive
waste solidi fica t ion: a twofold increase in one two-year
pe riod (1965-1966) was followed by a fourfold decrease six
years later (1971-1972).

The fluctuating levels of support and the overall
inadequacy of funding for wa ste solidification PSD support
the conclusion that the Joint Committee on Atonic Energy and
the AEC regarded this problem as being one of low priority.
In f act, since a clear conception of the problem was
lacking, the AEC management may have assumed that there was
no major technical problem worthy of a sustained PSD ef f ort.

PECOMMENDED LEVEL OF RSD

To correct past deficiencies and assist in the
development of second generation waste solidification and
diJposal technologies,increa sed support for RSD will be
required. Costs of such increased support will be a very
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TABLE 4.2

Department of Energy R&D Expenditures (in Thousands of Dollars) on Waste Solidification
Categorized According to Waste Form

^ f hf0GLASS CALCINE CLMENT CERAMIC CLAY TOTAL

1955-56 200 600 800

1957-58 200 600 800

1959-60 300 1,530 100 20 1,950

1961-62 270 1,400 100 40 1,810

1963-64 440 970 100 500 10 2,020

1965-66 1,620 2,530 100 200 350 4,800

1967-68 2,800 4,400 200 200 700 8,300

1969-70 2,650 4,400 200 360 700 8,310

1971-72 660 1,000 200 90 130 2,080

1973-74 2,450 1,670 1,090 90 290 5,620

1975-76 6,190 3,700 9,320 550 890 13,650

1977-78 41,350 5 ,6_2_0 830 1,22_0 1,28_0 50,300
_ _

TOTAL: 59,160 28,420 5,240 3,210 4,410 100,440

_ _ _ _ __

a
- Includes metal-natrix, supercalcine.

Source: Data provided by the Savannah River Plant, the Hanford Reservation, tre
Idaho National Engineering Laboratory, the Oak Ridge National Laboratory, and the
Division of Basic Energy Sciences.
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small pa rt of the total costs of radioactive waste
mana ge me nt.

Estimates of the total cost of the solidification and
isolation of the weapons waste alone range up to $30 billion
or more (U.S. ER DA 1977a, 1977b, 1977c). The large degree
of uncertainty associated with projections of future
commercial nuclear power capacity precludes firm estimates
of the cost of solidification and isolation of commercial
wastes. For the limited purpose of estimating a rough level
of PSD funding that might he required for radioactive waste
mana ge me nt , the Panel is assuming that the velume of
commercial waste produced by the year 2000 w .11 be
comparable to that of the military wastes (see Dance [ 1975 ],
Rowe and Holcomb [ 1974 ], U.S. Cong re ss , Ho use [ 19 76 ], U. S .
General Accounting Of fice [ 1974 ]) . Therefore, if another
$30 billion is added for a ll commercial nuclear power wastes
generated until the end of this century, an upper limit of
pe rhaps $60 billion may be required for the management of
all radioactive wastes. In high technology industries, it
is not unusual for a company to spend 5 percent of its gross
revenues on PSD. Similarly, the Panel f eels that it would
not be unreasonable for the United States to spend 5 percent
(or $3 billion) of the $60 billion that may be required for
radioactive waste management on RSD. This reduces to an
annual budget of $150 million, which, although in marked
contrast to the actual amounts (typically in the $5 to 10
million range) spent before 1974, coincides roughly with the
level of expenditures planned for FY 1978. Cf this $150
million, 10 percent or $15 million spent annually on
fundamental research could provide the basis for developing
more cost-ef fective second generation technologies capable
of saving possibly billions of dollars.

NOTES

1 The Division of Basic Energy Sciences was formerly known
as the Division of Physical Research.

2 Glass and calcine have received more RSD support than
all waste forms combined. Since calcine is itself a
precursor to glass, most of the studies on calcine
should be viewed as being studies on glass.
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CHAPTER S

FINDINGS, CONCLUS ION S , AND P ECOMMEND A'IIONS

TECHNICAL ISSUES

Findings

From the Panel's examination of the technical issues
involved in selecting options f or disposal of radioactive
wa ste (see Part I, Chapter 2) the following general findings
and conclusions emerged:

1. High-level liquid radioactive wastes can be
incorporated in several solid f orms. These are:

a. Supercalcine and calcine

b. Glass

c. Low-temperature ceramics

d. High-tempera ture ceramics; glass ceramics

e. Cement and concrete composites

f. Metal-matrix composites

g. Various combinations of the above

The Panel finds that many of the forms listed above are
likely to be satisfactory in an appropriately designed
system, and that at least one f orar-glass--is currently
adequate for incorporation into such a system as a full
scale demonstration of solidification and disposal.

In view of current policy, spent fuel pins are another
solid form that needs to be considered for disposal.

2. The suitability of a solid waste form can only be
determined in the context of the specific waste management
system in which the waste form will be used (see Chapter 3,
section on the radioactive waste management s ystem) . The
important elements of this system are: grocessing (to form
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the solid pha se) , st o rage , t ran s port a t io n , and emplacement
(bot h retrievable and permanent) .

a. For processing , low-temperature technologies,
such as cement composites and low-temperature ceramics, are
probably preferable to those requiring high tenperatures.

b. For transporta tion, unconsolidated calcine and
supercalcine are the least desirable solid forns because of
dispersal hazards,

c. Af ter emplacement in a well-selected
continental geological formation, the performance of the
system is more dependent on the chemical and thermal
interactions of the solid form with the host rock and
especially with the volatile components contained therein
than it is on the original properties of the solid form.

3. The large dif ference in thernal power density
between existing DOE wastes and possible f uture commercial
wastes indicates that a single solidification technology may
not be best f or both. The following conclusions give some
guidance on promising candidates for selection in specific
instances, and on usef ul directions f or research:

a. The preterence for glass as a waste form has
been mistakenly based largely on the assumption that low
leachability is the ma jor criterion for solid waste
perf orma nce, and on a misreading of the " stability" of glass
under repository conditions. Nevertheless, two
vitrification technologies have matured to the point where
either could be engineered into systems for the full-scale
demonstration of high-level solidification and disposal.
(See Cha pter 2, section on primary containment forms.)

b. Research, development, and demonstration of
alternative solid forms is essential in order to optimize
the form (in terms of safety and costs) to be used in a
disposal system. (See Cha pte r 4. )

c. DOE wastes are now relatively low in both
epecific radioactivity and thermal power density;
accordingly, a wide range of solidification options is
available for use in a first generation FW:4 system (see
Chapter 3, section on ranking the suitability of solid
forms). If current research indicates that buildup of
pressure from the radiolysis of resident water and nitrates
at the activity levels and temperatures present in the DOE
wastes is not limiting, cencnt composites and ceramic forms
made at low temperatures appear to be extremely promising
candidates. (See Chapte r 2, sections on primary and
secondary containment forms.)

SGG78
62



d. The Pa ne l f i nd s th at , before emplacement, the
effects of radiation damage (excluding radiolysis of water
and nitrates) ca n in no ca se pose a major problem. After
emplacement, ef f ects caused by transmutation and radiation
damage could comewhat alter interactions between wastes and
rock. Further research is necessary to evaluate this
po ss ibilit y. (See Chapter 2, section on characteristics of
the solid form.)

e. The re processing of spent commercial fuels is
not current policy; howe ve r , if reprocessing is resumed at
s ome future date, it will eventually be necessary to dispose
of liquid wastes with high specific activity and high
thermal power density. These characteristics will probably
narrow the range of solidification options to those with
high the rmal stability. (see Chapter 3, section on ranking
the suitability of solid f orms. )

f. The amount of uranium and plutonium present in
spent fuel poses a potential long-term hazard greater than
th at associated with other solid waste forms. Preliminary
analyses indicate, however, that the radionuclides of
concern (both actinides and fission products) ray be
contained in relatively insoluble phases with the spent
fuel. I f the results of research and development confirm
these initial analyses, spent fuel would be eligible for
consideration as a solid waste form.

In the inte re st s of relative processing*

simplicity (and probable resultina low hazard and
cost), cement-ba sed composites a nd low-tempc rature
ce ra mics should be resea rched vigorously as the
prime candida tes for solidification of DOE wastes.
I n pa rticula r, the feagibility of aroutinq t hese
wastes (s uit a b ly modif ied as "su pe rq rout"1 d irect ly
into appropriate ceo l_ogic formations needs to be
re-e xa mi ned . (See Cha pter 3, section on ranking
the suitability of solid forms.)

substantial analysis and exnerirental work aree

ne ce s sa ry to establish f_i rml y the f eas ibilit y of
r etr ievable storaqe and/or disposal of spent fuel,
and_to define the mrs th od of preparation of the fuel
a s se mb lie s. As a minimum, it appears desirable to
enca se the s pent f uel a s sen61 ies in a met al_can to
facilitate safe ha nd li ng . (See Chapter 2, section
on primary containment forms.)

For wastes of high srecific a ct ivit y _ a_ nile

t her ma l powe r density, resea rch and development of
waste forms atte_r than_qla ss should receive qreater
emE asis. Metal-nat rix comoosites involving glassh
or supercalcine, and hi_gh-temperature ceramics are
nrincipal candidates. Cenent-based composites are
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not ruled out, but cannot be f ully evaluated here
owing to the lack of re_le vant data on radiolysis.
(See Chapter 3, section on ranking the suitability
of solid f orms.)

Continu ed research and development of*

vitrification of high-level wa stes should emphas ize
the development of the ref rr.ctory-lined melter as
compared to the in-ca n melter. (See Chapter 2,
section on prima ry containment forms.)

* The Panel sees no i usti f ication for continuing
to convert hiqh-level liquid wastes into unmodified
calcine for storage. Until a decision is made on a
fi nal wa ste form, the Pa nel recommends that a
change to superca lcine be ef f ected as soon as

nossible. (See Chapte r 2, section on primary
cont ainme nt forms.)

e The panel reco_mme nd s research and development
of technique s to conve rt the 90Sr and 137Cs salt
solutions stored at the Hanf ord Feservation to
stable ceramic or concrete f orms. The techniques
would replace the current practice of converting
the solutions to 137CsCl and 90SrF, and storing
them as solids in stainless steel capsules. (See
Chapter 2, section on primary containment fo rms . )

. The stainless steel capsules containing the
CsCl and SrF,, now being storea at the Hanford
Peservation, should be incorporated into a
chemically a nd thermally resistant metal matrix
such as titanium, f o r p? rma ne nt isolation in a
geologica l repository. (See Chapter 2, section on
primary containment forms.)

Needs for programs f or research and development of
specific aspects of waste solidification have teen
identified throughout this report. In particular, resea rc h
should address:

the susceptibility _of sealed containers of wastee

ceme nt composite s to pressurization by radiolysis of
wate r and nitrates (see Chapter 2, section on secondary
containment f orms) ;

the chromatographic retention f actors for HLLW ionse

h * ypica l host rocks under the expected conditions of
ter . cature a nd pressure. (see Chapter 4, section on
inadequa cies in knowledge);

e the interaction of potential canister materials
with candida te solid waste f orms and hos t _ ro cks , at
rele va nt tem pe ra t u re s , to determine how suitable the
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canister material is for use during the retrievable
storage pha se (see Cha pter 4, section on inadequacies in
knowledge) .

Research and development are also needed on:

optimum stable crystalline or noncrystalline forns*

as radionuclide hosts, through the use of ceramic
molecula r engineering (see Chapter 4, section on
inadequacies in knowledge) ;

glass compositions that will retain radionuclidese

in insoluble crystalline pha ses a f ter hydrot hermal
reaction with the host rock and water;

special additives f or cement / concrete wastee

solidification technolog y to fix each radionuclide_ i n a
low solubility crystalline phase (see Chapter 4, section
on inadequacies in knowledge) ;

* remote process engineering on the waste
solidification technologies that are serious candidates
f or nossible adoption (see Chapter 4, section on
inadequacies in knowledge) ;

optimum ove rpack (a dsorpt ion la ye r) material withe

ma ximum fixation capacity for HLW ions.

MANAGEMENT ISSUES

Findings
(See Chapter 4)

The technology for solidification and disposal of high-
Javel wa stes has not kept pace with nuclear reactor
technology. The cause is not technical difficulty, but the
low priorities a ssigned to the problem. Nevertheless, the
Panel finds that the developnent of waste solidification
technology, in general, is adequate to proceed with DOE's
plans fo r first-generation demonstration and implementation,
namely the WIPP project and a pilot plant for geological
disposal of commercial wastes. DOE's timetable is flexible
enough to allow the results of recommended research and
deve lopment to be phased into its longer range plans.

Specific findings on deficiencies in management are:

1. A comprehensive and coordinated plan for research
and deve lopment on waste solidification has been lacking.
Although particula r areas of waste solidification technology
have received attention and funding, there has not been a
balanced research and developnent program designed to
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develop the capabilities and understand the requirements of
a broad range of solid waste form candidates.

2. Little e f fort has been made to assenble a team of
scie ntists a nd engineers , drawn f rom a variety of
institutions, to work continuously and cooperatively on the
waste solidification problem. The re has been a general
failure to involve two relevant national scientific
communities--nateria ls sciences and experimental
petrologists--and relevant industry in the planning and
conduct of wa ste solidif ication research.

3. Research and decelopment have been concentrated far
too heavily on glass, which may, in many systems , be much
less desirable than other solid waste forms.

4. In the recent past, because of limited funds and
the need to demonstrate any feasible solution gaickly, there
has been a tende ncy to neglect alternatives while pushing
glass technology to engineering and pilot plant stages,
steady support f or resea rch and development of alternative,
second-generation technologies has therefore been neglected.

5. Relatively little research and development would to
required to provide the options needed to assure that
optimized or second-generation methods for solidifying
various types of high-level liquid radioactive wastes are
available. Stable support over a relatively short period of
a decade would suf fice. Technically optimum met hods could
probably be selected for DOE wastes in a shorter time,
pe rhaps five yea rs.

6. The United States has neither initiatcd nor taken
full advantage of any cooperative multinational research and
deve lopment programs , simila r to those supported, for
example, by the Conmission of the Eurocean Communities (see
Appendix B for a discussion of European research and
development of waste solidif ication) .

Feconmendations

In view of the management problems just identified, the
Pane l ma kes the following recommendationc:

Fesnonsibility and authorit y for all.

radioactive wa ste manaaement ope rations (including
solidification resea_rch and developmentL_stould te
cent;clized. Pasic and apolied research would then
be most directly translated into engineering and
pr od uc tion. In addition, a single agency could
cond uct negotiations on behalf of 'he uurted States
in the interna tional area in matters of waste
handling, re p roce ssi ng , solidification, and so on.
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A comprehensive a nd stable research,e

d e ve lopme nt , a nd demonst ratian prooram, of limited
duration should be established for second-
generation wa ste management technology. The Panel
estimates that a n annual total of $150 million ($15
nillion f or basic re se arc . over a period of about'

ten years, would he required to fund a su cces s ful
proJram of this type.

All future research programs should he.

designed to draw continuously on the personnel,
experience a nd resea rch canabilit ies not gnly of
the qovernment-owned , compa n y-ope rat ed facilities
or the national laboratories, but alse of the
nation's industries, u ni ve rs i tie s , and non Erofit
la bo rator ie s .

The authorities in the United States.

responsible f_g _r ma na gi ng radioactive waste should
take the lead in organizinq coordinated
inte rnationa l research programs and in fo rm at ion-;
sharinq mecha nisms to avoid needless duolication of
e f f o rt , and to hasten a convergence of the various
nation- 1 technologies _ and criteria for waste
disposal.

. Because United States programs on storage and
disposal of spen t f uel are a ll new1_in t er nat iona l
work sh ops , colloquia , and pe rhaEs icint d e ve lopment
p rog ra ms should be used to mobilize the best
available ta lent in supnort of the new objectives
recompended in the pre vious section.
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PART II
TFCHNicAL Anggyg73
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C HA DTER 6

CALCINE, SU P EE_C ALCI N E , S UPE F SLUDGE

INTRODUCTION

De finitions

Calcine is the general name for unconsolidated powder or
granules made by the single-step process of evaporation and
partial decomposition of high-level liquid wastes. Although
calcine was f or some time considered acceptabic as a final
solid wa ste form, it is now principally considered an
inte rme d iate form before consolidation to, or incorporation
into, some other f orm. Calcine is relatively easy to
prepare, can serve as a precursor to glass, and could be
recyc led to recover potentially usef ul radionuclides.
Throughaut the world, processed high-level solid wastes
exist in significant a mo unts in only one waste f orm--
calcine.

Suoercalcinet is a crystalline assemblage of phases
tailor-made tor desired properties of so lubi lity , and
thermodynamic stability in contact with other assemblaces as
needed. As prepared by calcination 'and where necessary,
annealing), s upe rca lcire is simila r in appearance to
calcine, with a crucial diff erence: its solubility has heen
lowered five to six orders of magnitude, and the volatility
of certain components reduced two to four orders of
ma gnit uie . This change is ef fected by adding specially
composed liquids to the HLLW stream before the waste is
evaporated and decomposed. The principles of crystal
chemistry are applied to make the final solid consist
exclusively of highly insoluble crystalline phases that are
thermodynamically mutually c ompatible. At many of the
nuclear waste research sites, the HLLW s treatr has been
modif i ed with additives, the objective being inproved
processing, not improved products. At t his t iae , only the
Pennsylvania Sta te University /Ba tt alle Pacific Northwest
Labo ra tories (PSU/PNL) and, to some extent, the
Euroc hemic /LOTES (" low-tempe rature solidification") products
qualify as supercalcines.

Sagernludget is used in thic report to descrite a
product that is a modifica tion of " sludge" (a solid / liquid
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slurry o f high-level waste s) . It is considered here because
pa rt of the DOE wastes now exist as sludge. A supersludge
is a compositionally tailored form, produced by specific
addit ions (liquid, solid, or both) to the sludge to achieve
ninimum leachability in the product, The supersludge can te
dried and heated at a low temperature (< 50 00 C) to form a
low-temperature ceramic, or may be handled as a two-phase
slurry. In the latter case, " supe rsludge" becomes simply
the term for a chemically and structurally optimized
grouting mix such as that used at Oak Pidge. Such " super"
materials contain each of the hazardous radionuclides in an
identifiable phase that is highly insoluble. The assemblage
of such phases is designed to approximate thernodynamic
equilibrium at the pressure and temperature conditions to
which the form will eventually be exposed.

Background

The obvious advantage of making solid calcine is that it
is the direct prod uc t of a one-step process, and requires no
innovation in science or engineering. Calcine has two major
disadvantages. Its physical form--typically a fine powder--
is relatively highly dispersible, and, because of its
chemical composition, it is very soluble in water. These
combined properties are like ly to rule out calcine as an
acceptable final solid form.

The second disadvantage has been eliminated in
supercalcine, a nd innovations such as the granulation
process developed by the Eurochemic Corporation have
markedly reduced the original dispersibility. Whether,
under certain circumstances, 3mm to 10mm granules of
supercalcine approximating the solubility or leachability of
glass would be acceptable as a final solid fora is a matter
for future decision.

Tables 6.1 and 6. 2 list several typical actual and
pote ntia l calcine compositions in the United States. They
can be divided into two composition groups : those made up
largely of refractory oxides (and fluorides) wit h only
traces of fission products (e. g . , Tables 6.1 and the Mol
LOTES calcines) , and those wastes from reprocessing of
commercia l f uel, a major portion of which are fission
products (Table 6.2). A " clean" commercial waste consists
of fission products, processing chemicals, eq uipment
corrosion products and traces of unseparated uranium and
plutonium. A " dirty" commercial waste is high in Na and
phosphate from additions of intermediate-level liquid wactes
(I LLW) to the HLLW stream.

While the chemical composition of calcines is almost
always known, it is striking tha t very f ew organizations
re po rt the phase compositions. This inf ormation is
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TABLE 6.1

Weight Percent Composition of High-level Waste Calcine Produced at the
Idaho National Engineering Laboratory, Idaho Falls .o

Oxide Wt" Aluminum Waste Wti Zirconium Waste
(Non fluoride Waste) (Fluoride Waste)

_

Zr0 212
-

Al 0 89 2223

CaF - 542

N0 4 225

H0 2 1&

Na 0 2 -

2

HgG 3 -

Fission Product Oxides 0.6 ?

l7
Cs 0.017 0.005

(0.015 Ci/g) (0.0044 Ci/g)

S P' 0.009 0.002
(0.013 Ci/g) (0.0035 Ci/g)

Ms of January 1974, 42,500 f t3 (approxinately 1,600 retric tons).
Source: Slansky (1976)
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TABLE 6.2

Weight Percent Compositions of Potential Commercial Reprocessing High-Level
Waste Calcines

Oxide PW-4b (Clean)a PW-7a (Dirty)b

Na 0 - 9.1
2

P0 .6 S.3
25

RE 0 3 ." 3C.5
23

Zr0 12.1 6.5
2

Mc0 I' *

3

Tc 0 3.2 1.7
27

Ru0 7.3 3.9
2

Pdo 3.6 2.0

Cs 0 7.0 3.8
2

Rb 0 0.9 0.5
2

Sr0 2.6 1.4

Ba0 3.8 2.1

U0 2.9 15.43g

PuC 0.2 0.1
2

Oi.n e rs 10.4 7.9

...

- J.E. Mendel , Paci fic Northwest Laboratories , personal communication. Several
tons of PW-4b-like calcine were produced (as an intermediate step to glass or
phosphate ceraric products) during the period 1966-1970 at Hanford, Wash. as
part of the Waste Solidification Engineering Prototypes program (Blasewitz ct
al. 1973). PW = Purex Process Waste; " Clean"- fission products , residual U

and P and some eq6ipment and fuel pin assembly corrosion products (Fe, Ni, Cr).

I Adapted from McEl roy (1975) . " Dirty"- a waste to which high sodium and phosphate
intermediate-level waste has been added to the HLW; PW-7a is typical of the
projected Allied General Nuclear Services, Barnwell, S.C. flow sheet.
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impo rta nt , since tre crucial question of the solut:ility or
leachability of hazardous radionuclid< ' is prir.cipally
determined by the phase into which they are incorporated.
Thus Sr++ in SrCl is over a million times more leachable2
than Sr++ in (Sr, Ca) Al Si 0s. X-ray studic o of some2 2
calcines (McCarthy and Davidson 1975) suqqest that the
typical calcine is a mixture of two or three phases, each
poorly crystallized or nearly noncrystalline. McCarthy and
Davidson (1975) have shown that crystalline phases can be
formed in calcines that are heated briefly to temperatures
above 9000C. However, much or all of the Cs, Fb, Na, Mo,
Ru, and Te in the calcines is volatilized during these
firings. This poor thermal stability is a t hird
disadvantage of ordinary calcine. Although it is not a
critical property for routine handling of calcine, it would
be important in a transporta tion accident involving fire.

De finitive leachabilit y measurements are difficult to
perf orm on unconsolidated calcine, but some data have teen
re po rt ed . For the calcine in storage at the Idaho Mar ional
Engineering Labora tory (INEL) at Idaho Falls, it has been
found that 60 percent of the 137Cs and 40 percent of the
90Sr are removed af ter 2,000 hours of continuous leaching by
water at 250C (U.S. EPDA 1976b). Mendel and McElroy (1972)
reported that 20 to 25 percent of the constituents in
typical commercial calcines dissolve readily in a 250C
leaching test. Fission product leachabilities of Eurocheaic
oxide ca lcines have been mea sured at 10-1 g/cm2/ day, at
250C, in a standard International Atomic Energy Agency
(IAEA) test (van Geel et al. 1976). This means that all c
a particular constituent of concern could be leached in 15
minutes from a typical 100 cm2/g powder. Leachabilities of
the modified aluminum phosphate granular Eurochemic calcines
are 103 lower (van Geel et al. 1976) than the oxide calcine,
i.e., 10 -* g/cm2/ day. Leachabilities of DOE powder
supercalcines produced by PSU/PNL have not been measured,
but in a severe test with boiling distilled water,
consolidated supercalcines (more comparable to other f orms)
have bot h bulk a nd Cs leachabilities of 10-5 to 10-6
g/cm2/ day (McCa r thy 1977), in spite of the f act that they
contain 30 tim 2s more Cs than the Eurochemic nodified
calcines.

There are two other problems with using sinple calcine
powde rs a s c omme rcia l HLLW solids: their thernal
conductivity is low, and they contain residual volatilities
such as Hao and NOx that could form gases by radiolytic
decomposition. The low thermal conductivity aeans that
containers of ca lcine would have to be of small diameter to
prevent unacceptably high centerline temperatures. The
removal of residual volatiles would require an extra (800 to
9000C) bake-out before canister sealing (U.S. EP D A 1976b).
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Present Calcine Inventory

For 14 years, EPDA has bcen routincly solidifying wastcs
from U.S. Navy nuclea r-powered ships and research reactors.
Some 2,000 tonnes of calcine, one of the largest quantities
of solllified nigh-level wastes in e xistence, are now
contained in underground storage bins at Idaho Falls , Idaho.
The Eurochemic inventory in Mol, Belgium, is approximately
40 tonnes of aluminum-rich calcines. There are also
appreciable qua ntities of SrF and CSCl salts 2 that have2
been separated out from the HLLW stored at Hanford and
coaled into neta llic capsules. The disadvantages of
unmodified calcine as a wa ste form (i.e., high
dispersibility a nd high solubility) are identical to t hose
of CsCl an:1 SrFr .

Calcine as a Prccursor f or Glass and Composites

nas heen realized for quite some time that calcine is'

far irom ideal -T s a HLW solid. Hence, for alaost two
decades laboratories around the world have been exploring
processe s that would eithe r conve rt calcine into a glass-
like solid or isolate and protect it in a more inert matrix.
Table 6. 3 sumaa rizes some of the typical proc 3ss es and
products tnat include the making or calcine as an
inte rmediate ste p. The vitrification processes using
calcine as an intermediate are covered in another chapter of
this report. Se ve ra l vitrif ication nrocesses cu rrently
unde r investigation aim to e limi na te the calcining step
altogether.

PRESENT STATUS OF ENGI NEEF I NG

All current deconstrat ion plants for glass making and
many of the resea rch programs use a calcine step (see
Chapter 8) , which is consequently a familiar process. The
IDEL p ro g ram has clearly demonstrated the viability of a
fall-scalc, hot-cell process of calcination. The French
effort a t Ma rcoule , the Ge rman work at Ka r ls r u he , and the
hot pi lot operations at Ha nf ord between 1966 a r.d 1970 show
that calcining can be done e f fectively on a laboratory and
pi lot - pl an t scale. In these latter cases handling of the
powdered ca lcine i s ai ni mi ze d , since it is fed more or less
directly into the furnace for glass melting. At INEL, on
the other ha nd, the pouler is handled routinely and " blown"
directly to the storage tanks. This process demonstrates
that eve n a very fine powder of relatively soluble materials
can be handled sa f ely. At Eurochemic the granulated calcire
is normally feed for the c la ss method, but it has also bcen
d irect ly incorporated into a lead mat rix. Table 6.4
summarizes the sta tus of c urrent work on calcine.
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TABLE 6.3

Calcine as a Precursor for Glass and Corposites

Product Process Site

Rotary-kiln calcinatior Marcoule (van Geel and
Boros111cate Glass

. .

Glass production (Metallic reiter) Eschricn 1975)

Facific Northwest
. . Spray calcination Laboratory (U.S. ERDA

Borosilicate Glass Glass production (In man raelting) 197ta), Larsoi and
Benner1916)

. Spray calcination Karlsruhe (Blasewitz
Borosilicate Glass Glass production (Metallic reiter) et al. 1973)

. . Pct calcinaticn Windscale (Clelland
Borosilicate Glass Glass production (In-can reltina) 1973)

t " " ' . Mol (Clelland et al.Phosphate Glass ss pmp on O,etallic rel+ed 1976)(beads in metal Metal ratrix producticn (cas ting)

Calcine / Glass Press and fire blocks of calcine- Idaho National Engi-

Corpcs i te glass ~ix neering Laboratory
(Berretn et al 1975)

Calcine / Ceramic Hot press calcire/ crystalline Pennsylvania State
Lorposite ceranic r;ix Ur.i ve rs i ty (McCarthy

and Davidsor. 1976)

. Mol (van Geel and
Calcine /"etal Granulate or pelletize calcine, E s ch ri ch 1975. Clelland
Composi te cast in retal matrix et al. 1976)

Ic'ahc Naticnal Engineer-
ing Laboratory (Clelland
et al. 1975)

Miso uses direct feed of slurry ir.to nelter as an alternative to calcining.
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TABLE 6.4

Status of R&D on Calcine

Site and Process Lab-Scale Pilot Plant Routine S torage
Research Cold Hot Production

Idaho National Engineering
Laboratory - Fluidized Bed

Defense HLW X X X X X

Commercial HLW X X

Paci fic Northwest
Laboratory - Spray Calcination X X X

Pacific Northwest
Laboratory - Fluidized Bed X X

Marcoule - Rotary Kiln X X

Windscale - Pot Calcination X X

Karlsruhe - Spray Calcination X X

Eurochemic - Stirred Bed X X X

Eurochemic - LCTES X X

566092
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Process Description

In the United States a g reat deal of engineering
research has gone into alternative me t hod s for calcine
production. Two families of technologies have emerged:
spray calcination and fluidized-bed calcination. Both of
these are now ra ther routi ne ; they are illustrated in Figure
6 . 1. In fluidized-bed tec hnology, the re is an mlditional
and basic complication: t he nature of the starter material
and possible reactions between this Led material and the
calcine. The stirred-bed calciner developed by the
Eurochemic Corporation at Mol is a modification of the spray
calciner and achieves granulation very simply (see Figure
6.1 ) . Another calcining method, pot calcination, is a batch
process in which the storage container is also the crucible
for a boil-down/ decomposition operation. It has teen
dropped f rom consideration in the United States (U.S. ERDA
1976b) , but is still the first stage of the rising-level,
in pot vitrification processes in the United Kingdom
(Clelland 1973) .

EPDA (1976b) provides concise summaries and descriptions
o f the two curre nt United States calcination processes and
tne French rotary kiln process:

"Sorav Calcination

Final Product Form: A very f ine powder. Most
pa rt icle s ha ve a dia me te r in the range of 2 to 5 pm.

Process Description: The HLLW is pumped to an
inte rnal mixing pneumatic atomi7ing nozzle in the top of
the heated (7000C wall temperature) spray calciner
barrel. The atomized droplets (nominally <7 0pm in dian)
are flash dried and calcined as they f all through the
hot ba rrel . The finely divided powdery product is
se pa rated from the off-gas by sintered stainless steel
f i lt ers.

Apolicable Wastea : All aqueous wastes which can he
evaporated and dried or calcined to f orm oxides
(excludes Hg, for example) . Any pumpable waste
concentration can be calcined. Wastes containing 2M Na
can te readily calcined.

Deve lopme nt Status: The process has teen in
deve lopoment at PNL f or over 15 years. Thirteen fully
radioactive engineering-scale runs (about 50 hr each)
with the spray calciner were made in the Waste
solidification Engineering Prototypes (WS E P) program.
Over 1,000 operating hours with simulated waste at feed
rates up to 75 liters /hr have shown spray calcination to
be a simple reliable operation. A large-scale calciner
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FIGURE 6.1 Five calcinaticn processes.
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is currently under construction to demonstrate Spray
calcination at higher feed rates.

Fluidized Bod Calcinat ion

Final Product For m: A mixture of granules and
powder in the size range 0.05 to 0.5 mm and generated at
a rate of 40 1/MTU proce ssed. The product can be
stabilized (denitrated and dehydrated) for storage, or
the calcine is a suitable feed to a glass melter.

P roce s s Description: Wastes are atomized into a
fluidized bed of inert oxides, heated by inbed
combustion, operating at a bed temperature in the range
500 to 6006C. Evaporation occurs on the surface of the
original Led particles and results in a product
consisting of granular bed material and powdered
calcine, both of which a re removed f rom the calciner.
Stabilized calcine product can be stored in canisters,
or the calcine can be converted to other waste foras
(e . g . , glasses, metal matrices , sinte red glass-
cera mics) .

Anplicable Wastes: Wastes (liquid or slurries)
consisting of HLLW, HLLW-ILLW, radioactive concentrates
f rom evaporation p roce sse s , and organic spent solvents
from fuel reprocessing.

Deve lop me nt sta tus: Process flowsheet has been
verified on cold pilot-plant scale at feed rates up to 2
lite rs /hr ; similc r proce ss and equipment operability has
been demonstrated on a f ull radioactive scale using ERDA
wastes at routine processing rates in the range 400 to
500 liters /hr. This corresponds to 2 to 3 times the
projected output f rom a 5 ITTU/ day plant. The ERDA
wastes for which high processing rates have been
demonstrated are mainly composed of alumirum or
zirconium nitrate , whe reas commercial HLLW is
predominantly fission product nitrates.

Fota rv Kiln Calcination

Final Product For m: A relatively free flowing
finely divided oxide powder.

Process De scrinti on: The rotary kiln calciner is
an externally leated ( 50 0 0C) rotating cylinder operating
at a slight angle so that deacidified HLLW i ntroduced at
the upper end is dried and almost completely denitrated
before it exits the lower end. A loose bar keeps the
ca lcine f ree- flowing a nd prevents deposits sticking to

79 nwCe -ma
,,c



the wall. The off-gas is scrubbed with water to remove
e ntrained pa rticulates , which are recycled by combining
the scrub solution with incoming HLLW. The calcine
prod uct is heat treated to assure total decomposition of
nitrate.

Applicable Wastes: All aqueous wastes which can te
evaporated and dried or calcined to form oxides
(excludes Hg, for example). The alkali metal contents
o f t he wa ste s hould be stabilized by the addition of
stoichiometric amounts of a stable anion such as sulfate
or phosphate.

Deve lopme nt status: The process has teen in
develonent for over 10 years in France for use with a
continuous HLLW vitrif ication process. For much of that
tine an engineering scale unit has been in use with
simu lated nonradioactive waste. There has been no
radioactive experience" (U.S. ER DA 197 6b) .

Limitations on, or Difficulties with, Calcination

Seve ral recurring problems in calcination processes are
described below:

1. Decomposition of the nitrate during calcination
requires the highest tempe rat ures (500 to 1,0000C) involved
in the process. Some European laboratories (Mol, Karlsruhe,
etc.) use formic acid or f ormaldehyde to denitrate the
liquid before calcination.

2. Waste volatilization, primarily of Cs and Ru, is a
f undamenta l problem. High Cs volatility--one disadvantage
of the pot calcination proce ss --was suppressed by additions
of stable anions such as sulf ate or phosphate. Loss of the
higher oxides of Ru can occur during concentration of HLLW
before calcining as well as during calcining of the highly
oxidizing nit ra te solutions. Ca ref ul control of processing
temperat ures reduces Ru volatilization. Any abnormal
condition in a calciner that would permit the self-heating
calcines to reach temperatures above 8000C could cause
serious wa ste volatilization problems. Gray (1976) has
measured the following volatility weight losses on simulated
clean commercial calcine (PW-4b) that has undergone 12-hour
heating at several temperatures:

8000C - 0. 5 wt % 1,1000C - 7.0 wt%

1,0000C - 2.8 wt% 1,2000C - 12.8 wt%

The ma jor volatile constituents were Cs, Ru, Et, Mo and Te.
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3. Until recently, it was difficult to calcine high-
sodium acid wuc*es in a fluidized bed because of the
sluggish decomposition of molten NANO As a result,3
additions of metallic iron were required to promote
deconposition. At present , the problem appears to be under
control and both INEL (S la ns ky 1977) and PNL (Bjorklund
1976) have been successf ul in engineering-sca le, fluidiz7d-
bed calcination of the high-sodium " dirty" HLLk. Here
again, prior denitration may soive the problen.

4. Because the product of spray calcination is a very
fin? powder, the off gas filters are an essential part of
the equipment. PNL has had some 15 years of experience with
sintered stainless steel filters in parallel, each of whi *
routinely lets less than 0.1 pe rcent of calcine particulates
penetrate the filter. A pulsed blowback of air cleans the
filte rs (Bonner et al. 1976).

PRESENT STATUS OF PESEAPCH

Standard Calcine

While there has been considerable work on engineering
design f or new calcines and fluid-bed reactors, described in
the preceding section, t he re a ppea rs to be virtually no
current activity that could be called fundamental research
on calcine. As a result, knowledge of the ccapositions and
structures of the individual phases comprising calcine is
lack s. ng. Fu r t he rmor e, there appears to be little effort to
develop novel methods of p re paring calcine, despite the
interest by workers in the ceramics field in fine powder
preparati 1.

Supercalcines

During the last few years, following the int roduction of
the supe rcalcine concept , greatly increated activity in
research on supercalcine han brought a bo ut ma j or advance s.
Although the groups discussed below may r o+ have recogrized
the af finity of each other's work, all are in tact working
towards the same goal.

Pennsylvania State University /Eattelle Jacific Northwest
Latoratories

The clearent cot.ceptual basis for supercalcine has been
provided in the Pennsylvania State University work by
McCarthy and coworke rs (Ch apman 1976). They were the first
to select (on the ba sis of f undamentai c rystal chemistry)
spec if ic highly insoluble phases that ca n contain one or
more of the undesirable redionuclides. To produce
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supercalcine, it is then necessary to adjust the total
composition by making additions to the liquid stream that
will yield such phases. A f urther condition is that these
phases should be in, or close to, thermodynamic equilibrium
with each other. In a 25 to 30 component system, this is
clearly a formidable task in phase equilibrium research, but
one well within the capabilities of modern molecular
engineering.

PSU/PNL have succeeded in developing ef f ective
formulations f or convert ing both clean and dirty HLLW (see
Table 6. 2) into thermodynamically compatible assemblages of
ref ractory and leach-resistant phases. Table 6. 5 lists
these phaser and structure types. The assemblage of phases
changes somewhat with ma jor changes in waste composition.
Nitrates of Ca a nd Al plus soluble f orms of silica are added
to the HLLW. These additions cause a dilution of only 20 to
4 0 wt % o f unmodif ied HLW calcine. To da t e , t hre e

engineering-scale demonstrations of supercalcine preparation
by spray calcination have been performed at PNL. Spra y
supercalcine is X-ray amorphous and must be heated briefly
above 9500C to " develop" the assemblage of crystalline
phases. ERDA (1976b) states t ha t , "if an unconsolidated
calcine continues to be an acceptable waste form,
supercalcine formulation concepts can be introduced into
flowsheets immediately which would improve the stability and
insolubility of some of the radioactive waste constituents."
This pronounceme nt summarizes the minimum potential of the
process.

Eurochemic

I n the LOTES engineering process developed by Eurochemic
(also see below) , the addition of phosphate to t he HLLW
results in the f orma tion of metal phosphates and substantial
amounts of aluminum phosphate, which acts as a secondary
cont a i nme nt. This helps to fix many of the hazardous ions
and yields products with leach rates reduced by a factor of
1,000 compared to oxide calcine (van Geel et a l. 1976).
Phase ana lysis has not yet been done in detail, so it is not
clear which ions are tied up in which phases. However, it
is clear that the prodtet is a supercalcine that has been
made without the conscious science-based design of the
Pennsylvania Sta te Unive rsit y process.

Supercalcines as Precursors

For Glas s or Glass-Ceramics

Since the composition of supe r ca lcine is infinitely
adjustable, and since nost calcines are now seen as
precursors to gla ss naking , an important research objective

s2
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TABLE 5.5

Primary Containment Phases for Principal HLW Radionuclides in Supercalcine

Constituent Fixation Phase Structure Type

Cs,Rb (Cs.Rb)AlSi 0 Pollucite26
Sr,Na,Mo (Ca,Sr)2[N AISiO ]6(Mo0 )2 Sodalite4 4

S r, Ba ,Mo (Ca,Sr,Ba)Mo0 Scheelite4

Sr,RE* [PO ] REPO4 Monazite
4

(Ca,Sr)2RE iO 3 0 Ap ti te
8 462

Ce,U,Zr Fl uo ri te
(Zr,Ce)0

2

(Fe,Ni)(Fe,Cr)2 4 Spinel0

(Fe,Cr)2 3 Corundun0

Ru rug Rutile2

*RE= rare earths , particularly La, Pr, Nd, Sm, Gd (and probably Am, Cm).
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would be to convert an appropriate supercalcine directly
into a glass, a glass-ce ra mic , or a melt-f ormed (f us io n-
cast) crystalline ceramic form.

Some work in this area is planned for FY 1978 at PSU/ PNL
that will use the high-t empe ra t u re PNL ceramic melter
technology (Chapma n 1976). This work has a direct tearing
on the glass process, since it is a faster way to avoid
addition of f rit and to make more homogeneous glass.

For Ceramics

Most of the work done by the McCarthy group to date has
been aimed at oreparing highly incoluble phases that can be
fully crystallized by heating and then rendered into larger
ceramics bodies by hot-pre ssing, sintering, or other
processes. These processes have produced the densest
thermodynamically stable solid waste form produced so far in
the labo ra tory (see Chapte r 7) .

For Conposites

Some current RSD on calcine or supercalcinEs has as its
final product goal a composite waste f orm of pellets or
granules encased in a meta l, cement, or glassy matrix.
PSU/PNL supe rca lc ine f orms the core of a particularly exotic
multibarrier waste f orm under development at PNL.
Eurochemic/ LOTE S supercalcine granules are forned into a
metal ma trix. These two composite products are discussed in
deta il in Chapte rs 9 and 10.

For Supersludge

The radioactivity in the large volumes of DOE wastes
stored in tanks at Hanford and Savannah Fiver is contained
mainly in a solid / liquid " sludge" at the botton of the
tanks. Any process to extract and process the material frcm
the tanks will deal directly with these sludges.

A little work has been done at Hantard (hodrich 1976) to
trea* these sludges by addition of slurries of very fine
clays and other aluminosilicates (see Table 6. 5) . The goal
of such work was to prepare low-temperature ceramics.
Ho we ve r , these mixed, fluid slurries are in many ways
analogous to the mixed liquid stream in the supercalcine
process. By adding the clays and other aluminosilica' es,c
the tota l composition can be adjusted--and this has to some
degree been done--to yie ld , after low-temoerature drying or
calcination, a desirable set of phases. We are terming this
mixed ta ilor-made slurry, whether dehydrated or not,
"supersludge."

566100
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It may be desirable not to react or take the sludge if
the final form will employ cement as the secondary
containment either as "supergrout" or for making monolithic
blocks. On the other hand, if the final f orm is a ceramic,
other shaping and forming processes are called f or (see
Chapter 7) . Thus supersludge is a precursor for two or
three other composite waste forms.

Consolidation Technologies

since the ma jor physical drawback of calcine and
supercalcine is their dispersibility, efforts to consolidate
these fine powders into pellets or larger granules are
increasing. Methodology f or converting many tcns of powder
into pellets is certainly well established in the ceramic
and pharmaceutical industries. However, the equipment may
be too complex and cumbersome, and the hydraulic fluids too
unstable, for the remote, cutomatic or semiautomatic, high-
radiation environment operations required for HLW
processing. On the other hand, the f amiliar disc pelletizer
has the potential to overcome each of these objections, and
both PNL and INEL (Slansky 1977) have under way significant
engineering-scale evaluations of this apparatus. Garrett
(1976) has described the operation of the disc pellctizer in
use at these sites.

It has also been recognized for many years that a
fluidized-bed calciner can be adjusted to produce
millimeter-size granules, but a consistent problem has been
the simultaneous production of " fines," or unsatisf actorily
fine powder. At Eurochemic in Mol, Be lg ium, modifications
of the fluidized-bed equipaent and chemical codification of
the high-aluminum wastes have allowed the production of
"large" granules. A description of this LOTES engineering
process has been given by van Geel et al. (1976):

"To the HLW feed solution a stoichiometric amount
of phosphoric acid, with respect to the metal ion
co nte nt , is added together with sufficient
aluminium phosphate to obtain a final product
containing 30 wt% of the original waste compounds.
The solution is sprayed into the stirred bed
reactor which is electrically heated at 150-5000C
and prefilled with aluminum phosphate particles of
about 3 mm in diameter. The optimum temperature is
a function of the composition of the HLW feed
solution. Iligh amounts of sodium nitrate require
temperatures above 500 0C while f or low amounts
relatively noderate bed temperatures can be used.
At equilibrium conditions, the particle growth is
balanced by the formation of new seed particles and
the removal of the product by overflow. Granular
crystalline products of a hard and dense appearance
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could be obtained. By adjusting the stirrer speed,
the dimensions of the granules could be varied
between 3 and 15 mm."

POTENTIAL OF PSD

Process Pesearch

In principle , it would appear that there is little
justification in research or in technology to continue to
work on unmodified calcine. Instead, all research and
development on calcine should henceforth properly be focused
on t he cateqory of superca lcine as defined above.

In the general process research area, it would certainly
be worthwhile to explore all new technologies that would
pe rmit lower temperature reaction, including denitration, to
produce a fine powde r. These should include the new
kerosene droplet method of Reynen and Bastius (1976),
f ree z e- dr ying , microwave hea ting, etc. All these processes
of fer the potential of obtaining a fine homogeneous powder
at the lowest possible temperatures.

Superca lcine Pe search

Pasic research on supercalcine is clearly essential to
the development of all final ceramic forms. At present,
there are major gaps in our knowledge including: (a) the
phases in which each ion (present in 0.1 to 1 percent
concentrations a nd above) is contained in the variety of
calcines made, and (b) the series of host phases that are
the most de sirab le (i.e., le a st leachable) for each ion. A
good beginning has been made by McCarthy and co-workers on
the latter, and all the essential data can be cbtained
rapidly with a very snall investment. These can then fore
the guidelines f or any solidification program that yields
crystalline phases.

It would be desirable to have a master list of a few
optional phases to contain each of the 30 to 40 radionuclide
ions in an assemblage compatible with other likely phases.
Then for a particular HLLW composition, the additive stream
could be tailored virtually automatically to yield an
acceptable total composition and thence the desirable phase
assemblage. While this may sound like a difficult problen,
the physical limitations on closest packing of ions in most
oxide crystal structures leave us with only a handful of
candidate phases: fluorite, apa tite , perovs kite ,
pyrochlore, scheelite, monazite, spinel, corundum, and a few
network aluminosilicates such as pollucite, nepheline, and
sodalite. If the composition of the wastec were to change,
an appropriate adjustnent could be made in the composition
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of the additives to yield a final product with a suitable
mixture of desired phases. Since each of these phases can
contain a wide variety of ions in true crystalline solut ion,
it is possible to design the total assemblage so that only
the desired phases appear.

Supercalcine and Supersludge Composites

Whereas the incorporation of supercalcine or supersludge
into various composites appears to have excellent potential,
these options have not been vigorously pursued in the United
states and other Western countries. Concret e-ma t rix
composites, meta l-ma trix composite s, and graphit e-calcine
composites, the latter two made by powder metallurgy and/or
hot is os ta tic or uniaxial forming, appear to te very
promising. The concrete matrix supersludge in the form of a
grout is a highly specific waste form for which expansion of
basic and applied research would appear to be worthwhile.
This research should f ocus on defining the desired phase
compositions and the means of obtaining them.

Supersludge Composition

The composition tailor-making already done on
supercalcine should be carried out for supersludge. Becau se
inorganic ion sieves--both c rystalline clays and zeolites,
and noncrystalline gels--have great potential to adsorb
ions, it should be quite feasible to develop compositions
highly stable to leaching. These should be designed so that
reaction to form insoluble phases occurs at the lowest
possible temperature.

NOTES

1 The prefix " super" signifies a waste form in which the
chemical composition has been altered so that all
radionuclides are accommodated in known, relatively
insoluble phases.

2 At present a bout 80 percent of the total 137Cs and 65
percent of the 9 0 Sr ha ve been separated from the bulk cf
the Hanford wastes. The encapsulation program is less
than 10 percent complete; howeve r , 240 out of a
projected 3,500 capsules have been produced (NPC 1978).
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CHAPTEP 7

CERAMICS

INTFODUCTION

Ceramics have teen def ined as inorganic nonmetallic
materials formed at high temperatures. For purposes of the
current discussion, we shall re strict the use of the term
" ceramics" to those materials that , in contrast to glasses,
are predominantly crystalline in nature. The nany product
types range f rom porcelain and chinaware to sophisticated
solid state electromechanical components.

Ceramics can be prepared by several proce sses, including
consolidation of solid particulates by either sintering or
hot pressing (seith or without the presence of a liquid
phase). Temperature is the driving force for the sintering
process, which is characterized by the reduction of particle
surf ace area via particle coalescence, and by shrinkage due
to reduction of po rosi ty. The sintering process generally
occurs below the point at which major compositional
constituents melt; distortion of shape and gross
modifications of microstructure are thus avoided.

Ceramics have also been prepared by melt-solidification
processes: raw materials are melted and reacted while
solidification rates are controlled to develop the desired
microstructure and properties. Products made by this
process include fusion-cast refractories for glass and
metals industrie s, single crystal boules for gem stones and
optical applications, and, indirectly, glass-ceramics.

Ceramics are being seriously considered as a form for
nuclear waste solidification because they potentially
provide atomic le vel (prima ry) structural containment with
the greatest thermodynamic stability. Ceramics are also
more resistant to low-level radiation damage than other
primary 1 monolithic waste forms, e xhibit the highest t he rnal
conductivity and leaching resistance, and are capable of
greatest waste loading per unit volume. Furthermore,
because ceramics , unlike gla sses, are crystalline, X-ray and
electron diffraction can be used in combination with
scanning electron microscopy to pinpoint precisely the
crystal structural environment of any nuclide. Judgments
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can then be made on whether to leave a nuclide in a
particular crystalline phase or to modify the compositions
and processing to produce new, more desirable phases. If
insuf ficient data on such phases are available, the phases
can be synthesized and evaluated individually for their
relevant properties Jeachability, t he nnal stability,
susceptibility to radiation damage, and so on).

Ceramics and ceranic processes present some
characteristic disadvantages for waste solidification. The
high process temperatures usually involved present facility
stability and longevity problems. Control and containrent
of particulates during processing, especially ty the
sintering or hot-pressing routes, are considered to be an
additional complication. Ceramics are also possibly
sensitive to transmutation ef fects.

STATE-OP-THE-APT SURVEY

Studies on c rystalline ceramics as waste forms have
received only a very sma ll fraction (perhaps 0.1 to 1
percent) of the f und ing support that glasses have been
given. This emphasis probably resulted largely f rom the
fact that the glass- forming process appeared to be less
complicated and easier to manage than many ceramic-forming
processes. However, as discussed in Chapter 8, the glass-
forming process has its own complications. F u rt hermore,
there are problems with the stability of the product.

Whatever the reason, research ef f orts have been limited
and development virtually nonexistent in tne processing of
ceramic / glass-ce ramic HLW forms. The studies on ceramics
are summarized in Table 7.1.
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TABLE 7.1
Studies on Ceramic High-Level Waste Forms

Product Site Reference
_

Fusion-Cast
Ceramic PNL (WSEP) Mendel and McElroy (1972)

Ceramic Sponge LASL, Sweden Christenson et al. (1964)
and Hultgren (1977)

Low-Temperature PNL, INEL, SRP U. S . NFC (1976)
Silicate

Stable Hot Pressed Penn State McCarthy (1973) and
Ceramic McCarthy and Davidson (1976)

Sintered Calcine- PNL 6 INEL Ross (1975) and
Glass Derreth et al. (1977)

G las s-Ce ra mic HMI (Berlin) De et al. . (1976)

Titanate Ceramic SLA Schwoebel (1975)

Fusion-Cast Ceramic

Fusion-cast ceramic was one of the HLW solids evaluated
in the Waste Solidification Engineering Prototypes (WSEP)
prog ra m. A crystalline ceramic was prepared by casting a
me lt consisting of ortho- and pyrophosphates into a storage
canister. The product crystallized when cooled below 8000C.
It proved unsatisfactory because its leachability in water
was 10 to 103 times that of HLW borosilicate glasses.
However, it was the least dispersible HLW solid evaluated in
the WSEP program. No effort seems to have been made to
optimize the ceramic composition to decrease solubility,
which would seem to be a routine task.

Ceramic Sponge Process

In the ceramic sponge process, HLW liquid is sorbed into
porous bisqued clay bodies, which are then dried and fired
at 1,200 to 1,300oC to partially vitrify the bodies and fix
the HLW species. The products in the LASL effort had very
low Cs but high Ru vaporization losses on firing and had low
Cs and Sr leachabilities. The ceramic sponge work was
perf orned at LASL in the early 1960s; it was then
discontinued, and has only recently been included again in
H LW p rog rams , e.g., National Council for Radioactive Waste
Ma nage me nt (PRAV), Swe de n.
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The aim of the Swedish program is to develop inorganic
ion-exchange materials a nd techniques that will selectively
remove waste nuclides, e.g., Cs and Sr, and long-lived
a ct in ide s . Ef f orts a re being made to develop ion exchangers
that can subsequently be transformed to stable ceramic or
glass materials via an in situ heat-treatment process. The
successf ul removal of very long-lived actinides would
drastically reduce the storage time necessary for decay of
the remaining waste. Ion-exchange materials under
consideration are zeolites (crystalline, hydrated
aluminosilicates), nonze olite s (e . g . , pyrochlor and Group IV
phosphates), and arsenates with structures containing
interconnected void channels suitable for cation absorption.
This process of sorbing HLW liquid into stable crystal f orns
is recognized as the least complex and potentially the
lowest cost ceramic process.

Low-Temperature Silicate

One of the lowest temperature ceramic foras conceived
goes under va rious names, one teing " aqueous silicate." In
a variant of this concept, HLLW ions are adsorted onto a
mixture of silicates; this mi xture is then reacted to create
a set of relatively insoluble phases, some hydrated and sone
anhydrous. The high-sodium, DOE wastes have been studied in
this manner. Another possibility is to mix tne oxy-
hydroxide sludges in the DOE wastes with mixtures of clays
and zeolites. The re sulti ng mixture can then te briquetted
and reacted at low temperature (near 500oC). This reaction
temperature could be increased with a corresponding increase
in density and crystallinity of the product.

The ceramics produced by the techniques just described
have not been characterized in any detail, but, despite
their high porosity, their leach resistance will probably te
nearly as good as that in most of the other ceramic forms.
Their mechanical properties will naturally be much poorer
than those of. glass and hot-pressed ceramics, but will be
similar to those of ceramic sponge.

Ceramics from Calcine

The ceramic prod uct that has been least studied so f ar
is one made from supercalcine. The original objective of
the PSU development of supercalcine was to transform it by
hot pressing or sintering without any additive to a
thermodynamically stable assemblage of four or five
crystalline phases in a ce ramic monolith.

Three other products involvi ng calcine or supercalcine--
hot-pressed ceramic matrix, sintered calcine-glass, and
glass-ce ramic--are similar to one another and to ceramic
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spcnge in that they are designed to protect HLK calcine, a
product inferior in terms of strength, leachability, etc.,
by encasing it in or reacting it with a superior glass or
ceramic matrix. Partial vitrification of the product is
used to promote sinte ring and densification.

In the hot pressed ceramic matrix product, a pproxima tely
30 wt% of HLW calcine is mixed with powdered quartz and a
small amount of a low-leachability glass frit and hot
pressed at 1,100 to 1,2000C, 2,000 to 4,000 psi. Compared
with glass at the same level of waste loading , the product
has a similar leachability but a greater t hernal stability.
Laboratory-scale demonstration was completed in 1975 using a
cold but otherwise f ull-composition clean waste (PW-4b).
Further work has not been scheduled, because it was believed
that continuous, remote hot pressing under high radiation
conditions was not teasible.

The sintered calcine-glass products are a mixture of HLW
calcine (50 to 7 0 wt%) and either a suitable glass f rit or a
mixture of g lass-making raw materials. The following
excerpt is a process description f rom ERDA ( 1976 b) :

" Calcine is mixed with a flux and a binder-
lubricant, which can be water. If large disks are
desired, the mixture is pressed to a low-profile,
thin-walled steel container. If smaller pellets
are to be formed, the powder is f ed to a
pelletizer. The shaped mixtures are then sintered
with the large disks requiring a low- p re s s ure
pressing while still h ot to confo rm the product to
the container. After cooling, the disks could be
loaded directly into the canister. The pellets
would require a matrix and could be coated."

The INEL version of this process is illustrated in
Figure 7.1.

Some of the crystalline phases resulting from the
reactions between the calcine and glass have been reported
and are listed in Table 7.2.
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TABLE 7. 2
Crystalline Phases Pesulting From Calcinc-Glass Peactions

?W-4b + Zinc Borosilicate PW-7 + Ba-2n-Ti-
Glass ( PITL) Aluminosilicate (INEL)

-

[ (Ce,PE,2r) Oz x] [ REzZr 207]
[(Sr,Ba,Ca) moo.] [ Fe 30.]
[ (Ni,2 n, Mg,Co) (Fe,Cr) 20. ] [ CeO , ]
[7EBSiOs] [Gd O3]2

[GdFeO3]

NOTE: RE refers to rare earth cations.

The INEL pha ses should be considered as structural types
representing complex cr ystalline solution phases rather than
as the simple compounds listed. The products are relatively
dense and hard and have leachabilities approxiaating several
tine s that of laboratory borosilicate glass.

The classical (i . e . , PYROCER AM) glass-ceraaic approach
to a HLW form has not teen used to any extent in the United
St a te s . It is under active investigation in West Germany,
principa lly at the Hahn-?teitner Institute (HMI) in Berlin.
U. S. ERDA (1976b) describes the processes as follows:

" Liquid HLW is calcined and melted with the
addition of glass f rit. The melt is cast in small
blocks or plates sized so that temperature
gradients will be small. The blocks are cooled
rapidly so that they remain completely vitreous and
a re then ta ken through a caref ully programaed
thermal treatment to promote controlled nucleation
and crystallization. The blocks are stacked in a
canister and the annulus filled with metal for
enhanced heat transfer."

The same publication further noter that "a glass-ceramic
is stronger than glass, would not be as susceptible to
uncontrolled devitrification at high storage temperatures
and would have leach resistance similar to glass."

Fesults of the HMI cold laboratory-scale HLW glass-
ceramics investigations we re published recently (De et al.
1976) and a few highlights a re listed telow.

* Process temperatures are: melting, 1,100 to
1,4000C; nucleation, S3) to 7000C; crystallization,
630 to 9600C.
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. . _ _ . - - C

vaste composition is similar to PW-7a; glasse

of the alkali or alkaline earth aluminosilicate
types.

Bulk leachabilities are slightly greater in.

the crystc 11ized product than in the parent glass.

Nuclides of conce rn (e. g . , 90Sr, 13 7Cr) are.

crystallized in tailor-made host phases.

The HMI group indicates that one of the f irst goals in
tailor-making a HLW glass-ce ramic was to fix Cs in
poll uc it e , CsAlSi 0s. For this reason the group always uses2
aluminosilicate-based formulations. In their pa pe r , they
demonstrate pollucite crystallization (and coincident Cs
depletion in the surrounding residua l glass) with electron
probe analysis. Pollucite is the most common ho st for Cs
(and Rb, another HLW ion) in nature. Be caus e it
crystallizes f rom igneous formations that are as complicated
chemically as HLW, nature has given us sono indication of
its great stability. It is highly resistant to water
leaching of the Cs (Barrer and McCallum 1951) and has good
thermal stability (Gallagher et al. 1976). (A definitive
study of the cry sta i chemist ry, phase relations,
leachability, and thermal stability of pollucite is in
progress at PSU.) It is no coincidence that pollucite is
the Cs-f ixation phase in the three tailor-made waste f orms ,
glass-ceramic, titanate ceramic, and supercalcine.

One problem with the glass-ceramic approach is that in
order to make the original glasses meltable at reasonable
tempe rat ures , fluxes such as B0 must be added to the2 3
aluminosilicate formulations. This leaves a relatively
leachable borate-rich residual glass after crystallization
that makes the bulk leachability slightly higher than that
of t he parent glass. Leachabilities of the ions (Cs, Sr,
et c. ) fixed in the crystalline phases are not reported, but
these should be at a significantly lower level than leaching
from the total glass.

The HMI glass-ceramic process has been demonstrated both
cold and hot on a laboratory scale and is currently in the
hot pilot scale stage of testing.

Tita na te Ceramic

The titanate ceramic H LW form is the product of hot
pressing consolidation in the Sandia Solidification Process,
a rather complex process that ma y te realistic for military
wa st e . ERDA (1976b) describes the process f or commercial
wastes as follows (see Figure 7. 2):
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"HLLW is neutralized to pH = 1 with NaOH and
clarified by centrifugation. The clarified waste
is then almost completely decontaminated (10-5
Ci/ml total activity, mostly ruthenium, cesium, and
technetium, and < 10- 10 Ci/ml a-emit t ers
demonstrated on a laboratory scale) by ion exchange
with sodium titanate (ST). Cesium is subsequently
removed by ion exchsnge with a zeolite, and the
remaining trace wastes such as ruthenium and
pertechnetate ions are removed with an anion
exchange material and other reagents. The
exchanged ST and zeolite are removed as slurries
and combined in slurry f orm with the suspended
solids which were removed in the clarification
step. This mixture of slurries is dewatered and
dried on a pan filter, then consolidated by
pressure sintering, the only high-temperature step
in the process. "

The hot-pressed titanate ceramic products are largely
crystallinc. Only a small amount of a lumi na- silica f rom t he
zeolite and silica f rom the oxidation of the Si metal
addit ive is nonc rystalline. About half of the product is
rutile, TiO Silicon metal was added to maintain a2
reducing environment, so many waste constituents occur as
meta ls (Mo, Pd, Rh, and pe rhaps Te and Fe) . Alkaline earths
and rare earths form stable and refractory titanates. In
the early stages of the work it was found that alkali (C s ,
Rb, Na) titanates were f ormed during consolidation, but
tiese had poor leaching resistance and thermal stability.
Therefore, the zeolite exchange step was added, resulting in
the fixation of Cs and Rb in pollucite. Other oxides occur
uncombined with titania (CeO2, UO + x , CeO2) . The presence2
of each of these phases was identified or confirmed using
selected area electron dif f raction combined with scanning
transmission electron microscopy.

On the basis of what has been learned to date, it is
likely that the titanate ceramic is reasonably close to
thermodynamic equilibrium under HLW storage conditions and
in a closed system (such a s a sealed canister) .
Compositional design such as that applied to supercalcine
has not yet oeen employed to optimize the composition.
Using data obtained by PSU, this modification can easily be
made, anu the Swedish ef fort is taking a step in this
direction. The individual phases--TiO , tita nate s ,2
aluminosilicates, oxides, and metals--are caparently
compatible.

A program is currently under way to apply the Sandia
Solidifcation Process to DOE defense wastes at Hanford.
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SUK4ARY AND RECOM'4ENDATIONS

Research and development activities have demonstrated
the potential advantages of various ceramic processing
methods for the solidification of HLW. Stable crystalline
forms have been identified and synthesized as host
structures. The complexity of the processes used varies ,
both in operation and in resulting properties. Table 7.3
provides an assessment of ceramic-forming processes in the
form of a matrix chart.

The efforts to date, although rather limited in scope,
have revealed considerable potential; yet, many of them
appear to have been shelved. Although ceramics have high-
quality properties, much more RCD is required to assess the
feasibility of processing th e m. Even if this assessment
should prove f avorable, a process can be selected only after
the cost and risk to f acility operators are considered.

Special emphasis should be given to the " ceramic sponge"
adsorption /densifica tion process , since it is potentially
simple and inexpensive and produces a stable product.

Improvement of processes, to make them singler and
easier to operate and to increase the longevity of
containment and molding ma terials should also te emphasized.
In addition, ope ra ting parameters with reasonable latitude,
e.g., extended temperature , pressure ranges, should be
established f or pa rticular compositions. In this fashion,
ef ficiency would be enhanced, and stringent process controls
would not be required. Ce rtain borosilicate glass
compositions, for example, require melting temperatures of
about 1,4000C. Such compositions in particulate form,
however, can be densified by hot pressing over an extended
temperature range beginning as low as 7000C at about 2,000
psi with insignificant mold interaction.

NO'IE

1 The metal in metal matrix composites is a secondary
vast e conta inaent f o rm (see Chapter 10).
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TABLE 7.3

Process - Property Ma trix

Fusion
~~

Glass Sintering Hot Ad so rpti or/

A. Pracess Para.3eters
_

Ceramics low Temperature ~~RighTedpyalure Pressing ReactionCa Q1f'1

Sl ur ry/ Pa r ti cul a tes Mix super- Pa rticulates to Particulates Inorganic exchangeCompl exi ty Slurry /Pirtic o-

lates tn Melter; to Mel ter, compo- sludge as Consolidation to to Densifi- reaction relatively

composition and sition and temper- slurry; S i n t e r- De n s i fi - cation; com- simple for Cs, Sr.

tempera ture cun- ature control can as cation; compost- position and fluid to solid;

trol blocks; tion and temper- terpe ra tu re completeness of

sinter ature control control reaction; composi-
tion in ,d tempera-

to ture control
e

Maxim;m Temper- el,400'C but :1,4 0G' C 500-1,000'C 1,200'C 1,000'C 1.000'C
atare composition

dependent

Charactoristics Difficult: high Di f ficul t: high Simple Difficult: Difficult: Relatively less
of Penote potcntial for potential for sc ra p numercus s teps , mold longevity; dif ficult process
Operation mal func tion ; malfunction, potential high scrap eq.ipment control

refractorles refractories po ten ti a i mal func tion
longesity len yvity

Contamination Considerable Co n s i der?bl e Considerable High High Considerable
Potential

(Yh
w

.
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8. Property
Characteristics

Leachability low i f micro- Very low Low Potent 1611y low Extremely low Marginally higher
cracks and pare (because ofclusters con- residual porosity)
tained

Thermal High Can be high; low High for fully High Lower because of
Conductivity depends on dens!-*

residual porosityO
g phase content

Thermal Good Goo d Fair Very Jocd Very good Lower
Stability (> 1,000' C ) (>1,000*C) (> 1,200' C ) ( > 1,000' C ) (~500'C)

Di s pe rs i bi l i ty Potentially Good Fair Good Good Poorer
Res is tance good

-
-

__ _ _ _ _ _ _ . _ _ _ _ _ _ _
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CHAPTEF 8

GLASS

DEFINITION WiD GENERAL DESCPIPTICN

Glass is defined by the American Society for Testing and
Mate rials as ". . . an inorganic product of fusion which has
been cooled to a rigid condi tion without crystallization. "
This definition is somewhat too rest rictive f or scientific
use, but it is adequate to characterize the waste form to te
discussed in this section.

The structure of glasses is amorphous because the
aperiodic structure of the liquid state has persisted
essentia lly unchanged during the cooling into a rigid
cond itio n. The formation of a glass rather than of a
crystalline solid is entirely a matter of kinetics; that is,
when the tempe ra t ure is reached at which a crystalline phase
could form (the "liquidus" temperature) the cocling rate
must be fast enough to bypass the natural crystallization
tendency of the melt. If the viscocity reaches
approximately 10t* poises (the so-called transition range)
without crystallization occurring, the formaticn of a glass
is virtually assured ; that is, the amorphous structure is
ef fectively f rozen in, a nd t he ra te of f urthe r cooling is
not critical.

However, it is important to realize th the glassy
state remains perpetually metastable with reGrect to
c ry s t a lliza t ion. I f a g la ss is reheated above the
tran 'i tion temperature range but below the liquidus long

progressive conversion to one or more crystallineenot a
phar. <ill usually occur. This conversion is known as
devit; . - ica tion. In a homogeneous glass the conversion
invariably begins at the surface (be cause nucleation sites
are available there) and grows toward the interior.
Interior surfaces (bubbles ) do not ncrmally initiate
devitr if icat ion. In glasses that contain crystalline
inclusions such as unmelted or insoluble components,
crystallization begins on these internal surfaces as well.
If the glass composition and thermal history are such that
these interna l nucleants a re finely divided and evenly
di sp e r se d , crystallization may be orderly, leading to a
fine-grained gla ss-ceramic. On the other hand, if the
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internal nucleating phases are coarse or unevenly
distributed, volumetric changes accompanying crystallization
will probably lead to internal f racturing and loss of
mechanical coherence of the material.

Glass has many attractive features as a form for the
solidification of nuclear wastes. Inorganic glasses are
good solvents for nearly all metallic oxides, owing partly
to the high temperatures at which the solutions are formed,
and partly to the nonspecific natur s of the anorphous,
glassy structure. Furthermore, the common silicate glasses
tend to be relatively insoluble, owing to the three-
dimensional na ture of the silicon / oxygen network. Thus,
divalent and trivalent cations are also ef fectively made
insoluble, because they are, electrostatically, a part of
the network. Monovalent cations tend to remain less tightly
bound, but the rate of their extraction by water is
substantially restricted at ordinary temperatures by the
network canes in which they are enclosed. Natural glasses
such as obsidian furnish some evidence of the chemical
stability of high-silica glasses over geologic time periods,
though the significance of this evidence has been overrated.
The surviving natural glasses are of recent geological
orig i n, and have been f avored by dry environments. (I n
f a ct , natural [ mineral] glasses are unknown in any pre-
Pleistocene geologic environment--even at low temperatures--
when water is present.) Well-made glasses are also
nonporous, which avoid s wa sted volume, improves thermal
conductivity, and minimizes the area exposed to chemical
attack. Glasses are relatively resistant to both ionizing
and displacing radiation, and helium (from alpha decay)
diffuses fairly rapidly within the open structure of
silicate glasses.

Glasses also have soae disadvantages for waste
solidification. The tendency to devitrificaticn at modest
tempe rat ure s , with re sulta nt change of properties, has been
mentioned. The high temperatures needed to rake glasses
cause processing problems, particularly corrosion and
warping of equipment. Control of gases and vapors produced
in hot operations is also troublesome. The concentration of
wastes that can feasibly be incorporated in glasses is
limited, if chemical durability is to te retained.
Commercial glanses seldom contain less than 70 percent of
network- forming oxides (SiO Al O B03), of which the2, 2 3, 2
ma' pa rt must be Sio,. Use of glasses with a lower level

.nese oxides invites deterioration of chemical
carability ; gla s se s with less than 50 percent SiO, are
usually soluble in acids. F urthe .oore, glasses are brittle
and will crush on impact; thermal gradients can cause
cracking. Thermal conductivity is about ten times poorer
than that of metals.
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STATE-OF-THE-ART SURVEY

Recent surveys of radioactive waste managenent (I AEA
1976; U. S . ERDA 1976b, 1976c) indicate something approaching
a worldwide consensus that HLLW should be solidified, and
that glass technology is the most advanced solification
alternative. The U.S.S.P. is an exception; Soviet Union
solidification studies are supplemented by a program wherein
liquid wastes are pumped directly into porous underground
strata (W. Bishop, U. S. Nuclear Pegulatory Commission,
personal communication, 1977).

France and the United Kingdom are fully coamitted to
glass; no other HLW forms are under active consideration. A
production-scale vitrification unit is scheduled to go on-
stream at Marcoule late in 1977, treating active wastes.
Other countries are still giving some consideration to other
alternatives, but more money has been and continues to be
spent on glass than on all other waste forms ccmbined. As a
cons eque nce, the concept of waste fixation in glass has
developed such momentum and acquired so many vested
interests that an objective critique of its ef ficacy may be
unwelcome.

A preliminary step in such a critique is to survey the
status of existing vitrification programs. Fortunately,
international communications in the area of waste manacement
are tole rably good, and information is f reely available.
However, the inf ormation is chiefly at the conceptual and
schematic level, and engineering details are not usually
publis he d. This omission of engineering details is
unde r standable , in view of the constantly evolving nature of
engineering design and the sheer bulk of documentation
necessary for an adequate description of a working system.
But it is importan'_ to be aware that competent engineering
design can of ten turn an unpromising concept int o
successf ully f unctioning hardware. By the same token,
inadequate engineering can lead to poor performance in spite
of a sound basic concept.

The French Program

The continuous vitrification process (AVM) that is socn
to go into opera tion at Ma rcoule is the fruit of a major
program begun in 1959. The plant is engineered to process
30 liters per hour of HLLW; this corresponds + ^ the rate of
liquid waste output from the reprocessing of ic"al G" fuels

at the rate of 1 ton per hour.

Each day's glass product, about 430 kg, will be sealed
in a metal container 50 cm in diameter and 100 cm high. Ten
such containers will be stacked in each of the steel-lined
vertical pits in the storage area. Enough pits (220) are
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installed at pre se nt to store the expected output of the
first ten years of operation, by which time a national
depository may exist to which the stored cylinders can be
transported. If not, the storage area can be extended.

A diagram of ocerations in the vitri fication plant is
shown in Figure 8 . 1. Evaporation and denitration of the
HLLW are accomplished in the rotating-drum calciner at at out
400 to 5000C. A free-rolling internal bar keeps the solids
broke n f ree o f t he calci ne r wall . Proper granulation of the
calcined solids is also aided by organic calcination
additives. Glass frit of a special composition is supplied
cont inuo usly in the required proportion at a location near
the discharge end of the calciner. The mixturc of frit
f lakes a nd calcine powde r f a lls into the melting chamber,
where denitration is completed and the fission-product
oxides are dissolved by the molten frit. At e ig ht- hou r-

intervals the melter is tapped by heating a plug of frozen
glass in the bottom of the melter. A siphon device prevents
the complete discharge of the melter contents. The progress
of the casting operation is monitored remotely by
observation of the weight of the receiving ca nis t e r. The
flow of materials into the melter is not interrupted during
the casting operation.

In spite of the re la ti ve simplicity of this process, the
necessit y of providing for remote operation and maintenance
and for coniplete containment of radioactive materials
introduces formidable complications into the equipment.
Some of the critical special problems and the measures
selected f or dealing with them deserve mention.

The melter is a relatively thin-walled, metallic
cylinder that nominally operates at 1,0500C. It is possitle
that this container will some day be inadvertently
pe rf o rat ed , allowing molten glass to escape. In such an
event, it is expected that the escaping glass will promptly
be solidified by contact with a relatively close-fitting
ceramic shroud that surrounds the me lte r. This shroud is
shown schematically in Figure 8.1. The shroud remains
relative ly cool because the melter is not heated by
radiation, but by induction f rom cooled 10 kHz coils that
surround th" .iroud.

The calciner produces large volumcs of gas (steam, t!O x ,
vola t ile fission-product compounds) and dust. The diagran
inlicates the provision for treating these of f q ases and for
recycling contaminated condensate to the reprocessing plant.
Dust is recycled as a slurry to the calciner feed.

The rotating calciner cannot be completely sealed at tir
locat ions where it joins the stationary parts of the system.
Te prevent the escape of gases and dust, a reduced pressurr
is to be mainta ined in the calciner-f trnace section ot the

104 r~-atu.120



C A L :l NAllC N GLASL Fkly NELEASE INTO THE
AD 0ifl wES AIMOSPHERE

b

b cr
-L CN R ATE y w

jOL5T REHC.E w -

OITORING

4 'is
GAS

>PUR,F IC A 7 i O N
p

1

--
RE CY CLINS ,_

iC 'd ! A INE R '4Lc
' 1 CR

( ft
-

- -

' ' Elf tNG<
% % F LITING CF pyggggg

E N TE kN A L y (/
# LE C ONT AMIN Af'C N LIG UI Dn

V V GLASS EFF(yrhts

RE'.EPfl0N CF F IS SION P R ODUC T < CNTAIN ER S

CL U TION $

RE PROC E SS LNG PL AN T
6CR CCNCE N TR ATIC N

CR TE M POR AR Y GLA55 S TCR AGE

h STCR AGE CF
k iM rcN PRCDUCTS <p

C';
FA
>$

[,5 Source: IAEA (1977).

FIGURE 8.1 Diagram of operations at the Marcoule Vitrification Facility ( AVM).



.

system. The idle flow of air through the system is
minimized by caref ully fitted graphite rotary seals.

These specially engineered provisions seem adequate, but
the severest test is the l apse of time under production
cond itio ns. The success c f this plant will be determined by
how long equipment of this complexity can be operated, and
particularly by what quartity of waste can be treated before
the system reaches an inoperable condition.

The composition of the f rit is critical. The
pe rmissible range is narrowed almost to vanishing point by
the necessity of simultaneously satisfying several
conflicting requirements:

1. The frit must melt, flow, dissolve calcine, a nd
homogenize at 1,0500C.

2. The content of fission-product oxides must be
acceptably high.

3. Chemical durability must be acceptable.

4. Segregation of an alkali molybdate phase should be
prevented.

Frit composition is so critical that a special type must
be provided for each of the three kinds of wastes that are
to be processed at Marcoule. The composition to be used for
Sicral G waste, and the composition of the glass derived
from it, are shown in Table 8.1. Note that t he
concentrations of fission-product oxides are quite low,
owing to the relatively la rge amount of inactive Al 02 3,

Fe2O and MgO that accompany the fission products in this3,

particular type of HLLW. The volume reduction f actor (HLLW
volume / glass volume) is also low, only 5.4.

Difficulty with molybdates has been encountered in every
vitrification program. Molybdenum, one of the most
plentifu l fission-product elements, occurs in oxidized
glasses as the molybdate anion, which is reluctant to
participate in network f ormation. Accordingly, a fused
alkali molybdate phase of low viscosity frequently separates
from the glass, e en at melter temperatures. A high level
of B 0 in the glass (24 percent) will hold the molybdates2 3

in solution, but such a high level conflicts with other
considerations. At the compromise B 0 level (14 percent) ,2 3
spherical nodules of crystalline alkali molybdates will
occasionally be encountered in the product glass. These
nodules are water-soluble, which leads to concern as a
matter of principle, but it can be argued that they have
little practical importance because the vast najority will
be f ully encapsulated by the glassy matrix.
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TABLE 8.1

Frit and Solid Waste Compositions

Chemical Fri t Solid Waste
Component (wt%) (wt%)

SiO2 57.5 48.8

B0 25 14.223

Na20 17.5 15.0

A1 023 64

Fe2 3 2.60

Mg0 6.3

Ni/Cr 0.2

Fission
products 4.5

Source: Bonniaud et al. (1976).
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The capacity of the Ma rcoule vitrification plant is
suf f icie nt f or the weapons-waste processing that is to be
donc there, but is too small to handle the large volume of
commercial light-water reactor waste that will be generated
at the reprocessing plant at La Hague. The liniting element
of t he AT4 pla nt is the poor heat-transf er performance
typical of a heated-wall melter, which is aggravated by the
high viscosity of the melter contents. An increase in the
physical size of such a melter makes the surface / volume
ratio smaller, a nd the heat transf er performance even worse.
An ef f ective way of solving the problem is to generate the
heat directly within the gla ss. This is done in commercial
glass plants by inserting electrodes into the nelt. The
French, however, have chosen to work with a prototype that
retains the concept of induction melting. A nonconductive
ceramic container is surrounded by induction coils operating
at 100 to 200 kHz; these coils are designed to induce
circulating electrical currents in the molten glass.

The British Program

The British vitrification program began alaost 20 years
ago at Harwell with the FIMGAL pilot plant. Striving for
the ulti mat e in s inp licit y , the designers limited the number
of processing vessels to one , a heated cylinder that
combined the f unctions of evaporation, denitration,
vitr i f icatio n, a nd stcrage. Liquid waste and a suspension
of silica in sodium tetraborate solution were simultaneously
mete red into the cylinder. As the level of the accumulating
mo; ten glass rose, a rising zone of externally applied heat
was provided to follow it. The FIN 3 AI plant was shut down
in 1966 af ter completing 7 2 runs, of which 8 involved the
processing of f ully active waste. Stainless steel was used
for the container, and operating temperatures were about
1,0500C.

In 1972 a decision was made to install a vitrification
process for routine use. This plant will use the HAPVEST
P roce s s , which is a modification and enlargement of the
FINGAL concept. A pilot model of the plant is being tested
at Harwell.

The simplicity of the HAFVEST concept is attractive, b ut
the throughput rate will probably be low, owing to the large
amount of heat consumed by evaporation of water before
me lt ing ca n begi n. The use of exter ior heaters does not
provide the fail-safe feature of the French AVM process,
with its cool sh roud surrounding the melting chamber.
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The German Program

German RCD on vitrification has been under way for about
ten years. Work is quing on at three sites, and several
competing concepts are under study. The VEP A concept being
developed at the Karlsruhe Nuclear Research Center is at an
advanced stage.

The VERA process uses a spray calciner, which is heated
by the injection of superheated steam at 6000C. The
calciner product joins a metered stream of glass frit in a
metallic nelter at 1,1500C, much as in the French process,
and the contents of the melter are periodically drained into
a metallic stora ge canister.

An important feature of the VERA process is the use of
formic acid to deacidify and denitrate the liquid waste
lefore it enters the calcine r. This significantly reduces
the volatilization of Fu as oxide, which is a troublesome
feature of processes that perf orm die calcination in an
oxidizing atmosphere. A further virtue of pre-denitration
is that it virtually eliminates the production of
uncondensable of f-gas in t he calcination.

R ece nt information (I AEA 1977) indicates that the VERA
concept has been modified in favor of a refractory-lined
melte r (Figure 8. 2) . Heat is supplied directly to the
molte n g lass by immersed , re newable molybdenum electrodes.
Evaporation and denitration are carried out in the same
enclosure, by spraying a slurry of powdered f rit and HLLW
directly on to the curf ace of the melt. The f avored f rit
composition is shown in Table 8.2.

TABLE 8.2
Frit Composition

Chemical Frit
Component (wt %)

SiO 51.87
~~

2
TiO 8.822
Al O 1.312 3
BO 14.022 3
Ca0 2.62
Na2O 21.36

_

Source: Personal communication from R.E. Blanco, Oak Ridge
National Labora tory, to D.E. Ferguson, 1977.

The rationale for this particular choice of composition
is not available, but its principal novelty is the use of
TiO which, in moderate a;nounts, will lower the viscosity of2

glass melts without seriously reducing the chenical
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durability. The frit is capable of dissolving 30 percent
waste solids at the processing temperature of 1,2000C.

Other German vitrification processes are: (1) a
thermite reaction with MnO as oxidizer, aluminum powder as2
fuel, and silica and calcine as glass-formers (Ka rlsruhe) ;
(2) a glass-ceramic (Hahn-Meitne r Institute) ; (3) a drum
dryer fed by a slurry of denitrated fission products,
sili ca , and lime, producing a material suitable for melting
directly in a storage canister (Julich) ; and (4) the PAMELA
process, in which denitrated waste is mixed with phosphoric
acid and melted at about 1,000 C in platinum to form a low-
viscosity glass that is collected as droplets (Gelsenberg
and Eurochemic). These droplets are subsequently dispersed
in a metal matrix for protection and for heat transfer.

The United States Program

The waste solidification problem in the United States
dif fers in certa in respects f rom that in Europe. Most
European wastes are single-phase acidic solutions of
relatively f resh fission products arining from the
reprocessing of power-plant fuel elements. In the United
States the reprocessing of commercial fuel would invoJve
similar compositions and much of the work is aimed at suah
wa stes . However, commercial reprocessing is currently
de f e r red a nd , except for the short-lived operation at We st
Valley, New York, most of the existing liquid wastes are a
by-product of the United States nuclear weapons program.
Much of this waste is quite old, with a correspondingly low
specific rate of heat ge ne ra tion. The chemical composition
is variable, reflecting the successive generations of
reprocessing technologies that have been used. Fu rthe rmo re,

except at the Idaho reprocessing plant, the military wastes
have been and continue to be neutralized with sodium
hydro xide . Neutralization causes essentially all fission-
product elements other than Cs to be precipitated. Thus
most United States wastes are a two-phase mixture consisting
of sludge and supernate.

All the military reprocessing centers include
vitrification among their solidification alternatives. Most
of the development work on vitrification of conmercial
wastes has been done and continues to be done a+ Battelle
Pacific Northwest Laboratories, although a significant
program oriented to EPDA waste vitrification is now being
developed at the Savannah River Plant. The PNL studies deal
mostly with acidic wastes, but process modifications have
been worked out for other varieties of liquid waste.

The PNL prog ram includes parallel ef forts on developing
two concepts: the "in-can melter" and the " continuous
ceramic nelter." Like the British process, the in-can
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melter carries out the melting in the same canister that
will encapsulate the solidified waste for storage. In the
continuous ceramic melter process, a separate electrically-
heated, ref ractory-lined melter delivers molten glass to the
storage canister. Various methods for preparing the input
to these melters are being considered, but spray calcination
of an acid waste appears to be the f avored alternative. The
glass- forming ingredients are added to the calciner output
as a separate metered stream of frit. The frit composition
is severely constrained by the need for a relatively low
processing temperature ( 1,0 5 0 0C) ; a zine borosilicate was
once preferred, but the 2nO content is being substantially
lowered in the newest formulations.

EVALUATION OF CURRENT R6D

The previous section has commented on sone specific
aspccts of each of the major national prograns. This
sect ion deals with elements that are for the most part
common to all vitrification schemes.

Processing Technology

It is not ea sy to engineer a process for the conve rting
of HLLW into glass in a totally enclosed, remotely operated,
remotely maintained system. The most serious difficulties
arise f rom the need for high tempe ratures. The problem in
the selection of materials is compounded by the f act that
molten glass is both corrosive and a liquid; leakage is
accordingly an ever-present possibility. The high
temperature also promotes volatilization of several
ra dionuc lide s , e specially Pu and Cs. The drying and
denitration that must precede glassmaking produce large
quantities of gases and vapors, which are more or less
contaminated with radiaactive dusts and vapors.

Another problem inhere nt in small-scale glassmaking
which, unlike those already named, seems not to be
explicitly recognized is that of providing adequate heat
transfer. Because the glass must be melted at a viscosity
of about 100 poises in small containers, convective heat
transfer is almost completely inef fective; and because these
glasses are opaque to near-inf rared, radiative heat transfer
is negligible. Thus neither of the heat transfer mechanisms
that predominate in commercial glassmaking is available.
Only conduction remains. As a result of inadequate heat
transfer, the production rate of heated-wall melters is
disappointingly small. The extra time required to process a
unit of material means a low value for the true merit index
of a plant; that is, tre number of tons of glass produced
between major overhauls.
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A trend toward imm( rsed-electrode melt ing is apparently
well under way in both the German and the U. S . programs.
This t rend is to be commended. The molten glass itself
becomes the heat producing resistive element, with the
result that a substantial portion of the applied electrical
energy is released where it is needed. Combination of
imme rsed electrodes with a refractory-lined nelter basin can
virtually eliminate restrictions on vitrif ication
temperature, if polybdenum electrodes are used.

Another important potential advantage of this type of
nelter is the f act that it can be operated with a " cold
top" ; that is, with cold unmelted batch solids floating on
the surface of the melt. It is well known in commercial
practice that this configuration quite ef f ect ively controls
the evaporation of volatile components of the clacs. The
cold material acts simultaneously as a condenser and filter,
and cont inuously returns volatile components to the melt.

It is distressing to find, however, that both in the
United States and in Germany the design o f ref ractory-lined
electric melters has apparently been done on an ad-hoc
basis, in spite of the existence of a well-developed,
commercial technology that corresponds very closely to the
requirements for vitrifying HLLW. An cxample of the
commercial technology is t he Pochet melter (U.S. Patent
numbe rs 3,143,328; 3,4 29,972 ; and 3,5 80,9 76) currently used
by t he Ferro Corporation a nd the Babcock S Wilcox Company,
Re f ractories Division. The latter organization uses the
Pochet f urnace to melt p ur e kaolin clay, which illustrates
the extraordinary high-tempe rature capabilities of this
technology. The failure to draw fully upon available
commercial technology has delayed to some extent the
development of the ref ractory-lined melter for use in
radioactive waste solidification.

Little reference has been made to the use of graphite as
a glass-contact material, a surprising oversight . Graphite
is chemically so different f rom the usual glass-contact
mate rials that its use may seem unthinkable, b ut it bas much
to recoanond it: it s tempe rature lini' at ions are minimal; it
is easy to fabricare; it is electrically conductive, cheap,
and non.itrategic; and it can be disposed of ty oxidation.
Anot her potentia lly usef ul characteri stic is t he fact that a
fully reduced glass does not wet graphite (Swa rt s 1965).
The reducing effect of gra phite on transition-retal cations
will have consequences t hat need to be examined. In the
case of rolybdenum a nd rut henium, reductio n would tend to
solve e xist ing probicms of immiscibility and volutilit y,
respectively.

The use of f errous superalloys as alass-contact
materials in a mel te r is a marginal technology at best. T he
uppe r se rvice limit for these materials is about 1,1000C,
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yet this is approximately the minimum temperature required
for melting the frit and dissolving the fission-product
oxides. A process with so little latitude is not desirable.

As a general comment on processing technology, it is
disappointing to find that so little effective use has been
made of information and technology that already exists in
the glass industry. To the Panel's knowledge, agencies and
cont ractors have not hired experts in the science and
technology of glass, nor have they ef fectively used
consultants in the field. Even the professional societies
remained essentially unaware of these activities until
recently. Wa ste vitrification activities began in the
United States in the late 1950s; the Waste Solidification
Engineering Prototypes pilot-scale, in-can melting program
was completed at PNL tetween 1966 and 1970; yet the Nuclear
Division of the American Ceramic Society did not hold its
first half-day session on Managenent of Nuclear Wastes until
1974.

Quality Control

In ordinary manuf acturing operations, quality is
maintained by inspection of the product. If product quality
is critical, 100 percent of the product is inspected.
However, all the vitrification processes for silicate
glasses are designed to operate under totally enclosed
conditions, including placement of the glass in its final
cont a ine r. Thus there is no provision for inspection of a
product whose quality is usually considered to be critical.

The absence of inspection is particularly serious for
the in-can type of melter, where layers of virtually
unmelted material could exist without detection. Indeed,
the desire of the process operator to increase throughput
and minimize operating temperatures is an incentive that can
be depended on to lead freqpently to the production of poor-
quality glass if inspection is absent.

On the otaer hand, processes that use a separate melting
enamber inherently provide a verification that the molten
state has been achieved; othe rwise , the contents of the
melter could not he tapped of f. The viscosity can te
roughly estimated from the time necessary to cast a certain
mass of glass. If a viewport is provided, the presence of
undissolved material or other gross inhomogeneities can be
detected by observation of the luminosity and profile of the
flowing stream of glass. These are only limited types of
inspection, but will probably serve the purpose.

The only existing vitrification process that might be
completely inspectable is the bead-forming operation that is
part of the PAMELA phosphate glass process. Beading could
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also be done with silicate glasses if a melter were used
that could deliver glass at the requisite low viscosity
(about 10 poises) .

A stream of glass at a higher viscosity (1,000 to 10,000
poises) can be mecha nically shea red into " gobs" and rolled
into spherical marbles with standard machinery, but those
who have experience with this type of operation advise
against attempting it in a remote operation. Constant
operator attention is nece ssary, because the shears must
constantly be lubricated in a critical way, and they must
frequently be removed and re sha rpened (Richard Hunter, Johns
Manville Corporation, personal communication, 1977; Willian
Shuler, PPG Industries, pe rsonal communication, 1977).

The Leachability Concept

The worldwide enthusiasm for glass as a solid form for
incorporating nuclear waste is puzzling, because the
rationale for the preference is nowhere explicitly stated.
Nonetheless, it is clear f rom the data reported in
connection with composition studies that leachability is
perceived as the performance property of paramount
importance. This perception probably derives from a " worst-
case" scenario in which the bare waste form is inadvertently
and irretrievably exposed to flowing water. Under these
conditions it is obviously desirable that the rate of
dissipation of radionuclides into the water be as low as
practica l. A solution rate of 10-7 g/cm2/ day seems to be
regarded as acceptable, apparently because it is comparable
to the solution rate of chemical Pyrex (Corning Glass Korks,
Code 7740) under the same conditions.

Before making f urther comments on the leachability
co nce pt, some background inf ormation is needed on the nature
of the interaction of glasses with aqueous solutions. The
issue is not one of simple solubility. A great deal of
published information is available on this subject, because
the aqueous reactivity of glasses of all kinds has been a
matter of intense practical concern for many years.

The interaction of water with silicate glasses is
hydrolytic in character; that is, the essential reaction is
the cleavage of an Si-O-Si bond by a water molecule to give
a pair of SiOH groups. Composition is the principal
variable that influences the rate and extent of this
hydrolysis. Pure fused silica is quite resistant to
hydrolysis, owing to its f ully crosslinked structure.
Unless the conditions of temperature and water vapor
pressure are extreme, the hydrolytic reaction with pure
vitreous silica is very superficial, probably only
nonomolecula r.
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When oxides of low-valency cations are dissolved in
silica in the glass-making proce s s , the crosslinking of the
structure is progressively destroyed, and hydrolysis becomes
easier. Sodium silicate glass in fact becomes totally
soluble in water when the silica content is reduced to about
70 percent by weight.

Oxides of divalent ions (Ca, Mg, Sr) do not have such a
catastrophic ef fect on hydrolytic susceptibility. Moderate
additions of these oxides along with oxides of the
nonovalent cations can provide compositions that combine
rela t ive ly low relting tempe rature with acceptable chemical
durability. Commercial glasses are designed in this general
way. Useful compositions in the soda-lime-silica system
have the approximate f or cu la NapO*CaO*6SiOp. Commercial
compositions usually contain about 70 pe rcent silica by
weight.

The presence of these low-valency cations in a glass
comp _1 cates the enemistry of the water-glass reaction. As
the cations are hydrolyzed, they become water-soluble
hydroxides that will be extracted and carried away by a
moving aqueous environment. However, if the silica content
of the glass is high enough to make the glass " durable" by
commercial standards, the three-dinensional silica network
re ma ins in place. The exposed surface thus becomes covered
with a thin layer of hydrated silica so imperaeable that the
ef fective rate of hydrolysis soon drops essentially to zero.

As the silica content of the glass is reduced below 70
pe rce nt , the behavior of the glass becomes increasingly
complex. As the film of residual silica becomes less highly
polymerized it becomes more and more soluble in water and
particularly in acids. A condition may be established in
which all constituents of the glass are removed at nearly
the same rate, thus mimicking the relatively simple process
of solution characteristic of a s paringly-soluble pure
compound. Some of the fission-pr ) duct glasses apparently
behave in t his manner. Glasses with less than 50 percent
silica a re usually f ound to be soluble in dilute acids; that
is, at p:1 of 4.0 and below.

I f t he aqueous environnent is stationary, the chemical
attack tends to become a utocatalytic, owing to the
accumulation of the intensely alkaline hydrolysis products.
The film of hydrated silica cannot withstand the corrorive
effects of strong alkali, so leachability may increase t*h

time under these conditions.

The use of moderate amounts of B 0 in a silicate class2 3

composition introduces still another sig ni fica nt
cons ide ration; na me ly , pha se separation. Borosilicate
glasses are unstable; they are known to separate into
silica-rich and borate-rich glassy phases. The f amiliar
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process for making high-silica laboratory glassware is based
on this fact. Not so well-known is the f act that
borosilicates as a class a re subject to phase separation.
Even the justly renowned Pyrex is believed to te phase-
separated as commercially produced (Charles 1964). If Pyrex
is annealed too long or at too high a temperature, the
texture of the phase separation coarsens and the chemical
durability rating drops f rom excellent to useless (Volf
1961).

Enough has been written to demonstrate that the
interaction of glasses with water and aqueous solutions is
too complex to be described by a single figure unless the
number of parameters is arbitrarily reduced. This reduction
is accepted practice in the evaluation of solid waste forns;
it is customary to use only distilled water, frequently
rene wed. With selected compositions, more elatorate testing
is done (Mendel et al. 1977).

Little ef fort has been made under the current
radioactive waste management program to assess the
performance of glasses in the presence of stean at high
pressure and temperature (i.e., under hydrothermal
conditio ns) . Nevertheless , the literature contains ample
evidence that glasses even of a much stabler "tasaltic"
composition deteriorate rather completely at about 3000C and
1 khar in a matter of days. Under the same conditions,
crystallized glass shows no change at all (Hawkins and Roy
1963). In the actual storage environment, high-temperature,
moderate pressure conditions, rather than the presence of a
cool flowing aquifer, will probably prevail. It is not
unlikely that a vitrified waste will be exposed to
hydrothermal conditions af ter geologic disposal. Sealed
burial under several hundred meters of earth may provide the
high pressure (a pproxima te ly 1 psi per f oot of depth) , and
nuclear self-heating may provide the high temperature,
depending on the power density employed in the repository
and t he thermal conductivity of the surroundings. Water
will be present in a shale or salt environment, and may be
present even in an igneous f ormation, given fissures
penetrated by ground water. Under hydrothermal conditions
even commercial glasses are rapidly converted to a friable
mass of crystalline and amorphous hydrates. C harles (1958)
found that soda-lime gla ss rods 0.1 inch in diameter
completely deteriorated af ter exposure to saturated steam at
2500C for seven hours. During this decomposition, much of
the sodium and part of the calcium was no doubt released in
a water-soluble form.

Since the typical radioactive waste glasses proposed are
considerably less stable than commercial soda-lime glass,
they will unquestionably unde rgo rapid metamorphism if
exposed to hydrothermal conditions. The leachability of the
resultant material will not be that projected by laboratory
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tests on the glass at 250C or 1000C. The metamorphosed
glass will be an assemblage of hydrated (and possibly
anhydrous) crystalline phases with a very different
leachability tha n the parent glass. It follows that if
hydrothe rnal conditions are encountered, little has been
gained by vitrif ying wastes rather than incorporating them
in cement.

The composition of waste-fixation glasses can be
designed with the possibility of a f uture hydrot hermal
reaction in mi nd . If couposition is appropriately chosen,
it should be possible to ensure that hydrothernal
metamorphosis will produce a mixture of phases that includes
enough clays and zeolites to retain the fission-product ions
in an immobile state. This dimension of the vitrifica tion
option deserves attention.

The rate of transport of ions from a solid into a
solution is strongly dependent on temperature, E pH, and,

whet her or not the system is open or closed. Unless these
paramete rs a re specified , any measurement of leachability
cannot be regarded as meaningful. Our conclusion about the
term "leachability" as presently used, therefore, is that it
is an ill-defined quantity that of ten has little relevance
to conditions that will be encountered in a repository. Not

only are the typical temperatures used in the tests
unrealis tica lly low, but the tests themselves do not take
into account hydrothermal conversion, devitrification, and
the inte raction of the solid waste with the host rock, which
is a major variable in the system. The release or ions from
the crystalline phases formed af ter reaction of the waste
form with water and rock is a more meaningful parameter than
the leachability of the waste form alone.

It is our belief that the limited sort of leachability
testing,that has been done is chiefly relevant to the
transportation and temporary storage steps of the waste-
management s yste m. For example, if the solid wastes were
inadvertently dumped into a river during a transportation
accident, the typical leachability measurements would give a
good indication of the rate of dissolution of the wastes.
Af ter solidified waste has been emplaced in a properly
chosen geological disposal site, leachability as currently
defined has little importa nc e . To be relevant to this step
of the system, leachability studies should characterize the
material that remains af ter hydrothermal conversion of the
glass into the phase assemblage (including the solution
phase) f ormed by the waste / rock interaction.

566134

118



NOTE

1 A Canadian field test in a cool flowing aquifer was
started in 1958. The glass was made of 85 percent
nepheline syenite and 15 percent lime with tracer
quantities of fission products. Their blocks of glass
were buried in an alluvial soil, below the water table.
Periodic monitoring of 90Sr release showed that the
release rates dropped very steeply the first few years,
reaching a aegligible level within ten years (Merritt
1976).
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C HA PTER 9

CEMENT AND CONCPETE COMPOSITES

INTRODUCTION

C onc re te , the most widely used building material,
consists of sand, gravel, crushed rock, or other aggregates
held together by a hardened paste made of hydraulict cement
and wate r. The thoroughly mixed ingredients, when properly
proportioned, make a plastic mass that can be cast or molded
into a predetermined size and shape. Once the cement is
hydrated, the resulting concrete becomes comparable in
strength and hardness to many types of natural rock. The
most valuable engineering properties of cement paste and
concrete are their workability, durability (against
atmosphe ric weathering, chemical attack) , watertightness,
and dimensional stability (shrinkage and/or expansion af ter
setting) .

The relevant properties of concrete that nake it useful
as a material for incorporating radioactive waste are its
unit weight or density, leachability, thermal stability and
conductivity, and radiation stability. Strength development
appears to be adequate and is of importance mainly during
transportation. Volume stability is probably not critical,
but in the event that it leads to the formation of
microcracks, a decrease in strength and an increase in
leachability may occur. Many of the basic properties of
cement paste and concrete--e.g. , density, durability,
strength, and shrinkage--depend strongly cn the porosity of
the ce me nt paste matrix, which in turn depends on the amount
of water used in processing. This amount is usually
expressed as water-to-ceme nt ratio (w/c). Generally, a
lower w/c gives a prod uct of higher quality.

DEFINITIONS AND BACKGROUND

Two dif ferent kinds of hydraulic cement exist, both of
which can be used as matrices for incorporating primary
containment forms. These are the " portland cements" and
"high-alumina" cement.
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Portland Cements

Portland cements are inorganic materials consisting
primarily of tricalcium silicate (Ca3Sio ), dicalciums
silicate (sCa 2Sio.), tricalcium aluminate (Ca 3 Al O ) , and a2 3
calcium aluminof errite solid solution. The ratio of these
components, by definition, must lie within a certain range.
Cement clinker, containing the above phases, is interground
to highe r surface areas (e .g. , 3,500 cm2/g ) with a defined
amount of gypsum (CaSO * 2H O) to form cements.2

The American Society of Testing and Materials (ASTM)
classifies portland cement into five types according to
mineralogical composition and performance characteristics.
Various additives (e . g . , f ly-ash , blast-f urnace slags) and
admixtures (e . g . , water-reducing and air-entraining
compound s) can be added to the mix to influence the
previously identified engineering properties of the product.
Table 9.1 shows typical values f or the basic properties
concretes with portland cement bases.

Jigh-Aluruina Cement

High-alumina cement is composed predominantly of
monocalcium aluminate (CaAl 0,) . Its rate of strength2
development at the early stages of reaction with water is
much higher than that of portland cements. It has been
developed mainly as a cement highly resistant to chemical
attack by seawater, sulfate solutions, and high-alkali
soils.

At ordinary concreting temperatures, the main products
of hydration are metastable calcium aluminate hydrates. At
temperatures above 250C and high humidity, the conversion to
stable hydrates results in an increase in density from less
than 2.0 to more than 2. 5 g/cm3 This change may lead to
increased internal porosity of the matrix, usually
accompanied by increased permeability. A decrease of
compressive strength and reduced resistance to sulf ate
waters and other media will f ollow. A low w/c is desirable
in portland cements as well as in other mixes designed for
chemical resistance.

Agg regate s

Depending on structural, environmental, and economic
requirements, ma ny types of natural and artificial rocks are
added to cement paste to f orm concrete. A dense, compact
aggregate is believed desirable for any structure in which
low permeability and high durability are required. In all
HLSW applications, including grouting, the solidified waste
will act as the " aggregate." In other waste disposal
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TABLE 9.1

ATypical Concrete Properties

3Densi ty 2,200 - 2,300 kg/m

2Compmssive Strength 150 - 1,000 kg/cm

2Tensile Strength 15 - 100 kg/cm

2Modulus of Elasticity 250,000 - 400,000 kg/cm

Average Themal Coefficient of Expansion

(O)~I(OCCement paste 0.000013
C)~lLir.estone aggregate 0.000006

Quartz aggregate 0.000097 (UC)~I
Concrete 0.0000056-0.0000104 ( C)-I

0Thermal Conductivi ty 1.2 - 1.6 kcal/m hr C

Drying Shrinkage 0.06 - 0.08% over
1-year period for
w/c = 0.45

a All values are dependent on the raterials and proportions used, and upon the
conditions under which concrete was made and has hardened.
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applications, aggregates may be used in such products as
concrete containers or silos.

STATE-OF-THE--ART P EVIEW

Considering the advantages of low-temperature cement
processing, experimental work on this waste form is
surprisingly scarce. In the Panel's view, cement products,
solely on the basis of their alleged high leachability
(compared with metal matrix forms and some glasses) , are
of ten unjustifiably excluded from consideration as a mediua
for incorporating HLW.

United Sta tes Experience

Existing Commercial High-Level Wastes

At present, the only commercial radioactive wastes
exist ing in the United States are being stored at a plant in
West Valley, New York owned by Nuclear Fuel Service. Among
the alternatives being considered (U. S . EPDA 1976b, U.S. NPC
1976) for solidifying this waste are three that use cement
and concrete: (1) conversion to cement and residual salt .
(2) shale f racturing , and (3) shale cement. In all three
cases the wastes would be stored at the NFS site, a federal
repository, or both.

Conversion to coin rete. In this process, the sludge and
supernate would first be separated by centrif uge. The
sludge would be exposed to a series of drying and washing
steps before being finally incorporated as the aggregate
into a cement and placed in steel containers. Liquid
discharged f rom the centrifuge would be treated by ion
exchange to remove Cs. The Cs-bearing, ion-exchange zeolite
would be periodically combined with the dried sludge ard
incorporated into a cement matrix. Alte rna tively, the
sludge and/or zeolite might be incorporated into a glass.
This option is now being actively developed for application
to DOE neutralized waste.

Shale fracturing. In this technique, a grout consisting
of low-temperature ceramic waste forms mixed with a blend of
cement and other additives is pumped down a well and
injected into a shale fotmation. The shale is first
f ractured by pressure f rom a small volume of water, and the
grout is then injected into the initial fracture. As the
crack propagates , it is filled with grout. Injection
continues until the batch of waste grout is depleted. The
grout sets a few hours af ter injection, permanently fixing
the radioactive waste in a rock-like sheet of concrete
within the shale formation. Subsequent injections ideally
form sheets parallel to and a few feet above the first.

566139123



The shale f racturing technique is illustrated in Figure
9.1. The shale f racturing option is a waste disposal
process that has been successfully used at Oak Ridge
National Laboratory for permanent disposal of locally-
generated intermediate-level waste (ILW) solutions.

Sha le cem?nt p roce s s . This process is an outgrowth of
the shale f racturing alterna tive. The process is carried
out at ambient temperature and entails combining the liquid
wastes with an appropriate mixture of cement and solid
mine ral additive s , includirs Conasauga shale, to form a
grout. The grout is then pumped into drums where it
solidifies, and the drums are stored in a ret rievable
ma nne r . At present, the shale cement option is only a
laboratory tested process. Eacn of the alternatives has its
advant ages and disadvantages (see Table 9. 2) , and all
require f urther research a nd development.

In a recently published report (U.S. EPDA 1977c) on the
alte rnat ives for long-term management of defense HLW at the
Sdva nna h P ive r P ia nt , 9 of the 23 alternative plans
discussed consider the use of concrete as a waste matrix.
(The average chemical composition of fresh HLK from the
Savannah River Plant is shown in Table 9.3.) In all nine
cases, the cement, Cs-zeolite, and dried sludge will he
combined in a concrete mixer with water, and poured into
carbon steel containers 2 f t in diameter by 10 ft high. The
welded, inspected, and decontaminated canisters will be
deposited at onsite or of f site disposal localities. Each
canister would consist of 200 gal of concrete containing
36.4 kCi of 9 0 Sr- 137Cs with a heat output of 209 wa'ts. Thec
conceptral waste solidification process is shown in Figure
9. 2.

Oak Ridge National Laboratory

Two different processes of immobilization of radioactive
waste solutions have been pursued at OENL: (1) the shale
f racturing process and (2) waste fixation in cement for drum
storage (R . A . Robinson, ORNL, briefing to Panel on Waste
Solidification, 1977; Weeren et al. 1976). Although
developed for ILW, there is no evidence to suggest that
further research could not lead to HLW applications. The
shale f racturing process consists of f racturing the
horizontally deposited red shale formation by water
injection, subsequent injection of waste-containing cement
grout, and hardening of the grout underground. No evidence
has been found by ORNL to suggest that this silicate
waste / rock interaction will cause any problems. A grout
typically consists of portla nd cement, ILW solution, and
various additives. In this particular case the additives
are fly-ash, Atta pulgite- 150 (a palygorskite-type clay
mine ra l product) , Grundite (an illite-type clay mineral
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FIGURE 9.1 Shale fracturing and grout concept.
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TABLE 9.2

Advantages, Disadvantages, and Status for NFS Waste Management Alternatives Based on U.S. ERDA Processes

Current '

Alternative Advantages Disadvantages Technological Status

Conversion to Low-leaching solid product Difficul t to change to alternative Process is under
Cement fr~ m i f necessa ry active laboratory

Good retrievability development, and
Tec:, slogy has not been conceptual design_,

y Easily transported denonstrated of facilities for
application to

Need to store large volume of U.S. ERDA neutra-
residual salt lized high-level

radioactive was tes
Potential for container to

pressurize

Salt product would contain signifi-
cant quantities of water
(up to 20 percent)

CR
(?:
CD
FA
su
CO



Shale Low-ltaching solid product Site verification required Full-scale demon-
Fracturing stration for U.S.

No offsite shipping Criteria for disposal of long-lived ERDA neutralized
alpha emitters not established low-level and

Immediate placement in intermediate-
geologic formation Waste is not retrievable level radioactive

wastes at ORNL
Process has been field Not possible to change to alterna-

tested using intermedi- tive fonn
ate-level radioactive
via s te Requires pipeline transport of

liquid high-level waste for dis-
Not susceptible to tance of about 1 mile

environmental influences
Technology has not been demonstrated

for NFS waste

U
w

Shale Cement Low-leaching solid product Large vol ume o f was te-grout Procccs is in tSc
mixture must be stored conceptual stage

Key portions of process
use sta te-of-the-art Potential for container to
technology pressurizeq

C7'
ci Good retrievability Difficult to change to alternative

FA form if necessary
4' Easily transported.

CJ Technology has not been demonstrated

Source: U.S. NRC (1976).



TABLE 9.3

Average Chemical Composition of Fresh SRP High-Level Waste

Cons ti tuen t Molar concentration

fiaNO 3 3.3

nan 02 ( 9.2

NaAl(CH)4 0.5

Na0H 1

Na2CO 3 0.1

Na2S04 0.3

Fe(OH) 3 0.07

Mn02 0.02

Hg(OH)2 0.002

Other Solids 0.18

a Assuming an average molecular weight of 60.-

Source: U.S. ERDA (1977c).
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prod uct) , and chemical admixtures to modif y cenent setting.
Other combinations a re pos sible. In the terminology used in
this report, the radionuclides are fixcd in the primary
containment phases provided by these ope n- st r uct u red
silicates, which are themsal ves incorporated into a solid
ce mr; nt matrix. Using tb^ ,AEA technique, leach rate values
comparable to those a stes incorporated into'~

borosilicate q sere obtained for the ILK grouts (Doerr
et a l. 1974, Moo re e t a l . 1975). Leach rates for Cs were
substantially reduced by adding Grundite, pottery clay, or
Conasaug a shale to the grouts. A substantial decrease in
the leach rate f or radioactive Sr has bcen achieved by
adding stable Sr or Ca (e.g., in the form of chlorides) to
the waste. The anounts of Cs and Sr leached out of the
hydrofracture grout depend on the " quality" of curing (which
is lower when grout is cured in high relative humidity) and
are inversely proportional to the time of curing.2 The
leachability also depends on the composition of the
leac ha nt ; distilled water gives the highe st values (Moore
1976).

Similar grouts can ne used f or storing wastes containing
radionuc lide s in drums. The process is technically simple;
the main disadvantage is tre possibility of pressurization
arising from radiolysis.

Leach studies of irradia ted Type I portland cement
specimens containing various iodates showed t hat 60Co
irradiation ha s little, if a ny, effect on the leachability
of iodine f rom the concrete by CO,-f ree distilled wa'_er.
Conversion of iodate to iodide is insignificant. RLdiolysis
of water and formation of gaseous products has not been
studied (J . G . Moore, Cak Ridge National Laboratory, personal
communication, 1977).

Idaho National Engineerina Laboratory

Alternative methods of solidif ying Idaho Chemical
Processing Pla nt (1CPP) wastes t rom Navy reactors have been
studied at INEL. One of the [ossibilities explored was the
incorporation of ICPP calcines into calcium-a luminate-
cement-based concrete s. Concretes containing approximately
30 to 60 wt% of calcine exhibited adequate strength of atore
3,000 psi. The ability of several additives to decrease the
leach rates of Na and Cr, the two most leachable ions, was
studied. The Na leach ra tes were significantly reduced by
the addition of CaCl or sand. Using high-alumina cement2
and assuming a heat source of 30 W/s/m3 (for 50 wt% of
calc ine) and the rmal conductivity of 0.2 J/Komes, the
centerline temperature was calculated to be 800C--well below
the temperature (250 0C) where the thermal stability of high-
a lumina concrete is suspoet. Although suitable processing
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techniques remain to be developed, incorporation of ICPP
wastes in concrete appears to be practical.

Brookhaven National Latoratory

The results of se ve ral procedures involving the use of
concrete for incorporating radioactive waste have been
reported by the Brookhaven National Laboratory (Colombo and
Neilson 1977a, 1977b).

First, reinf orced conc rete casks wcre built for the
deposition of low- le ve l wa st e (LLP), contaminated machinery,
and compressed solid combustibles. The liquid radioactive
wastes, consisting ma inly of teta and gamma emit t e rs , are
deposited into these reinf orced concrete casks in the forr
of slurries consisting of portland cement, verniculite, and
the waste.

Second, the leach rate s f rom cement-tased composites of
simulated SRP wastes nave been studied. The composites were
made f rom combinations of waste sl ud ge , portland cement,
hig h-a lu mina cement, and zeolite. Using a modification of
the I AEA leach test method , Sr and Cs bulk leach rates
ranging from 10-3 through 10 -6 g/cm? day were obtained.

Improved leach rates could te obtained by impregnation
and subs equent polymerization of cement-waste composites by
organic polymers. A comprehensive review on the subject of
polyme';-inpregna ted concre te (PIC) has been published
recent ly (Clif ton and Frohnsdorf f 1976). Manowitz and co-
worke: s (1972-1975) ha ve shown that hardened cement-waste
products, impregnated by styrene monomers containing a
polymerization catalyst and cured by heating at 50 to 700C,
give a n essentia lly iapermeable composite wit h much improved
strength, durability, and resistance to chemical attack and
leachability. For example , bulk leach rates for Cs and Sr
can be improved by as auch as two orders of magnitude to
10-7 to 10-8 g /c m 2 /d a y. A simple flow diagram f or
solidification of radioactive waste in polymer-impregnated
cement products is shown in Fiqure 9. 3.

Polymer-impregna tion technology f or concrete products in
general and for radioactive waste in particular is still not
suf f icie nt ly developed. A significant amo unt of work is
required to demonstrate and optimize the effects of monomer
impregnation a nd subsequent polymerization (ty heat or
radioact ive trea tment) on large-scale concrete products
(U.S. EFDA 1976b).

Brookhaven studies have also demonstrated that the
radiation stability of cement products is excellent
(Manowit z et al. 1972 to 1975). No deterioration in strength
or leachability has been detected at an integrated dose of
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109 rads (us ing 60Co gamma rays) for cement products
containing up to 30 wt% UaDO 3

Savannah Piver Laboratory

Neutralized HLW f rom t he Savannah River plant consists
of a solid component (slud ge ) , containing various metal
hydrous oxides, and an aqueous component (sup e rn at e) ,
composed of various soluble salts, such as sodium nitrate.
Most of the fission products, includina 90Sr, are
incorporated in the sludge. However, 117Cs is typically
found in the supernate. To assess the possihility of
incorporating these wastes into cement paste, studies
concerning leachability, t he rmal stability, radiation
resistance, and handling have been conducted (Stone 1975,
1977; Wallace et al. 1973) . Ceme nt products are considered
attractive candidates teca use of their relatively low cost,
expected compatibility with SPP wastes, and simple handlina
at low temperatures.

Testing of cement pas +e containing 40 percent washed
wastes has shown the product's compressive strength to be
2,000 to 3,000 psi. A st re ng th of 2,000 to 5,000 psi is
considered satis factory for most commercial applications of
concrete. H igh-a ltnina ce ment gave consistently higher
strengths than portland cement-waste composites. Heating to
1000C did not affect the strength of either of the concrete
types. Prolonoed heating decreased the strength of high-
alumina cene nt , most probably as a result of the conversion
mentione d earlie r. Portla nd cement was found to be
unaffected up to 3000C; a prolonged curing at 5000C,
howe ve r , caused a 7 5 pe rce nt strength loss.

Ge ne rally , most of the concrete f ormulations were very
resistant to gamma radiation. Peactor shields composed of
tort land cement showed only a 50 percent loss of compressive
strength after exposure to 3x 1018 P (Tipton 1960).

Specific leach tests on poorly specified phasc
compos it ions ha ve shown that the Sr leachability decreases
with leaching time f rom an initial 10-2g/cm2/ day down to
10-5 g /cm 2/da y a t six wee ks (Stone 1975). According to
wallace et a l. (1973), the leachability of cement containing
no soluble salts is much lower than that of cerent
conta ining salts. There is some indication that Mno, acts
as a scavenger for Sr. H igh-a lu mi na cement has shown lower
Sr leachahility than portland cement. Strontium
le achability was generally lower a f ter gamma irradiation.
Cesium leachability values ranged between 10-1 initially and
10-6 g/cm2/ day; plutonium leachability was extremely low in
all cases ( 10 - * initially to 10-8 g/cm2/ day after 12 weeks).
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I n genera l, the data obtained by SFL--which are based
primarily on leachability results--seem to indicate that
high-alumina cement is superior to portland cement
concretes. Of the portland cement-based concretes, those
containing pozzolanic additives 3 were the best because the
decrease in Ca (OH) 2 content, due to its reaction with Sio,
present in these additives , improves leachability. Initial
leachability of concretes containing these additives was 7 x
10-* g/cm2/ day; this value dropped to 2. 6 x 10-6 g/cm2/ day
after 119 days.

Gases produced by in situ radiolysis of Sealed,
solidified nuclear wastes during long-term storage could
conceivably breach containaent. Therefore, candidate waste
forms (matrices containing simulated nuclear wastes) were
irradiated with 6 0Co-gamma and 2 * *Cm-beta radiation. These
forms we r< - cement containing simulated fission product
sludges, vermiculite containing organic liquids, and
cellulosics centaminated with alpha-emitting transuranic
isot ope s . For cement waste forms exposed to gamma
radiolysis, an equilibrium hydrogen pressure af 6 to 7 psi
was reached that was dependent on dose rate. Based on
limited data, it is assured that oxygen will te completely
consumed and nitrogen unaf fected (Bibler 1976, Bibler and
Orebaugh 1977).

It has been calculated, (Bibler 1976, Bibler and Orebaugh
1977) that alpha radiolysi s , which will predominate after
about 200 years, may cause a final hydrogen pressure of as
high as 1,600 psi af ter approximately 105 years. Oxygen
pressure may reach 300 psi. However, for the first several
hundred years, the results suggest that radiolytic
pressurization in sealed containers of concrete plus SPP
wastes will be low. Furthermore, these high pressures may
never be reached in the presence of high temperatures and a
ganma radiation field.

Atlantic Richfield Hanford Company

Only limited experimental data have been obtained at the
Atlantic Pichfield Hanford Company because work on a cement
immobilization process relied mostly on more extensive data
obtained at the Savannah River site and at Brookhaven. The
immobilization of Hanford wastes by incorporation into
cement / concrete has been given low priority in the past
(D . R . Gustavson and W.W. Schulz, Atlantic Richfield Hanford
Co., personal communication to Panel on Waste
Solidification, 1977).
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Portland Cement Association

Under a contract from Battelle Pacific Northwest
La bo ra tories, the Portland Cement Association evaluated
elastic and strength properties of Hanford concrete mixes at
room temperature and at 1770 and 2320C. The variables
studied were temperature, length of exposure to elevated
temperature, and curing tine before the exposure to elevated
tempe rat ures . Data were obtained for changes in the modulus
of elasticity, Poisson's ratio, and strength (Abrams 1975).
Because of batch-to-batch variations of the concrete mixes
used and the small number of test spec ime ns , the data are
not conclusive.

The modulus of elasticity and Poisson's ratio decreased
with increasing temperature. In general, the moduli of
elasticity of the tested mixes decreased f rom approximately
0.42 x 106 kg /cmr at room temperature (210C) to
approximately 0.28 x 106 kg/cm2 at 177oC, and to
approximately 0.155 x 106 kg/cm2 at 2320C. The length of
moist curing before the high temperature exposure did not
a f fect the results. In general, marginal increases in
compressive strength with increa sing temperature were found.

Penns ylvania state University

Exploratory research was conducted on the possible
application of " hot pressing" (compaction at increased
temperatures) to mixtures and combinations of cement and
fission products (Roy and Gouda 1974). With both high-
alumina and portland cements , it has been demonstrated that
10 to 50 wt% of solid simulated radioactive waste can besolidified in cement by hot pressing. The technique enables
very high density specimens (2. 8 0 to 2.94 g/cm3) to be
prod uc ed , in which the waste is either (a) spread evenly in
the cement ma tri x , (b) encapsulated in the core of a
previously hot pressed cement paste cylinder, or (c) added
to the cement mixture as pelletized or sintered aggregate
befare pressing. Although sonewhat better results were
obtained with the high-alumi na cement, both cenent types can
give products that are thermally stable (some cement-waste
forms are stable up to 750 oC), resis ta nt to hot-water
leaching, and very strong (1,400 to 4,200 kg/ca2) .

Foreign Experience

Only very limited information on the use of
cement / concrete as a possible radioactive waste matrix is
available from abroad. In Europe as well as in the United
States, incorporation of HLW in concrete has not been
considered a high priority option. Data are available onthe use of heavy concrete for shielding of radiation in

135
SCS151

_ _ . . . .



nuclear powe r plants, but information on its use for actual
waste di sposal is scarce.

Cement has been used in the U.S.S.F. f or disporal of LLW
in the f orm of concrete monoliths but, because of their size
and weig ht , their transport was considered to te
uneconomica l (Be litz ky 1977).

Solidification of LLW and ILW in cement / concrete
products is being considered in the Federal Fepublic of
Germany (I. Odler, Technical University, Clausthal-
Z elle r f e ld , West Germany, personal communication, 1977). It
is possible that t he wa ste s will be deposited in the form of
grouts into stable salt formations, as retrif vability of
these wa stes is not an issue.

Limited tests on the leachability and other properties
of waste-cement products have been performed in Japan (Hatta
et al. 1975, Matsuzuru et al. 1977), Italy (Lazzarini and
Tognon 1963), C zechoslovakia (Sche jbalova and tiovotny 1967),
France (Bonniaud and Cohen 1960) and other countries. Like
the German Federal Fepublic, these nations are not at
present planning to solidify HLW in cencat and concrete.

EVALUATION OF CEMENT Fr.D

The results of laboratory work described atove,
especially those f rom Oak Ridge, INEL, SPP, B roo kna ve n , and
Pennsylvania Sta te University all suggest that a ccment-
based composite * f or incorporating HLSW is a workable,
simple, and tested option. Ye t , this waste form has
received marginal public it y, lit tle support , and general
neglect.

The advantages of concrete as a waste form include tne
following: (a) it employs the lowest solidi f ica hion
processing tempe rature ; (b) simple remote-control processing
is possible; (c) it can be pressure-injected into selected
geological f ormations and then solidified; (d) cement-waste
mixtures can be emtedded into metal or concrete containers;
and (e) the cost is low.

There are come disadvantages, howe ve r . For example, if
high strength is req uire d , the temperature of the concrete
must be kept below 350 to 50 0'C. Furthe r more , under some
conditione, the leachability of concrete is higher than that
of other waste forms. The most serious potential
dinadvantagc, and one that has been studied the least, is
the radiolytic decomposition of water present in the
concrete (see Chapter 12). The results of Burns (1971)
suggest that it is not a serious problem. If addit iona l
research, which is in progress e _ Karlsruhe and Oak Fidge,
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confirms these ea rly results , cement-based composites have a
very high potential in f ut ure HLSW technology.

The leachability of cenent composi'es should not be a
problem if they are proper ly made, and olaced in a stable
and hydrologically sound geological env..ronment. It is
anticipated that the chemical reactivity of concrete with
siliceou s rock formations will be less than that of many
other forms.

The thermal conductivity of concrete is of the same
order of magnitude as that of most natural rock formations.
Because of the hydrated nature of concrete, wastes that
generate considerable heat may cause temperatures to rise
above the dehydration temperatures of so me o f the hydrat ion

-ducts. This occu rrence may lead to a partial decrease of
.rength which, in most instances, is not critical. Because

the temperatures are not expected to exceed 2500C in the
surrounding rock environme nt , none of the common minerals in
granite or shale (e. g. , micas or clays) will lose their OH-
water.

The strength of concrete will be critical only during
transportation, when the dispersibility of the solid form in
case of an accident must be considered. Concrete containing
polymer-iapregnated waste products has improved strength and
should be considered for use when this quality is required.
Thermal conductivity (and stability) of container-stored,
concrete-embedded waste ca n be increased by the use of a
honeycomb container configdration or othc r sinilar
structures. It h a r. of ten been assumed that the total weight
of a concrete waste matrix may limit its practical
transportation. If one incorporates 40 to 50 percent of
sludge or calcine in concrete, however, the total weight
will be similar to that of the glass or metal natrix
options.

If the waste-cement composite is to he stored in metal
conta ine rs , provisions for possible radiolytic gas
generation should be made. Venting of the containers and
its effect on the mobility of radionuclides must be studied.
A systematic investigation of the effects of radiation on
concrete is needed; the investigation should censider a
combination of such variables as heat, pressure, dose rate,
total dose, type of radiat ion, and decay energy spectrum. as
well as w/c ratio, type of cement mi xture , and curing
conditions.

A simple process properties matrix for the possible
ceme nt products is given in Table 9. 4.

For each particular wa ste type, the chemical composition
and level of radioactivity will require that a well-defined
f orm of cement / concrete ma trix be specified. The waste to
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TABLE 9.4

Process-Procerty Matrix 1

Pa rame te rs Grcuti g Cast Concrete Pelle ti za ti on

Process Parareters

Complexity Mi xi ng-Transper t/ Mixing-Transport- Mixing-Pelletization-
Injection Curing; Possibly Transport; Possible

impregnatior, by impregnation and/or
polymer, etc. transport in metal

contai ners

Maxirun Temperature Arbient Ambient or Steam Arbient
Curin (150-

0200 C

Ease of Pencte High High Mediun
Operation

Property Parameters

bELeachabili ty Medium Potentiaily low Potentially low

Thermal Conductivity Low Low Low

0Themal Stabili ty very good up to approximately 300 C;
complete loss of strength between
500-900cc

Jis pe rs ibil i ty Medium to low Low Low

a- Comparisons are relative to glass.

b- Depends on the density of cement product (w/c ratio, polymer
impregnation,etc.).

E Some difference between portland and high-alumina cements.

566154
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be incorporated in cement should not contain water-soluble
compounds that could modif y the path of cement hydration and
thus impede the development of necessary properties.

More research is needed to explore the possible ef fect
of insoluble or slightly soluble waste compositions on
cement matrix properties, and to develop admixtures and
additives to improve the workability or " pumpability" of t he
freshly nixed cement-waste mass. Such improvements will
enable its compact, dense, and impermeable placement (if at
temperatures up to 2000C) into the desired cement-containing
structure or environment. Combinations of admixtures that
will improve cement paste / concrete properties and decrease
the leachability of the radioactive species to be solidified
should be developed.

C lea rly , a ma jor research objective is to develop cenent
composites with maximum waste loading and with additives
that will trap waste ions in case of leaching. The
compatibility of a specific waste with a particular matrix
must be explored. It is likely that silicate supercalcine
or ceramic will interact only minimally with a cement
matrix. Possible uses of cement / concrete for radioactive
waste solidification are summarized in Table 9.5.

SGG155

139



TABLE 9.5

Possibilities of Using Concrete for Radioactive Waste Solidification

Type of Concrete Examples of
Products Possible Use

Cement Slurries, Fixation of waste in fractured shale
Grouts, Storage in concrete and/or other
or Gunite vessels

Concrete Casks, Storage of cement slurry-embedded
Tanks or other wastes
Storage Vessels Storage of solidified powdered or
(with or without pelletized as-is waste
reinforcement, Storage of waste in the form of glass,
special radiation- calcine, etc.

shielding Storage of spent fuel pins
aggregates,and/or
polymer impregna-
tion)

Bulk Concrete (with Deposition and shielding of used
or without metal equipment, spent fuel pins
" honeycomb" rei n- Retrievable or irretrievable
forcement to concrete blocks for geological
increase thermal and/or deep-sea deposition of
conduc ti vi ty) solidified as-is waste

As above but use of other waste
as " aggregate"

Pelletized Cement Storage in concrete or other vessels
Paste (Cold or Hot (metal)
Pressing) Encapsulation of pelle's in concrete

on cther media

SGG15s
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1 "!!ydraulic" denotes the ability to develop strength
under water. This strength development does not depend
on drying or reaction with atmospheric CO 2

2 " Curing" refers to a set of atmospheric conditions under
which the concrete matures (hardens, ages), e.g.,
t empe rature , pre s sure , and relative humidity.

3 Siliccous or aluminous materials that ma nifest their
cementing properties only when finely ground and in the
presence of moisture a nd calcium hydroxide.

4 The generalized model for the concrete waste form
consists of aoout 40 percent of the primary containment
mate rial in the form of supercalcine or an oxide sludge
adsorbed on to network or layer silicates, and
incorporated as the aggregate into a high-alumina or
portland cement. This paste can be cast either into
large cylinders or grouted into suitable gcologica l
formations.

n: . 4 ~ntil' D J s) /

141

.-

_ . . .

_



CHAPTEP 10

METAL '4 ATRIX CO:4 PO SIT ES AND METAL CONT AINERS

INTRODUCTION

one proposed solid f orm f or HLW disposal 1- produced by
the encapsulation of primary containment phases such as

( r graphite or glass) matrix.calcine or glass in a meta l o
Large cyclinders of the resulting composite can be placed in
a metal container, which provides the potential for short-
term retrievable or long-term irretrievable storage (Berreth
et al. 1975, 1976; Dan and Williams 1976; Heircrl et al.
1976a; Rhodes 1969; Sump 1976; U.S. EPDA 1976b; Geel and
Eschrich 1975; J.C. Malaro, U.S. NPC, personal
communication, July 1976). Metal, the promising matrix
material, and the one on which most work has been performed,
receives the major emphasis in this chapter. The Eurochenic
Corporation in. Belgium has been by f ar the most active
center f or such work, and is now implenenting a metal-matrix
process (van Geel and Eschrich 1975, Heimerl et a l. 1976 b) .
Their process, which is in the pilot development stage,
involves glass beads made by the PAMELA process or,
alternatively, supercalcine made by the LOTES process (see
Chapter 6) . These primary containments are imtedded in lead
by gravity casting, and encased in stainless steel (Dan and
Williams 1976; Heimerl et al. 1976b; U.S. EPDA 1976b; van
Geel and Eschrich 1975; J.C. Malaro, U.S. NPC, personal
communication, July 1976). Early development work evaluated
the metal matrix method using a calcine dispersoid (van Geel
and Eschrich 1975, Rhodes 1969, Berreth et al. 1975).
Largely because of better leaching re s is ta nc e , recent work
has f ocused on methods using a glass dispersoid (van Geel
and Eschrich 1975, Berreth et al. 1976). Matrix formation
mechanisms studied include both sintering (Berreth et al.
1975, 1976; Sump 1976; van Geel and Eschrich 1975) and
casting (Berreth et al. 1975, 1976; Phodes 1969; Sump 1976;
van Geel and Eschrich 1975). Figure 10.1 shows a schematic
diagram of the process and a cross section of the typical
prod uct.

An important advantage of metal-matrix isolation is
improved thermal conductivit y (about ten times l'etter than
for most glasses). This property is a primary design
parameter in the transportation and retrievable storage of
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fresh (less than two years old) radioactive wa st e.
Subsidiary advantages could include reduced leachability and
improved impact resistance. Spccific metal properties of
interest a re the rmal conduct ivity, thermal expansivity,
corrosion resistance, compatibility with glass (or calcine),
de ns it y, ductility and thermal stability in relation to
oxidation, and phase changes such as creep and melting.
Proce s s pa ra me te rs o f inte re st include volume fraction of
waste, distribution of dispersed particles within the
matrix, cost, strategic abundance, and transport ability.

'4any of these properties are also pertinent to the
containment material f or t he metal matrix (or for other
waste f o rms) , so some disc'tssion is devoted to this topic.
Beca use many of the same properties would apply to direct
encapsulation of spent fuel pins in a mctal natrix, this
process is also briefly considered. The following
discussion treats the process of metal-matrix formation,
properties of candidate metals, metal matrix for treated
calcine or glass and f or s pe nt f uel pins (or fuel pin
assembly), a nd the metal f or containers.

'4ET AL-MATRIX FOFMATIOM PROCESS

Most work to date han formed the matrix-waste composite
by one of three processes. One is vacuum cas ting wit h
gravity feed (f or lower-ne lting-point alloys of Al, Pb, and
Zn) , wherein the aetal is melted in an evacuated crucible, a
tube is inserted with its mouth near the botton of the
crucible, glass heads or supercalcine pellets are injected
into the n.elt by means of an argon carrier gas, and the
beads rise in the me lt under gravity f orce to form the
dispersion. A second consists of mixing the waste as powder
or beads with metal powder to about the 6 5 po rce nt density
typical of sphere ruc ki ng , cold pressing the mixture to 95
percent de ns it y , and sintering it at temperat ures near the
molting point. In the third method, the powders are mixed
as described above and sintered without cold pressing; they

fina l density of the product is typically lower than that of
the other two.

The goal of all work reviewed by the Panel is to
incorporate 40 to 60 percent volune f raction of waste in t he
compo s ite. This volume f raction is f ar too high if the
impa ct strength and corrosion resistance characteristic of
the metal is to be retained. Theories of connectivity
(Gurl and 1968) indicate that there will be continuous pa ths
of the dispersoid when its volume fraction is greater than
20-40 percent, with the f orme r value being more probable.
The principle of the continuous phase (Rhines 1956) also
indicates that mechanical properties (e . g . , impact
re sis t a nce) would be poor when the more brittle dispersold
is continuously aistributed, although they would be
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incrementally better than those of the dispersoid itse!f.
For a brittle dispersoid in a ductile matrix, nechanical
properties abruptly change from those typical of the aetal
to those of the dispe rsoid at the continuous path volume
fraction of about 20 pe rce nt in agreemcnt with this
principle. Also, with continuity of dis pe r so id, the leach
rate would tend to be that of the dispersoid rather than the
desired lower ra te of the matrix.1

To gain the full tenefits of impact resistance and low
leachability provided by a metal matrix, the volute of
fraction of dispersoid should te held to 20 percent or less.
However, because these maximum beret ite of thc metal phase
may not be nece s sa ry , a trade-off wit h an inc:tased
percenta ge of dispersoid may be possible.

So f a r, most work has centered on casting or sintering,
supposedly because of process simplicity. However, these
methods have evident d ra wb ac ks. For example , in the casting
method discussed earlier, clogging of the remotely operated
injection tube, reaction between the molten netal and the
tute and crucible, and clumping and gravity segrecation of
the dispersold are all potentially serious problems. The
sint e ring processes have the disadvantage of req uiring long
ti me s to achieve near 100 percent de ns it y (desired f or
isolating the dispersoid a nd attaining full mechanical
properties), because of the slow dif f usion mechanisms of
densification in sintering.

Alte rna t ives that could have advantages over these
methods are cold and hot isostatic compaction (Gessingor and
Pomford 1974, .Tohansson and Isaksson 1970). Here powders
are blended into an evacua ted metal container (cold or hot) ,
which is welded shut, placed (cold or hot) into an argon-
filled chanter, and stressed pneumatically by compressing
the argon to 100 to 200 :4Pa. The hot compaction is
perf ormed at tempe ra t ure s fron 0.5 to 0.9 of the absolute
melt ing temperat ure, depending on the time and stress
employed.

One advantace of isostatic compaction processes is the
rapid achievement of densificcion by deformation; the
compacts a re 100 perce nt densa. A second advantage is that
the canned waste is isolat ed from the compaction device,
enabling the lat ter to be situated in a relatively
accessible portion of the remote procesninq f acility.
Another positive aspect is nat the dispersoid can te
unif ormly blended into the charge, avoiding the possib le
clumping of dispersoid and gravity segrecaticn associated
with casting methods. Furthermore, since the working me d i um
is a gas, wear of the processina equipment would be minical
relative to a conventional pressing device. It is
notewort hy tha t di rec t hot isostatic compaction of a waste
and alumina powder mixture has been consi3errd in Sweden, as
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well as the concept of encapsulating fuel elements in hot
isostatically compacted cylinders of a lumina (Sweden Now
1977). Indeed, some of the risk of a domino effect, which
occurs with f ailure of one component in a continuous
process, would be avoided.

The cold isostatic compaction method, particularly,
provides advantages. If supercalcine, which is produced at
moderately low temperatures, was used in this nethod, the
waste would never be exposed to high processing
tempe rat ures . H ence , problems such as volatilization of Cs
and Ru, container reaction, and wear and attrition of
processing materials would be minimized. Also, if only
modest production were required, such batch-t ype compaction
methods would not seriously decrease efficiency.

METAL PPOPERTIES

Table 10.1 lists the properties of several candidate
metals for matrix isolation. Other metals that have been
suggested are not considered here because of their
inadequa te corrosion resistance (Fontana and Green 1977)
(iron, zinc), or because of potential strategic shortages
(e . g . , copper-ba sed alloys) (National Commission on
Materials Policy 1973). The most frequently mentioned
alloys, because of their low melting poi nt s , which permit
casting without outgassing or softening of waste pellets,
are those of lead or aluminum. A metal that has received
relatively little attention but which is strongly supported
here for reasons discussed below is titanium. Because of
its high melting point, a pressing or sintering process
would have to be used for titanium.

Lead

The lead-0.06 copper alloy would appear to have
excellent corrosion resistance on a 10*-year time scale 2
even if the matrix were exposed to an aquifer or a salt-
moisture environment up to 1000C. It would also have
adequate therma l conductivity (abo ut ten times that of most
glasses or ceramics) , exce lle nt impact resistance, low
reactivity with Sio,, and a relatively low cost per unit
mass at present. However, it has some serious drawbacks.

First, the volume rather than the mass is significant in
the proposed application, and lead is appreciably more
expensive on a cost per unit volume basis than on a cost per
unit ma s s ba sis. Se cond , strategic shortages of lead are
projected by the year 2000; these will result in higher
costs even with greater projected recycling (National
Commission on Materials Policy 1973) . Third, the low
me3 ting point presents the possibility of center nelting
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TABLE 10.1

Some Characteristics of Metals for Waste Containment

Metal TiAl Pb Ti Sponge

Cost per k9 $1.05 $0.69 $4.42 $2.21
Cost per cc 0.28C 0.77C 2.00C 1.00c
Strate 9fc Availability Abundant Limited Abundant
Thennal J 220 35 79 to 99Conduc tivi ty Kms

Corrosion Resistance Poor Excellent Excellent
with .06 Cu (possible

problem with

crevice corro-
sion, hydride
emb ri ttlement)

Impact Resistance
(Charpy V-notch J) High (not 14 (20' C) 15 (-15 C)0

s tandardly 34 ( 90 C)cited)
Creep Rate
(min. temp. for strain rate
=10-6s-1 a t 260 C 20*C 550*C=10-5x shea r

modulus)

Meltin9 Point 660*C 327 C 1820 C2

Temperature Below
Which 0xidation Rate
is Logarithmic (thin 200'C 150 C 300 C0film limited) (rate greatly (film 0.44pm

accelera ted in 200 yr
in presence 14pm in
of ozone, 200,000 yr
water vapor)

Source of Data:

Cost:
Al, Pb, current American Metals Market; (1, (f. Malone, Colt-Industries

Crucible, personal communication, May 1977).Strategic Availability:
National Commission on Materials Policy (1973).General Da ta: American Society on Metals (19 )Creep:

Al, Pb, Mukherjee et al. (1969); T1, Paton and Mahoney (1976).Co rros ion : Fontana and Green (1977).Oxidi. tion data :
Cali f. , personal communication, MayKubaschewski and Hopkins (1962) and J. Eldridge IBM, San Jose,1977
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accompanied by reaction with the dispersoid, and the
possibility of mecha nica l instability because of creep. If
the container were breached, creep could lead to seizure of
the ma te ria l, ca using problems in retrievability. Finally,
lead's greater density would present more of a
transportation problerr tha n would other metals (though its
ability to act a s a gamma shield would be advantageous) .

Aluminum and Titanium

Aluminum is most favorable from the standpoint of cost
pm unit volume, is abundant , has excellent thercal
conductivity and impact re si stance , has adequate creep
resistance up to 2000C, and, on the basis of oxidation rate
measurcments (Kof stad 1966), should te relatively compatitle
with a g lass or calcine dispersoid. A displacement reaction
to form a layer of alumina surrounding the dispersoid would
cert ainly occur, but the thickness of thc layer would be
limited to a few hund red a ng stroms.

If t he metal matrix we re not to be exposed to aqueous
solution (aq ui f e r) or sa lt-moisture (salt ted or dome) ,
i.e., if the container itself we re f ailsaf e with respect to
breaching of conta inment and corrosion, aluminum would
clearly be the best choice of material on the tasis of these
advantages. However, if t he container were perotrated , it
would in ve poor corrosion re sistance and would expose the
dispersoid to reaction with rock and water.

Tita nium would have all the advantages ot aluminum, with
somewhat lower 'hermal conductivity but with greater creep
and melting resistance. Titanium has good corrosion
resistance (Fink and Eoyd 1970; Fontana and Gr(en 1977; H.
Bomberger, Peactive Me ta ls I ndustries , Uiles, Chio, personal
communication, April 1977) and would te stable over a in*-

year time scale 2 if exposed to acidified or alkaline water
or to saltwater at up to 1500C. It autf ers attack, by
hydride f orma tion, only in the presence of very high partial
pre s sure s of hydrocen, most unlikely to be achicved even
with radiolysis of water; it is aluo atracked by crevice
corr os io n in highly acid a nd rcducing environments. The
tiisadvantages of titanium are its cost and the lack of
processing f lex ibilit y: it would be necessary to use
compaction-sintering type processing. The rcactivity of
titanium with glass should be similar to that of aluminum cn
the basin of oxidation rat e measurements. Unlike the well-
established lead and aluminum prices, however , titanium
prices are artiticially high because of dependence on
foreign sponge 3 sources and erratic tonnage sales (F.
Malone, Colt I nd ust rie s , Pittslurgh, Penns ylva ni a , personal
communication, May 1977). Titanium sponge could be used
directly as a compacted nu trix (elec t rode s for consumable
arc-melting a re cold-pre ssed at room tcaperature to high
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density and moderate integrity), and would be less expensive
than powder. As noted in Table 10.1, the cost per unit
volume would be comparable with that of lead.

METAL MATRIX FOP TREATED CALCINE OR GLASS

On the basis of the above analysis, aluminum-based
alloys in containers of commercially pure titanium are
sugacsted as better alternatives to lead for the metal
mat rix material. For both materials the least certain
property data are those re la ting to displacement reactions
with the dispe rsoid. Studies on these reactions at
tempe ratures of 50 to 5000C are needed. While relatively
more data are available on corrosion than on displacement
reactions, f urther studies in this area are also desirable.

METAL MATRIX FOR FUEL ELEMENTS

For the same reasons as those discussed above,
isostatically compacted titanium and compacted cast or
aluminum are potentially usef ul metal matrices for direct
encapsulation of spe nt f uel assemblies. Once encapsulated
by such methods, removing the f uel f or reprocessing would te
very dif ficult.

Metal Containers

As mentioned in Chapter 1, the outer metallic (or
ceramic) waste container provides protection during
transport and serves as a physical barrier during
emplacement. The data just discussed are also relevant to
the selection of such a container. The main suggestions for
containe r materials are stainless steel, mild steel, and
steel plated with gold or TiB 2 (G. Wranglen, Foyal Institute
of Technology, Stockholm, personal communication to R.L.
Davies, 1977; 9.L. Davies, The Gold Institute, personal
communication to the Committee on Radioactive Kaste
Mana ge me nt , Ma rc h 1977).

All these metals have certain disadvantages. If exposed
to salt-moisture environments at 0 to 1500C, austenitic
stainless steel would te highly susceptible to stress-
corrosion cracking. Ferritic stainless steels * or mild
steel have high enough uniform corrosion rates to be
undesirable af ter about ten years (Fink and Boyd 1970).
While gold itself is resistant to corrosion, gold plating
would provide complete protection, albeit costly, only if
the coating were absolutely integral and free of defect. If

any fissures we re present in the coating, or if the
relatively sof t coating were penetrated in handling (a

virtual certainty) , the gold plating would actually.,MJD,_ObO
149



f acilita te corrosion. It would act as a large-area,
unpolarizable cathode , and severe, rapid pitting attack
would occur in the metal acting as an anode at the break in
the coating. Fu rt he rmore , gold would readily dissolve in
the presence of chlorine and under oxidizing conditions,
situat ions that could arise as a consequence of radiolysis.
Gold would also provide the incentive for human intervention
after emplacement.

Titanium would provide a much less costly and more
ef f ect ive container. Titanium would provide long-term
corrosion protection alon: with adequate mechanical
properties (impact and creep re sista nce) and fabricability
(weldabi lity) . A composite container with titanium bonded
on to steel would also be po u aib le , but more costly. If

pe ne t rat ed , such a coating woald not be as unfavorable as a
gold coating because the thin axide film formed on it would

semiconductor, pola rizing the titaniua to a muchact as a
greater degree. More ove r , titanium would be equa lly
protective and would Le le ss likely to expose base metal by
spalling or cracking, than t itanium diboride (TiB,) or
similar ceramic coatings, which have also been suggested as
alternatives.

tJONMETALLIC MATRICES AND CONTAINEFS

The nonmetallic matrices that have been mentioned, glass
and graphite (Bunnell 1974), are inf erior to metal matrices
and are not rec omme nded. Glass would have the same
deficiencies as does direct formation of glass, discussed in
Chapter 8, and its use in a composite would result in a
prccess more complex than that of glass monolith production.
The formation of a graphite matrix would involve depositing
carton by a chemical vapor deposition process (Bunne ll 197a)
and would necessitate the handling of gaseous products. Trr
carbon matrix would be porous if produced in the glassy
state by reaction at noderate temperatures (1,000 to
1,30 0 0C) , and would be graphitic and have optimum strength
and dens ity only a f ter reaction at up to 3,0000C.
Graphite's thermal conductivity and resistance to creep and
corrosion would compare to those of metals, but it would te
inf e rior in impact resista nce , ductility, and oxidation
re sis ta nce (Bunnell 197 ti ) .

The Swedish prog ram is e xamining a hot-pressed, fully
dense alumina container instead of a metal. While Al 02 3
clearly has an advantage over any nonnoble metal with
respect to corrosion, we f ind that t he expense, and the
process complexity of sealing the " cans," tip the balance
toward metallic containers, especially if made of titanium.
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MOTES

1 This f actor has been recognized in the Eurcchemic
process in which a netal matrix composite heavily loaded
with dispersoid (60 to 7 5 percent volume f ract ion) is
surrounded by a layer of netal.

2 All corrosion resistances are based on short time
e xpo s ure s . Long-term corrosion tects should be
initiated for all candidate materials for typical
projected exposures.

3 " Sponge" is a fora of titanium resulting from the
standard chloride-reduct ion process of making t itanium.
The sponge is supplied a s coarse particles (<6mm or <3am
in dianeter, depenoing on the process).

4 26 Cr - 1 Mo ferritic stainless steels would be
satisfactory from a st ress corrasion viewpoint, have
lowe r passive current densities than austenitic
stainless steels in salt solutions at up to 100"C, and
could be a possible choice (cheaper than titanium) in
mild corrosion exposures (granite ve rsus salt bed).
This materia l would be less satisfactory than austenitic
stainless steel for transportation, being susceptible to
embrittlement at low temperatures and in sections
t hicker than 8 mm.
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CHAPTEP 11

SPFUT__FE L ASSEMPLIES

INTFODUCTION

The recent policy decision to def er reprocessing of
spent fuel has made it necessary to consider spent f ue l f rom
nuclear power reactors as a prime solid waste form to te
placed in a geologic repository or a surface storage

physical, chemical, and radiologicalf acility. Since tk7
characteristics of spe nt f uel assemblies are dif ferent fron
those of solidified HLW, it is reasonable to expect that the
problems associated with employing spent fuel assemblies as
a solid waste f orm may also be substantially dif ferent.
This chapter describes tne characteristics of spent fuel
assemblies that a re releva nt to their potential as a solid
disposal form, and discussec potential problers associated
with geologic emplacermnt of the se a ssemblies. The surface
storage of spent fuel assenblies will be considered only
briefly.

DESCRIPTION OF LIGHT-WATER-PEACTOP FUEL ASSEMBLIES

Physical Description

Spent f uel assemblies f rom light-water reactors (LWP)
are composite units comprising f uel pins in a geometric
cluster, held together by end pieces and a number of eierent
spacers. Fuel assemblies f rom boiling-water reactors (BWP)
and pressurized wa ter-reactors (PWP) differ significantly,
but the basic components of each are the fuel pins. A fuel
pin of either type is a long section of metal tubing, filled
with ceramic pellets of uranium dioxide or mixed uranium-
plutonium dioxide and closed at both ends. Typical
dinensions and other characteristics of BWR and PWR fuel
aseemblies are given in Table 11.1. When considering spent
fuel assemblies as a waste form, two of their relevant
characteristics are overall size and weight. A typical BWP
assembly has a 13.9 x 13.9 cm cross section, an overall
length of 447 cm, and a weight of 275 kg. Approximately 175
of these fuel assemblies are discharged each ycar by a
1,00 0- MWe BWP . A typical PWR fuel assembly (Figure 11.1)
has a 21.4 x 21.4 cm cross section, an overall length of 406
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TABLE 11.1

Physical Characteristics of Typical Unirradiated Light-Water Reactor Fuel
Assemblies

BWR PWR

Overall assembly length (m) 4.470 4.059

Cross section (cm) 13.9 x 13.9 21.4 x 21.4

Fuel Pin length (m) 4.064 3.851

Active fuel height (m) 3.759 3.658

Fuel pin 0.D. ,'cm) 1.252 0.950

Fuel pin array 8x8 17 x 17

Fuel pins per assembly 63 264

Assembly total weight (kg) 275.7 657.9

Uranium per assembly (kg) 183.3 461.4

L'ranium dioxide per assembly (kg) 208.0 523.4

AZircaloy per assenbly (kg) 56.9- 108.4

AHardware per assembly (kg) 9.77E 26.l

Total structural netal per assembly (kg) 67.7 134.5

e. Includes Zircaloy fuel pin spacers.

5 ncludes Zircaloy control-rod guide thinbles.I

c Includes Stainless Steel tie-plates and Inconel springs.

A ncludes Stainless Steel nozzles and Inconel-718 grids.I

Source: BWR, General Electric Company (1972); PWR, Westinghouse Corporation (1975).
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cm, and a weight of 658 kg. Approximately 60 of these fuel
assemblies are discharged each year by a 1,000-MWe PWR.

Typical Nuclear Characteristics of LWF Fuel

Pertinent nuclear characteristics of uranium-enriched
PWR and BWP fuels are summarized in Table 11.2.

The assembly is irradiated in a BWR (PWR) producing an
average of 4.75 ( 17. 3 ) MW of powe r . After the equivalent of
1,062 (880) f ull-powe r days of irradiation, the fuel
assembly is discharged. At this time, it contains uraniun
with a 2 3 50 enrichment of 0.69 (0.84) wt% and 1.57 (4.32) kg
of Pu. The spent fuel also contai ns fission products and
Np- Am, and Cm isotopes. A more detailed discussion of the
composition of spent fuel is given below.

Characteristics of LWR Spent Fuel Assenblies

Calculations to predic t the relevant characteristics of
BWP and PWR spent fuel assemblies were perf orned with the
ORIGEN computer code (Ee ll 1973) using the input data given
above. The three most relevant characteristics of spent,
unreprocessed LWR fuels are the thermal power,
radioactivity, and potential hazard indext of the fuel
assembly constituents as a function of decay time. The
tnree ma jor fuel constituent categories are structural
mate rials (cladding, g rid spacers, etc. ) , the actinides, and
the fission products.

The variations of the thermal power and the
radioactivity in both EWR and PWR spent fuel assenblies are
shown in Figures 11.2 and 11.3.

The structural materials in fuel assemblies contribute
litt le to the the rmal powe r, rad ioa c t ivit y , and toxicity of
the assemblies at all decay times. The fission products
dominate all three characteristics at short cecay times
(less than 100 years decay), while the actinides dominate
all pa ra me te rs a t long decay times (greater than 300 years
decay). At deca y times be tween 100 and 300 years, both the
fission products and actinides contribute substantially to
the totals.

Although Figures 11.2 and 11. 3 contain information
required to characterize s pent fuel a ssemblies as a waste
form, they do not show the e f fect that using spe nt fuel
assemblies instead of other processed solid waste forms has
on the three characteristic parameters. This effect is
shown graphically in Figure 11.4, where the characteristics
of a s pe nt PWR f uel assembly are compared to those of the
high-level and structural material wastes that would result
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TABLE 11.2

Typi cal Irradiation Paramaters of Light-Water Reactor Fuels, Equilibrium Core

Parameter BWR PWR

Uranium per assembly, kg
Initial 183.3 461.4
Discharge 176.3 440.7

Enrichment, wt% U

Initial 2.75 3.20
Discharge 0.69 0.84

Plutonium per assembly at
discharge, kg 1.57 4.32

Average power, MW/ assembly 4.75 17.3

Average specific power, 25.9 37.5
kW/kg initial uranium

Average discharge burnup, 27,500 33,000
mwd / tonne initial
uranium

Irradiation duration, 1,062 883
full-power days
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from reprocessing this assembly, assuming 99. 5 percent
removal of uraninm and plutonium during reprocessing. The
ratios f or BWR spent fuel, which are omitted for the sake of
clarity, would be similar to those shown in Figure 11.4 for
the PWR.

The increase in the three characteristic parameters that
results from not re proce ssing the spent fuel is small at
decay times chorter than 100 years, because the dominant
fission products are present in equal amounts in toth spent
fuel and HLW. However, the characteristic parameters of
spent f uel assemblies are greater over the long term than
those of HLW by a factor of 10 to 30. Of particular
interest is the greater long-term thernal power, which is
the principal criterion in determining the spacing of solid
waste containers in a geologic repository. This point will
be discussed in more detail below.

A compilation of the numbers upon which Figures 11.2,
11.3, and 11.4 are based is given in Appendix D f or both
BWRs and PWRs. The physiochemical characteristics of the
fuel pellets after irradiation have been well characterized
(Robe rts on 1969) and consist of structural and dimensional
changes, release of a signif icant fraction of fission
orod uc t gases (e . g . , Xe and Kr) , and the segregation of
other fission products (e . g. , Cs ) within the fuel elements.

DISCUSSION

Sta te-of -the-A rt Survey

I f s pent fuel assemblies are to be the final solid waste
form, it is reasonable to expect that they would first be
stored for a number of years in water-filled storage basins
to reduce the heat generation rate before storage or
disposal. In ten years, for example, this f actor is reduced
by more than an order of magnitude (see Figures 11.2 and
11.3). An analysis of the entire waste managenent syst'em
will be required to establish the optimal cooling time
before shipping the spent fuel to a geologic repository or a
surface storage facility. H oweve r , since short-term storage
in a water-filled basin appears to be less expensive than
storage in a repository, an extended cooling period would
seem a reasonable measure when the heat generation rate is
relatively high. This treatment would minimize the size
needed for a repository or a surface storage facility, both
of which have maximum thernal loading limits. Other
objectives would be to keep to a minimum the processing
required for the f uel assembly before geologic disposal or
storage, and to avoid future dif ficulties of processing for
U and Pu recovery should this ever become an option. For
these reasons, it appears undesirable to disrupt the fuel
pins, though it may be desirable to remove the end fittings
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to reduce the length of the assembly, making the in-
repository handling of the spent f uel somewhat easier.
Again, an economic and saf ety analysis is needed to
establish the desirability of any processing at all before
disposal.

Three classes of options are available for handling the
spe nt fuel assemblies af ter the initial period of interim
storage. The first is to continue storage in water-filled
basins until a decision is made either to recover the U and
Pu by reprocessing or to undertake final disposal. The
second is to build and operate surface storage f acilities
designed for a somewhat longer term, perhaps 50 to 100 or
more yea rs . The third option is to place the assemblies,
after interim storage in a water basin, in a deep geologic
repository designed for retrievable storage for perhaps 25
years. This would permit a later decision on processing or
permanent disposal.

The use of spent fuel assemblies as a solid waste form
would pose several problems that would not be encountered if
solidified HLW was used. Although the spent f uel assembly
is already solid, we belie ve tha t it is too fragile to be
handled without protection, and that it would therefore
require a furthe r protective solid layer, such as a metal
can, for safer and easier handling at the repository. To
explore the consequences of thus " canning" the fuel pins, an
estinate was made of the maximum temperature a ten-year
decayed fuel assently would reach in a salt repository (W.F.
Ga mb ill, Oak Ridge National Laboratory, personal
communication, May 1977). This temperature was found to be
2400C (4 500F ) . Compared to the maximum temperature (about
4250C) that the fuel pin clad reaches in the reactor, this
appears to be an acceptable clad temperature for retrievable
storage. Because of its smaller size and lower burnup, the
maximum temperature of a EWR fuel assembly would be expected
to be less than that of the PWR assembly. Unfortunately,
similar estimates are not available for other geologic
formations such as granite or shale nor for retrievable
surface storage facilities. On the basis of the above
results for disposal in salt, it is not necessary to
introduce a heat transfer nedium, such as a low-melting
metal, into the can containing the fuel assembly for heat
dissipation purposes. If a metal such as lead were to be
us ed , it would serve ci an added barrier to the spread of
contamination in the re pository, but would make subsequent
processing more dif ficult and expensive.

Other problems posed by the use of spent fuel assemblies
as a solid waste form are as follows:

1. The fuel elements contain gases under pressure,
which could cause rupture and the possible ejection of
radioactive material.
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2. The spent oxide fuel pellets are typically cracked
when discharged from the reactor, and a portion of them
could be accidently dispersed.

3. The spent fuel contains about 100 times more long-
lived Pu than do HLW resulting f rom chemical processing.
This greatly inc reases the long-term potential waste hazard
index and the heat generat ion rate in the repository, as was
noted above.

4. The presence of Pu a nd U mak e the possibility of
crit icality a concern if the repository were breached, water
were to enter, and the f issile materials were arranged in a
suitable configuration.

Spent f uel has three advantages as a disposal form: it
is less costly than other forms; it requires less processing
on t he s u r f a ce t ha n ot he r f o rms , and is therefore less
hazardous in the nea r te rm; and it eliminates the need for
processing and ha ndling a va riety of low- and intermediate-
level wastes.

Status of Ongoing Programs

Felatively little work has been done on analyzing spent
fuel assemblies as a solid waste form. There are, however,
three ongoing e f f orts that are noteworthy: those of the DOE
Office of Waste Isolation (OWI) and the Swedish firm ASEA AB
concerning the geologic disposal of spent f uel assemblies,
and that of the Rockwell International Corporation
concerning the S pent Unreprocessed Peactor Fuel Facility
(SUFFF) for storage of spe nt fuel assemblies.

The OWI effort is investigating both the disposal and
retrievable storage of spent f uel assemblies in a bedded
salt repository. Preliminary results indicate that the
ma ximum he at loa ding of a repository for spent fuel disposal
must be reduced from the 1 50 kW/ acre recomme nded for HLW to
60 kW/ acre (DOE estimates that 66 to 99 kW/ acre of spent
fuel can be stored versus 10 0 to 150 kW/ acre of HLW from a
re proces sing pla nt) . This reduction is necessary because
more heat is released by the larger amounts of Pu in the
spent fuel than in the HLW (see section on characteristics
of s pent LWR fuel assemblies). If the spent f uel assemblies
are to be stored retrievably, the ma ximum heat loading must
be f urther reduced to 30 to 36 kW/ acre. This further
reduction should allow the s pent fuel assemblies to be
retrievable f or 25 years without massive structural support
in t he repository. Other preliminary results of OWI s tudies
are as follows:

1. Disassembly of the s pent f ue l assemblies does not
seem attractive.
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2. Increasing the interim storage time from one year to
ten years increases the allowable density of spent fuel
assembly emplacement by only about 20 percent.

3. Standard 14-inch pipe , holding one PWR assembly or
two BWR assemblies, with sand as a filler material is beinq
evaluated as a container f or spent f uel assembly disposal.

4. A 2,000-acre satt repository should be able to
contain all the spent fue] assemblies produced through the
year 2000.

The OWI program is continuing at pre se nt , and during FY
1978 will perform a systems analysis of the disposition of
spen t fuel assemblies, beginning at the reactor and ending
with emplacement in a re po si tory.

The Swedish corpany, ASEA AB, has developed a process in
which the spent fuel assemblies are canned in steel
cont a ine rs , wound into a spring configuration and placed in
a shaped aluminum oxide container about 50 cm in dianete r
and 3 m long. The f ull container is then sealed with an
aluminum oxide cover t hat become s an integral part of the
conta ine r itself .

The program established by ERDA at Rockwell
Internat iona l in Richland for the development of a Spent
Unreprocessed Reactor Fuel Facility, which is at an early
planning sta ge , has the objective of providing a surface
storage facility by 1985. The approach is to use only
passive cooling, and an ea rly concept is to use shallow
we lls spaced 25 ft apart. The wells would be cased with a
corros ion-re sista nt mate rial . After the spent f uel assembly
or assemblies were placed in the well, the well would be
sealed and shielding provided as required. One PWR assembly
or three BWR assemblies would te stored per well.

The program proposes simultaneously to make a conceptual
design and to do the necessary research and development.
Early development will include placing electrically heated,
simulated fuel assemblies in wells to determine temperature
dist r ibu t ion. It is assumed that the assemblies will te
canned on-site, and early studies will be made to establish
whether some filler material is needed for temperature
control, mechanical strength, or added containnent.

ProJ ram planning has not yet progressed to the point
that the adequacy of PSD can be assessed.
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ANALYSIS OF PRESENT STATUS AND P6D PCTENTIAL

since taere has been serious consideration of ultinate
disposal of spent fuel pins for only a year in Sweden and
less tha n six months in the United Statts, there are few PSD
results. The conceptual approaches described above are the
only known work.

These very preliminary analyses indicate that spent fuel
assemblies are appropriate for consideration as a disposable
solid wa ste form. However, further studies and experimental
work are necessary to establish feasibility firmly and
define the method of prepa ring the assemblies for
retrievable storage or ultimate disposal.

The following studies appear necessary, as a minimum, to
bring our knowledge of spent fuel as a final disposal solid
form to the level reached for reprocessed solid wastes.

1. Considerably more information is needed on all
phases actually present in s pent f ue l, i.e., the oxides that
serve as the primary containment of the actinides and
fission products. The gas composition pressures and
condition of the cladding must be more thoroughly studied.

2. Since it appears desirable to encase the spent fuel
assembly in a metal can to f acilitate handling and increase
safety at the repository, candidate materials for these cans
must be enumerated and studied.

3. It is highly likely that some " filler" oxides will
be used between the f uel pins and the can. The molecular
engineering of these materials should te started at once.

4. Studies of leachability, s ta bility , and waste / rock
interaction analagous to those on other waste forms will
ha ve to be carried out on spent fuel pins.

Very preliminary calculations indicate that the thermal
loading allowed in the salt repository would have to be less
than that allowed for HLW because of the higher heat output
after the first few hundred years of spent fuel decay.

The major disadvantages of spent f uel as a disposal fo rm
are the lower maximum allowable heat loading, the greater
long-term potential hazard due to the larger quantities of
Pu and U introduced into the repository, and the possibility
of criticality in case the repository is breached.

The major advantages are the lower cost and increased
near-ter m sa fety resulting from minimizing the surface
processing of spent f uel a nd waste. Processing and handling
of a variety of LLW and ILW are also eliminated.
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The study programs initiated by OWI on geologic storage
o r d is po sa l of s pe nt fuel and the Pockwell International
program on surface storage should be pursued, and
experimental work initiated as indicated by these studies.

NOTE

1 Sum of the amount of water required to dilute each
isotope to the point that it is acceptable f or
unre stricted consumption, as specified in Title 10, Pa rt
20 of the Code of Federal Eegulations.

.
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CHAPTER 12

PADIATION EFFECTS

While there has not been any major focus on the ef fects
of radiation on the solid forms to be used for incorporating
radioactive wastes, the scientific community often expresses
concern about such possibilities. It is important,
therefore, to evaluate all the possible ef fects that the
various kinds of radiation may have on the alternative solid
forms we have considered here. Only those ef f ects need be
considered that will occur at the radiation levels
encountered by the solids, and the effects should be viewed
in the context of all the other events and changes that the
waste form will experience during processing,
transportation, and erplacement.

EFFECTS OF PADIATION UPON THE STABILITY
OF VARIOUS SOLID FORMS

An important consideration in selecting a primary and
secondary containment material f or radioactive waste is its
stability under continuous exposure to the radiation
generated by the waste it contains. Stability means
resistance to radiochemical decomposition, excessive
dimensional changes, increased f riability, and loss of
physical integrity. A considerable body of knowledge about
the ef fects of radiation on the physical properties of the
general types of solids involved already exists (for a
review see Billington and Crawford [ 1960 ]) , and recent
studies on glass (Hall e t al. 1976, Mendel et al. 1976, '

Primak 1977) provide insight into the dimensions of the
radiation ef fect problam f or that particular waste form.

The period durir.g which radiation instability is of
major concern is approximately the first ten years af ter the
wastes (in the f orm of spent fuel) are removed from the
reactor. The rattonale for placing emphasis on the first
ten years is that a substantial fraction of the total
radioactive decay occurs d uring this time.

From our knowledge of the radiation levels necessary to
cause substantial structural damage, it is clear that after
this first high- flux regime, structural damage will be
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tr ivia l. During the first ten years, the major adverse
radiation ef f ect is on chemical reactivity, which promotes
release of gaseous products; the incremental effect on such
behavior is expected to be insignificant in the second tine
regime. The re fo re , integrated exposure to radiation over
the first decade is of primary importance and irradiation
over the longer term is of lesser concern.

We consider first the types of radiation and the nature
of the damage that they can induce in the lattice of
crystals or the network of glasses. In HLW, fission
products are the major early source of energetic radiation.
The contribution of actinides (Pu, Am, and Cm) increases in
relative importance later, as the fission products, with
their generally shorter half-lives, decay. Therefore, the
waste form must be able to withstand intense gamma- and
beta-ray fluxes and to a lesser degree alpha particles from
the actinides. The consequence of each type of radiation is
considered separately.

Gamma and Beta Fadiation

Gamma and beta rays interact with solids predomina nt ly
by ionizing atoms or ions. Hence, their major effect is
radiochemical: covalent bond rupture (most important in
glasses since it contributes to stress relaxation) , OH and
H O decomposition with hydrogen relocation, valence changes2
of metal ions, and decomposition of unstable molecular ions
such as NO . In certain materials, such as the alkali3

halides and alkaline earth halides, ionization alone can
create intrinsic lattice defects, namely vacant lattice
sites (vacancies) and atoms lodged in nonequilibrium
positions (inte r stitials) . These defects, which occur in
various charge states, are responsible for tha familiar
color ce nters, and can result in considerable chemical
decompos ition (colloidal particles of alkali, voids, or
bubbles containing halogen gas) . Both gamma rays , acting
through the intermediary of energetic Compton or photo
electrons, and beta rays are capable of directly displacing
lattice atoms by momentum transfer during elastic
collisions. However, the cross section for this .lirect
" k noc k- o n" process is quite small, and such direct
displacement ef fects caused by gammas and betas are expected
to be of little consequence.

Alpha Particles

Alpha particles lose their energy over a very short
ra nge in solids (10-3 cm) . Although the bulk of the energy
is lost in ionization, a significant portion (1 or 2
percent) goes into elastic collisions with the atoms of the
surrounding solid, thereby initiating displacenent cascades,
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i.e., displaced atoms resulting f rom primary, secondary, a nd
tertiary recoils f rom these collisions. The result is a
region of lattice damage in crystalline solios, or network
dama g e-- i. e . , ruptured covalent bonds and disrupted Sio.
tetrahedra--in glasses, in t he areas surrounding the alpha
pa rt ic le t ra c ks. Depending on the material, 100 to 1,000
displa ce ment events may result from a single primary
collision and, although substantial healing of the damage
may occur immediately after the collision, a high
concentration of lattice vacancies and interstitial atoms
(or a high degree of network disruption in glasses) is
expected in the wake of alpha particles. The recoiling
nucleus that emits the alpha particle can also produce
substantial damage.

For reprocessed nuclear f uel wastes, the cumulative dose
is expected to be 2 x 1018 alpha particles per cubic
cent imeter during the first 100 years (Mendel 1975) and
atout one-fourth that f or the first ten years. Therefore,

in the regions a f fected by the alpha particle flux,
substantial lattice and/or network disorder can be expected.
The consequences for the various waste forms considered will
be discussed in the rele va nt sections below.

Perhaps the most important f actor in limiting the amount
of alpha particle damage in the packaging matrix is the way
in which the actinides are distributed. The short alpha
range is scarcely larger than the calcine particle size.
Therefore, if the waste is in the form ci calcine particles,
most displacement damage is confined to the calcine particle
that contains the alpha emitters. The calcine, which is
poorly crystalline to begin with, will be rendered even more
so by the displaceaent damage. However, if the alpha
emitters are atomically dispersed throughout the waste fore,
the entire solid will suf f er some damage. The magnitude of
this damage, in terms of stored energy, appears to be around
a few calories per gram at most (Mendel 1975).

The above remarks apply to reprocessed comnercial
wa s te s . If unprocessed spent fuel pins are to be disposed
of they will be packaged in canisters; in this case, no
alpha damage will occur outside the f uel pins, since the
alpha particles will be contained within them. However,
within the f uel oxides this structural damage will be at a
ma xi mum. Indeed, studies of irradiated fuel might show the
maximum extent of damage to be expected.

Neutrons

It has been suggested that fast neutrons could be
produced by spontaneous fission of transuranics and by (a,
n) reactions. However, in view of the very snall
spontaneous fission rates and the small (a , n) cross
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sections, the flux of energetic neutrons f rom this source is
negligible.

I n s umma ry, it is evident th a t , except in those regions
of the waste form matrix within the alpha range, the most
significa nt radiation ef fects are radiochemical in nature
and associated with the high fluxes of beta and gamma
radiation emitted by fission products.

EFFECTS ON FPOPEPTIES OF SOLIDS:
POTENTIALLY ADVERSE CONSEQUENCES FOR WASTE FOPMS

Radiochemical Effects

As indicated above, ionizing radiation can cause
radiochemical deconposition (radiolysis) of molecular
species and molecular ions. The most familiar of these is
the decomposition of H O and OH , which results in the2
release of atomic hydrogen (H) into the interstices of the
solid. Because of its small size, H can dif f use readily
through most materials and become attached at other
locations. The most common form in which it is immobilized
is as H in some pocket or pore. As indicated above, alkali2

halides and certain alkaline earth halides can undergo
radiolysis which, at a high level of exposure, can lead to a
colloidal distribution of metal particles and halogen gas
bubbles.

Another f amiliar example is the nitrate icn, which is
relatively unstable chemically. In the presence of ionizing
radia t ion , NO - breaks up into oxygen gas and oxides of3

nitrogen. This last radiolytic process may be of sone
consequence in the case of military wastes, which have a
high nit rate content. Such radiolytic effects can
cont ribute to swelling and , in extreme cases, could
adversely af fect the physical integrity of the waste form.
None of these ef fects has been experimentally observed. It
is to be hoped that current studies on hydrogen generation
in concretes will successf ully resolve this natter.

Expansion and Dimensional Changes

Since extreme expansion could rupture the waste canister
during t he period of retrievability, it must be considered
as a harmf ul effect of radiation. Expansion can he
classified into two categories: (1) that caused by expansicn
of the crystal lattice or glassy network from accumulated
atomic scale strains associated with lattice or network
defects and (2) that caused by void or bubble formation.

Expansion resulting f rom defects is primarily caused by
interstitial material lodged between atoms or ions on nornal
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lattice sites. Henderson and Bowen (1971) have observed
t hat t he expansion per oxygen vacancy / oxygen interstitial
pair in neutron-bombarded magnesium oxide is chuut nine
mola r vo lumes , a remarkably large change. These ef fects
taturate when the separatlon between defects becores a few
lattice distances, so that the probability of interstitial-
vacancy recombination becores la rge. In network formers
such as siO this simple dilatation around interstitials2,

eventually results in lattice collapse into the disordered
glassy structure , usually with large increases in specific
volume. However, these are rather special cases and the
fluences accumulated by the waste forms are in any case
nc"er expected to be large enough (they are 103 to 10* too
low) to complete saturation.

Void formation results f rom coalescence of lattice
vacancies. In the presence of alpha particles or protons
these voids often accumulate helium or hydrogen to form
butbles; this state of aff airs presents serious swelling
problems in structural alloys in high flux reactors. Again,

the fluences (>1019 carz) a+ which these processes occur are
well in excess of those expected in the waste form matrix.
It is conceivable, however, that something approaching this
situation could result f rom accumulation of radiolytic gases

0 NO, etc.) in small pores or fissures in the matrix.(H2, 2,

C lea r ly, the degree of expansion f rom such accumulations
would depend sensitively upon the composition of. the waste,
the constitution of the waste form, and the intensity of the
encapsulated radiation. Only in extrene cases where each of
these factors was unf avorable could expansion be expected to
be a serious problem.

Possible Catastrophic Release of Stored Energy

Introduction of interstitials, trapping of electrons and
holes, and rupturing of covalent bonds all increase the
internal energy of crystal or glass. This increase is
referred to as stored energy. Annealing at clevated
temperature causes much of the lattice damage to te removed.
Vacancies recombine with interstitials, and electrons and
holes are released from traps and recombine. These recovery
processes are accompanied by a release of stored energy,
which appears as heat. If a substantial amount of stored
energy is released in a na rrow tempe rature interval, a
temperature transient may result. Should other energy
release stages be reached by the transient, additional
stored energy may suddenly be developed, leading to a
cata st ro phic or runaway release of energy, which can
culminate in a very large temperature transient.

One material with a stored energy release spectrum
favorable to a catastrophic release is graphite, which
exhibits a sharp release peak at 2000C. Evidently, it was
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the combined ef fect of the large amount of energy stored in
this peak and a sharp temperature excursion that resulted in
the catastrophic energy release and the rupture of fuel
slugs in the Windscale reactor some 20 years ago (McCullough
1959) . The determinant seems to be the nature of the energy
release spectrum: a sharp release peak early in the release
spectrum is nece ssary. Crhe release spectrum is the
incremental energy released per unit temperature rise versus
temperature during a heating cyc le . ) The release spectra
for glasses and most ceramic materials lack this feature,
the energy release being more uniformly distributed over a
wide temperature interval. Therefore, an uncontrolled
temperature excursion as a result of stored energy release
seems to be unlikely for the waste forns currently under
consideration.

Enhanced Chemical Peactivity and Solubility

Since the internal ene rgy is enhanced by radiation
damage to both the lattice (network) and the electronic
system, enhanced chemical reactivity and solubility (leach
rate) might be expected. Although there is little clear
evidence of such effects, one should be alert to this
possibility in particular systems. Howe ve r, from the
magnitude of the energies involved (see section on possible
catastrophic relea se of stored energy) , this contribution to
t he AG of the likely waste-environment reaction is seen to
be negligible.

Transmutations

Another consequence of radioactive decay of fis s ion
prod ucts is their transmutation into other elene nts with a
dif ferent chemical behavior. These daughter products may or
ma y not be stable in the particular phase used to contain
the orig inal nuclide s. Whereas such an ef fect does not
appear to be important for glassy matrices, it is possible
to conceive of situations in which the stability or
integrity of ceramic phases may be impaired. For example,
90Sr decays into 90Y, which is also unstable, decaying with
a 6 4-hou r ha lf-life into 9 02r, a stable nuclide. Hence in a
SrTiO p ha se, the 90Sr would be largely replaced by 90Zr in3

a rew 9 0 Sr ha lf-live s (28 ye ars) . Also of interest is the
30 year half-lif e decay of 137Cs into 137Ba (stable) . The
consequences of this decay for the stability of pollucite
(CsAlsi 0.) , a potential candidate for the innobilization of2
13 7Cs , has yet tobe e xa mi ned . Although the decay products
in these two cases (90Zr ard 137Ba) are stable nuclides and
are of little concern in themselves, the structural chemical
ef fects of their substitution may render the chosen ceramic
phase unstable. The ref o re , while it is not clear that such
chemical effects of transmutation will have any serious
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conseq ue nce s , this class of problems should le examined nore
e xte ns ive ly , since its effects are probably at least as
signif icant a s those of radiation damage.

CONSEQUENCFS OF P ADI ATION EFTECTS FCF
SPECIFIC WASTE FORMS

Supercalcine and Calcine

In unconsolidated calcine particles, radiation effects
would be expected to have no serious consequence. Because
of their relatively open, poorly crystalline etructure,
expansion due to alpha-particle bombardment would not be
serious even though several tenths of a percent expansion
night be expected before f inal emplacement. Expansion may
lead to f urther f ragmentation, the e f fect of which would be
to shift the average particle size to smaller dimensions.
Radioche mical ef fects for the most part would be confined to
valence changes in certain of the metallic ions and
decomposition of anion radicals, if any, with the
accumulation of stored ene rg y. These radiochemical ef f ects
would be minimized by the elevated temperature expected to
exist in emplaced ca nisters since , in most materials,
redistribution of charge and radiochemical decompositional
ef f ects can be eliminated by heating to temperatures above
3000C. Even wit hout annea li ng , the energy stored would not
be excessive. Assuming 5 eV for each misplaced electron,
and a saturation concentration of 0. 5 percent of all lattice
site s af f ected at room tempe rature, a total stored energy of
2 to 3 cal /g is expected. Stored energy can also result
f rom displaced atoms , but he re aga in t he amount is not much
greater than that due to ionization. Therefore, saturation
stored energy at room temperature should not exceed 10 cal /g
for most materia ls (s ee , h oweve r , Poberts et al. 1976).
Since, f or t he most part, di splaceme nt damage is accumulated
at e leva ted tempe ratures , the amount of stored energy caused
by it is expected to be a small f raction of this value.
Therefore, even if it could be " triggered," the temperature
excursion would be i nconse quential .

Although not strictly a radiation effect, pa r ticle
creep--i.e., physical movement caused by recoil of particles
containing actinides--woulo be expected if the calcine
particles were excessively fine, and would make them
dif f icult to confine . For this reason alone, in corporat ion
of calcines into some more stable form is desirable.

Cement Composite Forms

The extent of alpha-particle damage will depend upon how
the actinides are dispersed in the primary containment
phase. If the supercalcine or ceramic phase particles are
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essentially insoluble, and if their size is large compared
to the alpha-particle range, relatively little damage will
accumula te. Eve n unif orm distribution of actinides in this
he t e roge neous , multiphase waste form would not be expected
to have serious consequences. Displacement daaage would te
expected to result in expansion, mainly in " filler" grains
such as quartz (sa nd) and in calcine itself, up to a maximum
volune increase of 1 perce nt . Eecause of the norous
structure of most concretes, this expansion could be
accommodated without serious consequence , i.e., excessive
fracturing. Another consequence of alpha particles is
helium e ntrapment in the mat rix, pre sumably as small
bubbles. At the elevated storage temperat ures helium would
be expected to dif fuse readily through the concrete ma trix ;
serious buildup of internal stress would therety te avoided.

Ionization e f f ects include radiochemical decomposition
of H O and other molecular ions, as well as trapped2
electrons and holes as manif ested by valence changes of
various ionic species. As in the case of calcine alone, no
adverse consequences f rom these processes are anticipated,
except, possibly, those f rom internal stresses due to
bulbles of gaseous radiolytic products. Stored energy would
not be expected to exceed that for calcine. Some concern,

however, has been expressed by certain Soviet investigators
(Sakharov et a l. 1967, Spitsyn et al. 1967) t hat radiolytic
gases ge nerated by the decomposition of water, might pres ent
a hazard if concrete is used. Entrapment of H in the2

canister as it diffuses from the concrete is evidently the
source of their re se rvation. Be t te r inf ormation on the
extent of radiolysis of concrete is needed be f ore concern
about it can be laid to rest. Experiments in which hydrogen
is accumulated in thin concrete slabs that are exposed to
alpha pa rtic le s in a n accelerator beam should provide
adequate inf ormation to evaluate this possibility.

It should be pointed out here that the service life of
concrete in radiation environments is exceedingly good.
Most of the biological shields of the earlier reactors were
constructed from concrete, and many of these reactors are
st ill in operation. It is signiricant that the inner
surf ace of these shields and concrete plugs, which are still
effective, have accumulated far greater doses of radiation
than is anticipated for the entire service life of potential
waste forms.

Since concrete is an attractive waste form for low- and
intermediate-level DOE wastes, and since sodium nitrate is a
major constituent of the se wastes , the consequences of
nitrate radiolysis in concrete also deserve attention. The
NO - ion is relatively unstable and readily decomposes into

3
gaseous products (oxygen and oxides of nitrogen) when
exposed to gamma radiation. Although the void space in
concrete would be expected to accomodate large quantities of
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gas, it is obvious that an experimental evaluation of the
effects of NO - radiolysis as a function of the activity of3
waste under conditions of storage needs to be carried out.

Glasses

In the molten state, glass dissolves most radionuclides,
so dispersal of actinides on the atomic scale should occur
to a degree much greater than in concretes. Therefore,
alpha-particle damage in the glass matrix should be
appr ecia ble. Previous studies (Hall et al. 1976, Mendel
1975, Mendel et al. 1976, Pri nak 1975) using a variety of
energetic bombarding particles at or near room temperature
show changes in a variety of physical properties. The
nature of these ef fects is sensitive to the glass
composition; both expansions and contractions have been
observed. Fused silica contracts up to 4 percent when
exposed to fast neutrons at room temperature.

It has been pointed out (Primak 1975) that the net
effect depends upon the magnitude of several conflicting
processes: ionization and disruption of the silica network
produce contraction, i.e., a more ordered arrangement of the
Sio. tetrahedra in silicate glasses. Gas re te ntion (heliun,
in our case) in the form of bubbles causes expansion, as do
compositional changes in certain special glass formulations.
Although many glasses are permeable to helium, increasing
the concentrat'on of alkali or alkaline earth ions strongly
attenuates the rate of helium dif f usion. Hence, expansion
predominates in calcium-containing glasses that are
bombarded with alpha particles f rom an external source; the
same ef f ect would be expected for internal bomtardment with
alpha pa rticles. The expected ef fect of alpha-particle
irradiation resulting f rom actinides in waste has been
simulated for certain glass formulations (Hall et al. 1976,
Mendel et al. 1976) by addition of short half-life alpha
emitters such as 2 * * Cm a nd 238Pu; use of these radionuclides
resulted in acceleration of the process. Both volume
expansion and contraction have been observed, and stored
energies of up to 25 cal /g have been recorded for
irradiations equivalent to those generated in stored HLW
over 2,000 years. I t wa s fo und that the amount of energy
stored for a given irradiation time was inversely related to
the temperature at which the specimens were kept. No stored
energy release was observed for samples held at or above
3500C.

Ionization caused by beta and gamma radiation, as well
as along alpha particle tracks, can also have appreciable
ef fects upon the properties of glasses. Again, however,
most of the previous resea rch has been devoted to fused
silica, a very unusual case and a poor model for our
purposes. Because of the flexibility given to the glassy
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network by the covalent bond rupturing accompanying
ionization processes, stre ss relaxation and creep under load
is expected. However, not much research has been devoted to
these points. The electrons and holes trapped at network
defects (dangling covalent bonds) and by metallic ions
promote the mobility of certain types of ions, notably
alkali metal ions, by reducing the density of sites that are
chemically stable locations for them. An e f f e ct apparently
related to this decrease in the stability of specific
constituents has been reported by Primak (1975) who observed
droplets of moisture on the surf ace of a variety of glass
compositions af ter proton bombardment. These droplets are
due to the deliquescence of Li 0 and/or Na o formed on the2 z
surf ace as a result of the outward dif fusion of Li+ and Na+
through the radiation-af fected layer. After being washed
away, the droplets replenish themselves over a period of
weeks. It is not yet clear whether atomic displacements in
addition to ionization are necessary to produce this
chemical instability.

Although it appears that glass may indeed be a suitable
solid form f or radioactive waste, knowledge about its
chemical, mechanical, and dimensional stability in radiation
fields is rot complete enough to make glass a "c omf o rt able"
choice. Virtually nothing is known about ,' ass stabilit y at
an elevated irradiation temperature comparable to the
tempe rat ure reached under service conditions. Such
inf ormation may be needed be fore the suitability of a given
glass composition for waste packaging can be det ermine d.
The ef fect of thermal gradients similar to those anticipated
under service conditions also must be evaluated; such
gradients provide an additional chemical driving force for
separating various constitue nts, and thus could influence
chemical stability. Although it has long been suspected
that nuclear radiation aids the devitrification process and
hence affects the integrity of glasses, there is little
quantitative data on this point. The extent to which these
various processes that impair chemical stability would
increase the rates of such crucial processes as leaching or
reactivity and f ragmentation cannot be stated with
certainty. Therefore, f rom the perspective of radiation
effects, the performance of glass as a waste form is
somewhat unce rta in. However, the magnitude of all these
ef fects indicates that no major changes can te foreseen
either during the first decade or two of storage, or
thereafter.

Metal Matrix

As regards radia tion e f fects , this waste form has no
competitor. There are no permanent ionization ef fects in
me ta ls , and displacement damage would be kept to a minimum
because the waste is encapsulated in a secondary phase
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material. Even if oppreciable expansion of the second phase
were to occur, the metal is expected to be suf ficiently
plastic to accommodate it.

Ceramics

Although a good case for specially tailored ceramic
waste forms can be made on the basis of the chemical
stability of a structure into which fission products and
even actinides are incorporated directly, lattice damage
(met amicitiza tion) caused by alpha particles could be as
extensive in ceramics as in glass. The major delet erious
effect of this damage would be lattice expansion. Quartz,
an extrene example, exhibits a saturation volune increase at
room temperature of 15 percer.t, and 5 percent is typical for
most perovskite, spinel, or rutile structures (Crawford and
Wittels 1956). Howe ve r , these expansion levels were only
attained at neutron fluences >1019 cm-2 As indicated
above, the total alpha-particle fluence expected in the
first ten years would be only 5 x 1017 cm-2 Hence,
expansions of around 0.5 percent would be expected.
Moreover, these values would no doubt be reduced to some
degree by the annealing of lattice damage at the elevated
temperatures attained by t he waste package during storage,
and therefore ma y not be a serious f actor during the first
decade. It should be possible to accommodate noderate
expansion by providing suf ficient porosity in the fabricated
waste form. However, the amount of porosity required would
have to be determined for the ceramic structure in question,
preferably under simulated service conditions.

Slyd'1.93
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C f1 A PTER 13

INTERACTIONS BETWEEN SOLID WASTE FORMS AND POCK

once any solid waste fora is placed in a qeologic
formation, the potential exists for interaction between thc
waste and the host rock. For some f orius this interaction is
a certainty; for others it is planned that such interaction
be negligible during the ret rievable phase. Given the
conditions of time scales in the range 103 to 106 years and
temperatures in the ra nge 200 to 8000C with sone water
present, containers will probably be breached in virtually
all cases. The result wil be direct interaction of three
components: solid wa ste f orm, saturated aqueous solution,
and host rock.

Since this interaction is ine vita ble , in selecting the
solid waste form for enplacement one must consider the
ef fects of this waste-water-rock interaction for each
combination of waste f orm and rock type. The range of
interaction between the solidified waste and the host rock
is shown in Figure 13.1.

Physical Interactions

The ma jor physical ef f ects of the waste / rock interaction
re sult f rom the thermal output of the waste (see Figure

13.1) . This determines the temperature at the surface of
the waste as well as in the rock itself, given the thermal
diffusivity of the rock. The effects consist of thermal and
mechanical stresses, which depend on the theraal and
mechanical properties of the roc k. The combined properties
of the waste and rock will dictate the number and spacings
of canisters in a pa rticular geological f ormation. This
problem is considered in Chapter 14.

CIIEMICAL INTERACTIONS

The structural chemical effects of the interaction
between the solid form and the host rock interaction are our
principal concern in this chapter. Figures 13.2 and 13.3
illustrate these ef fects on a microscopic and nicroscopic
scale, r es pective ly.
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On a macroscopic scale, the waste will react with the
rock a nd form a zone of reaction products. The extent and
the products of the reaction will be determincd by the
composition of the wa ste a nd the rock, t he pressure-
tempe rat ure envi ronme nt , a nd the absence or presence of
water. The model of the original waste form slowly
" leaching" and providing a continuous point source of ions
' o g roundwa te r is bo th nai ve a nd incorrect. At the
tempe ratures and p.essures that will likely be encountered
(between 2000C at 10 0 La rc " dry," and 6000C at 500 bars
p[ H 2 0]), and especially with water present frorr butFles in
salt, hydrated minerals in the rock, or groundwatcr,
extensive reaction is certain to occur in a matter of days
or weeks once the container is breached.

The redox potential, E is also an itapartant variable.,

The driving force for this reaction is no lormer solubility
in water, but the 67 Fetween equilibrima phases and the
metastable assemblage: waste phases mineral phases of the+
rock. Ions are leac hed not only from the waste, but also
from the rock. The ions are not only "adsort ed" by
pa rticular minerals such as clays, but react with the clay
to form new phases. The low-tempe rat u re model shown in
Figure 13.3 will occur only (a ) for wastes with low thermal
output or (b) f a r f rom the waste caniste r. The higher
temperat ure mode l will be the general case,

Publications on hydrothe rmal react ions conetitat6 a
m1jor f raction of the postwar literature in t hF tield of
experinenta l petrology. I n this research, vcriour
compositions are reacted under the "hydrotherral" thigh
tempe rat ure + high water pressure) conditions that exist in
the ea rth. The field of metamorphic petrology, es pecially
contact metamorphism, is concerned with conditions very
similar to the ones we are now considering: intrusion of a
hot body of different chemistry into a preexisting geologic
formation. The results of thousands cf papers establish
unequivocally that in the range of conditions noted above,
extensive reaction will occur ra pidly. Indeed, the time
scale is in terms of days to months rather than hundreds of
. ears, a lt hough it is, of course , strongly dependent on
temperature and composition. The work most directly
relevant to our discussion here is that of Hawkins and Roy
(1963). They compared the degree of reaction of glassy and
crystalline ma teria ls of identical compositions under
pressure and temperature conditions well within the presentrange of interest. They showed that in a matter of days,
glasses of basaltic composit ion were rapidly attacked, while
the crys ta llized form showed almost no changc. However,
experimental data on glasses ano crystalline material
containing fission products have not been obtained as yet.

Only during the last several months has the subject
begun to be studied. The scope of the topic was out lined at
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an initial conference held at The Pennsylvania State
University in July 1977 (Pennsylvania State University
1977), at which tine preliminary data were reported by
several workers f rom national laboratories, the U. S.
Geological Survey, and the host university. These X-ray,
scanning electron microscopy, and electron prote data
demonstrated the rapid conversion (in a f ew days) of
simulated waste glass in contact with salt and limited water
at 2500 to 3000C (Poy 1977). While all t he new phases have
not been identified, it is interesting to note that the Cs
is converted to pollucite. In this respect, tre Cs in the
reaction product may be less leachable than it is the
original waste form. Na t u ra lly, we must deternine what
happens to all t he radionuclides of interest.

By considering phase equilibria and the compositions and
masses of components involved, a well-designed experimental
proJram will be able to provide good estimates of the likely
final assemblages in a reasonably closed systen. These
entities will becone , in e f fect, the new waste form, and
interest must be directed toward them in any long-term
considerations of leaching or supply of radionuclides into
groundwater.

The flowing ground water model that ignores the
thermodynamics of waste / rock interaction will Le
conservative in predicting ti transport of io ns , possibly
by several orders of magnitude. For example, a 10-ft bed of
argillaceous shale would retain almost all waste
radionuclides that might be " leached" out fron the waste
form. The sha le functions a s an ion-exchange resin at low
temperatures, and creates new phases at high temperature and
pressure.

Table 13.1 shows the tendencies toward and degrees of
interaction between various wastes and host rocks.
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TABLE 13.1

Qualitative Relative Indication of Waste-Rock Interaction

Salt Shale Basalt Grani te

Supercalcine Very high Modera te Modera te Moderate
(Se 1 f- (Self- (se 1 f-
crys talliza- crys ta lliza- crys talliza ticr )
tion) tion)

Glass Very high Very high Modera te Moderate
(5000 C)
High
(2000 C)

Ceramics High Very Icw Very Icw Very Icw
at HT
Very, very
low at LT

Metal Matrix foms Depends on dispersed phase - Matrix nu:leate
effects noted above

Cement Matrix Forms Substantial Low - Very Lcw - Very
at HT (5000C) Icw low
Low - Very
low (300 C)

_

lit = high terperature
LT = low temperature
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C H A PT EF 14

GFOLCGICAL CONSTDEEMIOUS

INTPODUCTION

lt is gene ra lly agreed that for the immediat e future the
pref erred option for the isolation of high-level radioac t ive
wastes is deep continental geologic isolation. In addition,
DOE continues to maintain the position t hat any concept of
permanent storage must be te sted using a prototype and that
the waste must be recoverable in the event of unexpected
leakage or indications of future leakace (Pittman 1972).
This ret rievalility criterion has, in effect, specified the
conventional mined cavit y as the only acceptable means of
emplacing the waste in a qeologic formation; other suggested
methods of emplacenent imply permanent dispoEal, in that
retrieva l of the waste is beyond existing technology,
prohibitively expensive, or appreciably more dif ficult tnan
emplacement.1

Once radioactive waste has teen emplaced in a geologic
repository and t he repository has been sealed for permanent
isolation, radionuclides in the waste can re-enter the
biosphere only by physical t ransf er of the rock mass
containing the waste , by solid state dif f usion, or by
dissolution and transport of the nuclides by ground wate r.
Either natural processes or anthropogenic activities could
conceivably result in the transfer or exposure to the
biosphere of radionuclides. The Ame rican Physical Society
(APS) 3tudy Group (1977) evaluated the possible occurrence
and consequences of both types of disruptive event; it
concluded that current knowledge and technology--if used
with appropriate site select ion criteria--arc adequate to
design a nd locate a suitab le waste repository of the
conventional mined cavity type, which would not be breached
instanta neously as a consequence of either surf ace nuclear
explosions or meteorite impact and would not be c'>mpronised
by erosion. Mo reove r , use of a ppropriate criteria would
make it highly unlikely that the repository would be
compromised by tectonic or volcanic activity. The APS
re port pointed out that the most important possible hazard
to te expected f rom radioactive waste emplaced in a geologic
repository is its transport by groundwater.
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This chapter is primarily concerned wit h the physical
characteristics of proposed repository rock types and of t he
wastes and waste f orms that can inte ra ct with rock. These
interactions could conceivably a f f ect the integrity of the
repository f or long-term isolation. The possible chemical
interactions between the waste f orm and the rock were
discussed in the pre vious chapter.

The only possible import a nt medium f or trar. sporting
deeply buried, high-leve l radioactive wastes is groundwater.
Conse que nt ly , satisf actory isolation of such waste depends
upon the choice of a repository site with suitable
hydrogeology. Under tavorable hydrogeologic conditions, t he
transport of any radionuclides, leached from the buried
waste form, would be so slow and follow such Icnq pathways
t hat the nuclides would not reach the Liosphere during the
pe riod o f concern. It is therefore essential that the
method of emplacenent and any subsequent waste / rock
interactions have no adverse effect on the hydrogeology.

Certain cha racteristics of the geologic disposal mediua,
in addition to its hydraulic transport p rope r t ie s , can
provide additional security in isolatina HLW. Shales, for

example, may have such highly f avorable sorption
characteristics t hat the velocity of radionuclide transport
through these rocks could be reduced several orders of
magnitude below the speed of groundwater tra nsport. Certain
"chemica l" ef f ec ts were di scussed in Chapter 12. In
contrast, other properties of a disposal medium may make it
susceptible to heat generated by radioactivity, with
consequent changes (e. g. , f ra ct u ring) that can result in
more rapid tra nsport of groundwater and any dissolved
nuclides. Thus, it is important to consider the ef fects
that the presence of high-level radioactive wastes might
have on relevant properties and characteristics of these
rocks, a nd whether these e f f ects s upport or undermine the
integrity of w. ste isolation. The emplacement and presence
of radioactive waste in a deep peologic repository will
result in a significant physical modification of the natural
environment loca lly, as a consequence of thermal and stress
ef fects induced in the rock in the immcdiate vicinity of t he
emplaced waste.

In the United States, consideration of repositories
developed in conventional mined cavities has been restricted
almost e xclusively to rock units witnin regional sedimentary
ba si ns-- e . g . , bedded salt, domed salt, shale, and limestone.
By the very nature of their origins, undisturbed sedimentary
rock units a re characterized by horizontal or nearly
horizontal layering and high porosities saturated with
fluids (principally aqueous) . The layering constitutes
anisotropy, which not only provides important potential
pathways for interstitial fluids, but also strongly
influences the deformational characteristics, such as

185

b3f32Q



t racturi ng a nd interlayer slip, of the individual units and
of the entire sedimentary sequence. Dome salt is not, in
it se lf , layered, but occurs within layered sedimentary
sequences.

In contrast to layered sedimentary sequences, there
e xis t igneous rock masses, such as granite, which are
potent ia lly much more homogeneous and isotropic, and which
extend to great depths over large areas of the earth's
cr us t . These may Le overlain by sedimentary rocks, but they
are not typically associated with sedimentary Lasins.
'4o re o ve r , the porosity of granites (due primarily to
fractures) is gene rally very low compared with that of
sedimentary sequences, typically a few percent or less
compared with more than 10 percent in most sedimentary
rocks.

In either sedinentary sequences or granitic masses with
fracture porosity, pore spaces tend to be filled with
groundwater, which extends from the water table (the top of
the saturated zone, ge ne ra lly a few meters to a few tens of
meters below the surface) to depths of several tnousand
meters. Fluids associated with the f ormation of the rocks
could be present at still greater depths. These
groundwa ters a re the nedium by which radionuclides might
reach the biosphere, and it is the prediction of novements
and interactions of these fluids with the rock and with
cont ained waste that is a principal objective in planning
for radioacti/e waste management.

Because the movement of groundwater is of primary
concern in rela tion to "f ar- field" ef fects that have
influence some distance away from the repository, it is
important that potential conduits such as f a ults , fractures,
and other discontinuities in the undisturbed rock be at a
minimum. Furthermore, potential conduits produced by
exploration and engineering activities rust be capable of
being ef fectively sealed once the repository is abandoned
for permanent isolation. For conventional mined cavities,
these engineered potential conduits are principally
borehole s and shaf ts.

As stated above, deep continental geologic isolation is
the only currently acceptable alternative for disposal of
high-level radioactive wastes; in current planning this
alternat ive is to be employed regardless of the solid waste
form. The particular waste form selected and the manner of
empla ceme nt in deep geologic media can influence the
security of isolation, and certain specific aspects of this
influence are addressed late r in this chepter.
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RELEVANT WASTE CHAR ACTERI STICS

The irporta nt characteristics of radioactive waste with
respect to deep continental geologic isolation and
waste / rock interactions are the thermal power and radiation
generated by the waste. Padiation ef fects on the waste
itself have been discussed in Chapter 12. For the most
part, ef fects of the emplaced waste will be "near-field"
responses of the roc k to hea t , radiation, and heat-induced
stre ss--i. e. , ef fects that are restricted to dimensions of
the repository. Ce rtain e f f ects , howe ve r , significantly
alter the transport characteristics of the disposal nediun
and associated rocks, and thus can have more far-reaching
inf lue nc e. Of additional interest are waste / rock
inte ractions that can potentially af f ect the retrievability
of the emplaced waste. Retrievability here refers to the
ability to remove waste f rom a repository with the same
equipment and techniques that were used to emplace it.

Thermal Ef fects

Thernal powe r of LWF high-level wastes varies from about
200 kW/m 3 for waste less than ona year old to about 0.02
kW/m3 for 1,000-year-old waste. Ten-year-old waste
generates about 10 kW/m3, which is sufficient to melt
typical silicate and halite rocks if placed in a cavity 1 m
in diameter. For retrievability to be feasible, it is
therefore necessary (1) to reduce the thermal loading of a
waste form suf ficiently that the host geologic medium is not
locally brought to its melting range, and (2) to keep the
thermal loading low enough that the waste form (e.g., glass)
is not a f f ected adversely or that volatile radioactive
species are not driven off by the waste-generated heat. A
third consideration is the influence of thermal loading on
the mechanical properties of the emplacement nedium (i.e.,
the rock in which the Depository will te excavated) and the
overlying geologic units. The first two considerations
dictate the waste loading of the f abricated containment and
the dimensions of the container; for glass, the waste
load ing in typical DOE designs is 25 percent waste and 75
percent glass in a cylindrical container 0.3 n in diameter
by 3 m in length. These specifications would result in a
maximum centerline temperature in the canister of about
6000C and a surf ace temperature near 4000C. The third
consideration ha s led to the proposed emplacement of waste
containers in a geometric array whose spacing is dictated by
the desired thermal loading per unit (e. g . , spacing of 7 to
10 m for 150 kW/ acre desired thermal loading).

Other potential thermal ef fects of consequence for the
security of waste isolation are the ef fect on groundwater
flow of thermal gradients within and adjacent to the
re po sito ry, thermally-induced cracking caused either by
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tnermal expansion of the heated rock units or ty
modification of the rock strers with increascd pore fluid
pressure, and possible mineral or rock decomposition with
at t e ndan t loss of volatiles (e. g. , CO and watcr). The2

deve lopment of cracks could increase by two orders of
magnitude or more the hydraulic conductivity of the af fected
rocks; the release ot volatiles would contribute carrier
fluid for the potential transport of nuclides.

Specific aspects of therro-mechanical ef f ects on rock
are discussed helow in the section on relevant rock
characteristics.

Padiation Effects on Focks
Possible radiation e f f ects fall logically into two tine

reg imes: the period during which the waste form remai.ns
intact, and the tine af ter its breakdown. Before the waste
form breaks down, the only radia tion reaching the
surrounding medium will be gamma rays.

Ultinate breakdown of the waste f orm will result in a
more intiirate mixing of actinides and fission products with
the minerals of the host r oc k. At this point displacement
damage f rom the alpha particles might occur within the
immediate vicinity of the actinides. However, unless some

geologic event (e . g. , breaching by groundwate r) takes place
to cause dispersal of the alpha activity, not auch
additional ef fect is expected. Dif fusion occurs at such
slow rates that the mass of rock af f ected would remain saall
even after 10* to 105 years.

Possible effects of radiation on three specific rock
t ype s--g ra nite , shale, and salt--have been considered. The
radiation fluxes a f fecting the rock are one to two orders of
magnitude lower than those affecting the waste form. Since
the phases involved are essentially similar, one can say
w ith some confidence that radiation ef fects on the rocks
will be negligible.

RELEVANT ROCK CHARACTEPISTICS

The characteristics of rocks importa nt for waste / rock
interactions a re their mechanical properties (specifically,
those af fected by temperature) and their potential for
chemical interactions (see Chapter 13) . Although both
categories of characteristics can influence far-field
groundwater transport, their most direct influence is in the
immediate vicinity of the repository.
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Therao-mechanical Ef fects

Heat generated by emplaced radioactive waste can be
expected to produce thermomechanical ef fects; the specific
nature o f these ef fects will be dictated by the physical
properties and other characteristics of the repository rock
and of associated geologic units. The principal physical
property of rocks that a f f ects heat distribution, and thus
its effects, is thermal con 3uctivity. Values of thermal
conductivity vary among different rock types, but among the
common rocks they dif fer by a factor of only about two or
three. This property is of concern primarily with respect
to thermal loading of the wa ste f orm and of the repository.

A second physical property of rocks important for
the rmome chanical effects is thermal expansion. In addition
to possible f racturing caused by stress concentrations
related to cavern geometry and engincering f actors, thermal
expansion of the hea ted rocks ca n lead to f racture of these
or overlying units. The tensile strength of rock is
gene rally quite low, and most rocks can sustain very limited
extensional strain before fracturing. Thus, even the
slightest extension of layered rock units overlying a
thermally expanding rock mass can potentially lead to
f racture and to enhanced permeability. The effects of
displacements caused by thermal expansion will depend very
much on deformational characteristics of the rock units;
these, in turn, reflect the strength and ductility of
individual units, and their distribution in the section.
Displacements caused by thermal expansion may also alter the
potential field driving the groundwater system. Because the
possible ef fects of thermal expansion could te rather
comple x, depending upon specific details of the geology
involved, they can perhaps be best evaluated by means of
computer modeling. Preliminary modeling of thermomechanical
effects is currently under way.

Fracturing can also result from fluid pressures induced
by heating of the fluid or caused by pore volune reduction
where thermal expansion of the rcck begins to close fluid-
filled voids. The conpressional strength of all common
rocks increases almost linearly with increasing ef fective
confining pressure (a nd , incidentally, therefore with
increasing depth) . Increased pore fluid pressure decreases
the ef fective confining pressure and therefore the strength
of the rock, alt hough any existing dif ferential stress in
the rock is not af fected. Because all permanent defor mation
other than compaction results f rom applied dif ferential
stress, increased pore pressure f requently results in
f racture of the rock. It should be noted, further, that the
orientation of f ractures t hus produced will be perpendicular
to the direction of minimum principal stress. If the
overburden pressure is the least principal stress, the
f ractures will be horizontal (the only acceptatle
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orientation f or grout sheets containing radioactive waste) ;
if the least principal stress is horizontal, the fractures
will be vertical (highly undesirable with regard to waste
management problems) .

Most rocks a re brittle at temperatures less than 1000C
and at confining pressures less than 100 bars, with the
degree of brittle response depending partly upon the rate of
de f or ma t ion. Increased confining pressure and/or
temperature increases the ductility of rock, and thus
promotes the transition from the f racture mode of
deformation (involving loss of cohesion) to flow
(deforma tion without loss of cohesion) . For most typical
rocks, the increased confining pressure that might be
realized by increasing the depth of the repository f rom,
say, 500 m, which is the equivalent of about 125 bar
pressure, to 1,000 m or 250 bar would not significantly
suppress the tendency of these rocks to deform by fracture
at those pressures, particularly if the decreased ductility
caused by pore pressure is considered. Thus, increases in
depth of this order give little advantage with regard to the
f racture properties of most rocks, although the increased
pressure may contribute to closure of existing cracks. One
might expect that thermal expansion caused by heat from
emplaced radioactive waste could also contribute to crack
closure. The reduction of porosity and of permeability that
would result f rom closing of pore spaces and cracks is, of
co urs e , of considerable importance with regard to
groundwa ter transport.

A thermomechani"al effect of great concern for
engineering design and for maintaining access to the mined
cavit y (for the purpose of retrievability) is the possible
loss of strength and increased creep in the rock caused by
increased temperature. This effect is most pronounced in
rocks composed of minerals (e . g. , halite or calcite) , in
which intracrystalline slip is an important mechanism of
deformation. Increased temperature reduces the critical
resolved shear stress needed for intracrystalline slip to
occur. For the temperatures (2000 to 3000C) and pressures
(125 to 250 bar) that can be expected, no significant
reduction in strength with increased temperature is likely
to occur for granite: in contrast, limestone, shale, and
salt could be af fected, but the expected reduction in
strength would probably lead to serious engineering re de sign
only for a repository in salt.

The reduced strength and enhanced ductility of salt
caused by elevated temperatures can potentially create
serious problems not only for the stability of the mined
cavern during the period of retrievability and occupation by
personnel, but also for the removal of waste canisters f ron
emplacement holes in the floor of the repository. The
problems may be exacerbated if unreprocessed spent fuel pins
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are emplaced in the repository, as this would create a more
extensive and longer-lasting the rmal field in the vicinity
of the repository. Computer codes exist and active research
is currently being carried out to model toth the thermal
distributions in space and tine and the consequent ef fects
of these distributions on the stability of dif ferent cavern
geometries f or dif ferent thermal loadings within the
repository.

Two final comments on thermomechanical ef fects are that
these are likely to be of a near-field nature (although they
may in f lue nce groundwater transport in the far-field) and
that the period during which they may be produced is
re st ricted--i. e. , the high temperatures, due principally to
the f iss ion prod uc ts , will largely disappear after a few
hundred years.

Other Ef fects on Focks

Evolution of Volatiles

Many shales have porosities of around 20 percent, and
the pore spaces are filled with aqueous solutions. In
addition, certain mineral components of these rocks may
break down at high tempe ratures and release gaseous
effluents. Fluids thus released can be expected to interact
with the waste f orm and, depending upon their respective
compositions, f o rm substances that could lead to ready
availability of radionuclides f or transport. It is unlikely
that tem pe rat ures in the vicinity of a repository would
reach levels suf ficient to cause dissociation of limestone
(approxima te.l y 7 0 0 0C) , but clay minerals or other impurities
present in the carbonate rocks may be sub ject to mineralogic
change or chemical breakdown. Under conditions likely to
exis t in a repository where either HLW or spent fuel pins
were emplaced, no significant mineralogic or chemical
changes would be expected to occur in a crystalline silicate
rock such as granite.

In the particular case of rock salt--the geologic medium
currently favored in DOE plans--two possible ef f ects are of
principal concern: (1) the migration of brine inclusions in
salt toward a heat ' source and (2) accelerated creep
deformation of salt at higher temperature. Estimates by
Je nk s (1972), based on an assumed brine content of 0.5
percent by volume and en a well-developed theory of brine
migration, suggest that approximately 30 1 of trine will
accumulate at an individual canister of HLW emplaced in
bedded salt within a 50 year period. This volume amounts to
about one cm3 of brine per cm2 of canister surface area.
Two possible results of this brine accumulation are
corrosion of the canister, which could seriously affect its
integrity for retrievability, and evolution of H and other2
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gases. Jenks (1972) estimates that normal ventilation in
the repository would prevent the buildup of an explosive
mixt ure of H in air during the period of ret rie vability.2
Although the ef fects of gaseous buildup after conversion to
terminal storage are unlikely to be impo r ta nt , they require
f urt her study. Curre nt plans to counteract corrosion call
for the use of a carbon-steel liner to isolate the waste
canister from contact with the salt and to provide for easy
removal and inspection of the canister during the period of
retrievability. Such a line r could also help protect the
waste canister f rom entrapment caused by creep of the salt.

Radionuclide Migration

once released from fabricated containment, following t he
breakdown of the waste form, any movement of radionuclides
through the geologic environman* *:-_12 oe prinarily through
convective trans f er by groundwater. If no inter actions
occur between the contaminant and the porous nedium, the
contaminants will travel at the same rate of flow and in the
same direction as the carrier fluid, Typically, however,
sorption will take place, with the e f f ect of reducing the
flow velocity of contaminant s relative to that of the
groundwater.

Exchange reactions couple contaminant ions with the
solid phase of the porous medium, causing a reduction of ion
concentrations in solution. If the solution is sufficiently
dilute that ion exchange sites are f ar f rom being saturated,
the average velocity of the contaminant ion is reduced to
the product of pore solution velocity times the fraction of
the ion in solution. The f raction in solution is
1/ (1 +K p ) whe re p is equal to the bulk density of the
solid divided by its ef fective porosity and K is the
dist ribution coe f ficient. Since K values for rocks are not
uncommonly 103 or even larger (<e.g., in shales), it is clear
that f avorab le sorption characteristics in the disposal
medium can reduce the average contaminant velocity by
seve ral orders of magnitude.

Although extensive research is currently under way tc
evaluate the sorption and fixation characteristics of rocks,
considerable uncertainty exists regarding K values obtained
and the methods of measuring them, especially as to how they
relate to conditions that might exist in the natural
environment, Some insight with rega rd to radionuclide
migration in geologic media has been provided by the OKLO
phenomenon in the Gabon Republic of West Africa (I AEA 1975),
where convincing and quantitative evidence exists that a
natural reactor operated approximately 1. 8 billion years
ago. Information on ion mobility at CKLO may te
particularly relevant to problems of radioactive waste
nana gene nt. At least half of the approximately 30 fission-
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product elenents have remained immobilized; FL, Cs, Sr, and
Ba, and probably Cd, all made in the reactor, have mostly
disappeared, presumably by radioactive dccay. 90Zr,
produced by the decay of S os r, i s accounted for, indicating

'

that little of the 90Sr wa s transported f rom the vicinity of
the reactor. Wa lton ard Cowan (1975) concluded that the
principal radioactive products that were released into the
biosphere in measurable amounts at the time of the reaction
were "5Kr and possibly a lit tle 137Cs and 90Sr. Plutonium
was e f ficiently confined.

Waste Form Stability and Chemical Considerations

Current waste management philosophy tavors developing as
stable a waste f orm a s pos sible, so that, should groundwater
come into contact wit h it , the radionuclides it contains
would not be released at a n unacceptable rate during the
period of desired isolation. By f ar the ma jor e f fort in
waste form technology has been devoted to the development of
a suitable glass. As indicated above, we have great
reservations about the stability of glass subjected to
conditions that are likely to exist in a repository.
Mo re ove r , we consider the results of standard leaching tests
to be inappropriate for extrapolation to such conditions.
It glass is to be the pref erred waste form, compositions
designed f or deliberate breakdown either into stable
crysta lline solids (see Chapter 7) or into clay minerals and
material with very low permeability and high sorption
characteristics would appear to be more promising than glass
of questionable quality and stability (see Chapter 8) .

If sufficient conf idence in radioactive waste managenent
could be developed to the point that permanent disposal
techniques were to be employed, the ultimate in waste form
technology might be the direct incorporation of
radionuclides into stable crystalline phases of the host
rock itself. This could be effected by incorporating the
radioactive waste and appropriate additives into a melt of
the host rock. Thermal power in both liquid and solid waste
forms can be high enough to melt the host geologic mediua
loca lly. As mentioned earlier in this chapter, waste with
a t he r m11 powe r of 10 kW/m3 would melt most typical rocks if
placed in a cavity 1 m in diameter, and some HLW can
generate up to 200 kW/m3 Research would be required to
unde rstand adequa tely the ne lting relations and to predict
accurately the heating and cooling histories. If the
crystallization process during cooling were to produce a
well-defined selvage ot uniformly fine grained rock of Icw
pe rmea bi lity , an additiona l significant barrier would Le
provided between the waste and any groundwater that might
subsegw?ntly reach the emplacement location. Although deep
hole drilling would appear to be a highly appropriate method
of empla ceaent in conjunction with the rock-melting concept,
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initial experiments to develop the concept could be
undertaken in conventional mined cavities. Certain rock
types, including salt, shale, and limestone, would probably
not be appropriate because of release and possible movement
of gaseous ef fluents trom these rocks. Crystalline rock
masses such as granite would appear to be ideally suited.
The concept is sufficiently promising that we would strongly
encourage research in this area.

NOTE

1 The reader is referred to the Technical Alternatives
Docunent (U.S. ERDA 1976b) f or a description of waste
isolation concepts and emplacement techniques and to the
American Physical Society report (1977) for a general
assessment of these.
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APPENDIX A

S U'4'4ARY OF COST AND P ISK ESTIMATES FOR AI'IFR NATI VE
WASTE DISPOSAL STRATEGIFS AT TH E H ANFOR D REFERVATION,

T_!lE SAVANNAH RIVER PLANT, AND THE IDAFO NATIOt1AL
ENGINEERING LABORATORY

To provide information on possible alternatives for the
long-term management of the radioactive wastes stored at the
Hanford Reservation, the Idaho National Engir.eering
Labo ra to ry, and the Savannah River Plant, three documents
(one for each site) were prepared and released to the public
in September 1977 (U.S. ER DA 1977a, 1977b, 1977c). Each
document describes the various alternatives that will be
considered for treating, storing, and disposing of the high-
leve l wa stes , including the technology required for
implementation. Also included in these descriptions are
analyses of the risk to the public and preliminary cost
es t i ma te s. No particular plan is selected, nor do the
analyses take into account social and public policy issues.

HANFORD RESERVATION

Approximately 17 3,000 m3 of HLW in the forn of sludge,
salt cake, and residual liquids are now being stored in
underground tanks at the Hanford Reservation (DOE 1978).
Twenty-seven alternative plans f or the long-term management
of t hese wastes have been considered by ERDA (1977a). All
are variations on four major alternatives that are based on
the location of the final disposal site:

1. existing wa ste ta nks,

2. onsite engineered surf ace f acility,
3. onsight geologic repository,

4. offsite geologic repository.

The f our major alternatives have been expanded into 27
alternative plans through appiying several additional
options, including whether radionuclide removal is used to
separate the wastes into two parts: a small volume high-
activity f raction and decontaminated salt containing less
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than 6 nanocuries per gram. Other options include the type
of solid waste f orm used and the treatment and handling of
encapsulated waste. Table A.1 lists the costs and risks of
the 27 alternative plans considered in the Hanford document.
According to ER D A (1977a) :

" The total actual dollar amount that must te
budgeted over the years to implement any
alternative plan is about two to five tires the
constant 1976 dollar amount. "

Thus, implementation costs f or disposing of the Hanford
Wastes could range as high as $27. 2 billion (U.S. ERDA

1977a).

SAVAUN AH RIVER PLANT

Approximately 82,000 m3 of H LW in the form of sludge,
salt cake, and residual liquids are now Leing stored in
underground steel tanks at the Savannah River Plant (DOE
1978). Assuming that reactor operations cease in 1985,
about 230,000 m1 of reconstit utedt wastes with an activity
level of 1,300 curies per cubic meter will need to be
disposed of. Twenty-three alternative plans for long-term
management and disposal of these wastes have been considered
in the SRP document (U.S. ER D A 197 7c ) . As in the Hanford
document, these alternatives are veriations on four major
alternat ives that are based primarily on the location of the
final disposal site:

1. continued storage in tanks,

2. disposa l of reconstituted waste slurry in a bedrock
cavern under the SRP site,

3. disposal of solidified waste in an engineered
surface facility at SRP,

4 disposal of solidified waste of f site at a federal
repository.

The additional options that have expanded these four
major alternatives into 23 alternative plans include whether
or not radionuclide removal will be used to separate the
wastes into a high-activity f raction and decontaminated
salt, the nature of the final waste form (glass, concrete,
dry powder, or fused salt), and the final storage and
disposal mode--f or instance, disposal of HLSW in an SRP
bedrock cavern. Table A.2 lists the estimated costs and
risks for the 23 alternative plans considered.
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TABLE A.1

Summary of Cost and Risk for 27 Alternative Radioactive Waste Disposal Plans at Hanford with
Numarical Rankin[-

Plan Total Cost. Discounted Cost, Integrated Population
Number Plan Description million 1976 dollars million dollars Dose Risk, man-rem

1 Storage and Disposal of Salt Cake. Sludge, and Residual 500 (1) A 60 (1) 1 x 10'' (1)"

$ Liquor in Existing Waste Tanks.
2 Glass w/kR in Canisters Disposed of in Onsite Engineered 1.300 (6) 260 (10) 7 x 10 ' (10)

-

Surface facility and Bulk Decontaminated Salt Disposed of
in Onsite Surface Trench.

3 Glass w/RR in Canisters Disposed of in Onsite Geologic 1.400 (8) 250 (7) 7 x 10 2 (10)
Repository and Bulk Decontamirated Salt Disposed of in
Onsite Surface Trench.

4 Glass w/RR in Canisters Disposed of in Offsite Geologic 1.500 (11) 260 (10) 2 x 10' (17)
Repository and Bulk Decontaminated Salt Disposed of in
Cnsite Surface Trench.
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S Concrete w/RR in Canisters Disposed of in Onsite Engineered 1.300 (6) 250 (7) 2 x 10 2 (g)
Surface Facility and Bulk Decontaminated Salt Disposed of in
Onsite Surface Trench. _

2

6 Concrete w/RR in Canisters Disposed of in Onsite Geologic 1.400 (8) 240 (6) 2 x 10 (8)
Repository and Buik Decontaminated Salt Disposed of in
Onsite Surface Trench.

2

7 Concrete w/RR in Canisters Disposed of in Offsite Geologic 1,500 (11) 250 (7) 3 x 10 (18)
Repository and Bulk Decontaminated Salt Disposed of in
Onsite Surface Trench.

2
8 Powder w/RR in Canisters Disposed of in Onsite Engineered 1,000 (2) 200 (3) 1 x 10 (2).

e Surface Facility and Bulk Decontaminated Salt Disposed of
W in Onsite Surface Trench.

2
9 rowder w/RR in Canisters Disposed of in Onsite Geologic 1.100 (4) 200 (3) 1 x 10 (2)

Repository and Bulk Decontaminated Salt Disposed of
in Onsite Surface Trench.

10 Powder w/RR in Canisters Disposed of in Offsite Geologic 1,100 (4) 200 (3) 9 x 10' (16)
Repository and Bulk Decontaminated Salt Disposed of in
Onsite Surface Trench.

2
11 Powder w/RR in Bulk Containers Disposed of in Onsite 1,000 (2) 100 (2) 1 x 10 (2)

Geologic Repository and Bulk Decontaminated Salt Disposed
of in Onsite Surface Trench.

CR
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TABLE A.1 (continued)

Plan Total Cost, Discounted Cost, Integrated Population
Number Plan Descriptivn million 1976 dollars million dollars Dose Risk, man-rem
12 Glass wo/RR in Canisters Disposed of in Onsite Engineered 2,700 (12) 490 (15) 7 x 102 (10)Surface Facility.
13 Glass wo/RR in Canisters Disposed of in Onsite Geologic 2.900 (14) 400 (13) 7 x 102Repository. (10)

14 Glass wo/RR in Canisters Disposed of in Offsite Geologic 3,70A (16) 490 (15) I x 10 (19)8

$ Repository.
*

15 Clay wo/RR in Canisters Disposed of in Onsite Engineered 1,900 (18) 730 (20) 7 x 10~2Surface Facility. (10)

16 Clay wo/RR in Canisters Disposed of in Onsite Geologic 4,200 (19) 540 (17) 7 x 10~2Repository. (10)

17 Clay wo/RR in Canisters Disposed of in Offsite Geologic 6,000 (21) 730 (21) 3 x 10 (21)
8

Repository.
18 Powder wo/RR in Canisters Disposed of in Onsite Engineered 3,500 (15) 660 (18) 1 x 102Surface Facility. (2)

19 Powder wo/RR in Canisters Disposed of in Onsite Geologic 3,800 (17) 480 (14) 1 x 102Repository. (2)

C/l
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20 Powder wo/RR in Canisters Disposed of in Offsite Geologic 5,500 (20) 660 (18) 3 x 10 (20)2

Repository.
21 Powder wo/RR in Bulk Containers Disposed of in Onsite 2,800 (13) 260 (10) 1x 10 (2)2

Geologic Repository.
22 Capsules Packaged in Overpacked Canisters Disposed of in 43 (b) 5 (a) 7x 10 (b)5

Onsite Engineered Surface Facility.
23 Capsules Packaged in Canisters Disposed of in Onsite 26 (a) 5 (a) 2 x 10'' (a)

Geologic Reposttory.
24 Capsules Packaged in Cani-ters Disposed of in Of fsite 47 (c) 10 (c) 1 x 10' (e)

Geologic Repository.
N 25 Capsules Converted to Glass in Overp.icked Canisters 16 (e) 10 (c) 1 x 10'' (c)o
o Disposed of in Onsite Engir2ered Surface facility.

26 Capsules Converted to Glass in Canisters Disposed of in 59 (d) 15 (e) 1 x 10'' (c)Onsite Geolonic Repository.
27 Capsules Concerted to Glass in Canisters Disposed of in 79 (f) 20 (f) 1 x 10 ' (f)Offsite Geologic Repository.

a
potalshavebeenrounded.
-tarentheses indica te numerical ranking.

Source: U.S. ERDA (1977a).
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TABLE A.2

Summary of Costs and Risks for 23 Alternative Radioactive Waste Disposal
Plans at the Savannah River Plant

Forulation Tc tal
Budg e tar;.a Ccat, Dase Pink, Effective Ccet, IrL~rren tal

7:2 v. Milion 1976 t hc;.e: * Fillio*: 19'l Coat /Pisk,.
mn-r dallars' $/m n-re=awrur :.er.~ rip t icn dollarna

y 1 Class 02spesed of in Offsate Geologic
St orage and Canned Decont arinat eda
Salt Cale Stored in Outside Surface
Storage f acility 2.7 .90 2.7 41,000

2 Concrete Disposed of in Offsate Geo-
log 2c Sterage and Canned Decentar.inated
Salt Cake Stored in Onsit e Surf ace
Sterage facility 2.4 .90 2.4 36,000

3 Concrete Disposed of an Cffsste Geo-
legic St orage arid Decentaminated
Salt Cake Stered in Cesit e Under-
grcund haste Tanks 1.2 .90 1.2 17,000

4 Concrete and Canned recer.tarinated
Salt Cake 01sposed of an Offsite
Geolegic Storage 1.9 .90 1.9 28,000

5 Class and Canned Octortarinated
Salt Cak e St ered in C* sit e Surf ace
Stcrage Facitat) 2.9 22 2.9 44,000

C,,,
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e Cencret e and Car.ned Decertaminated
Salt Cake Stored in Onsit e Surf ace
Sterage Facility 2.8 .22 2.8 42.000

7 Cer.c ret e St ered in Drsite Surface
Sterage Facility and lecentaminated

Salt Cake Returned te Onsite haste
Tanis 1.' 2: 1.* 25,000

6 Clas* and Canred recentaminated
Salt Cake Disposed cf in SRP Bedrock 2.0 .34 2.0 3C.CCC

9 Cencrete and Canned Decentaminated
halt Cake 02sposed of in SRF
Bedreck 1.8 .34 1.8 26,000

bg IC Conc ret e and Decer.t aminated Salt
C) Sclutter 01sposed of in SRT
hJ Eedrock 1.3 .34 1.3 18,000

Il Class Stered in Offsate Surface
5t c rage Facility and Decer.t aminated
Canned Salt C=ke Stored in Onsite
Surface Sterage Facility 3.0 .53 3.0 46,000

1 Cencrete Stered in Offsite Surface
Sterage Facility and Canned Decon-
t arir.at ed Salt Cake Stered in
Dnsite Surface Sterage Facility 3.0 73 3.0 46,000

13 Concrete and Decentaminated
Salt Cake Stored in Offsite
Surface Sterage Facility 3.4 73 3.4 53,000

C
C',w;
C. 4

Fa
Q



TABLE A.2 (continued)

Icp. :ti:n Tc t.:l
114e t=, cce t, icse Fisk, Effe: ive Ccat, J ere~en u:

F:.an ti: : L,. 19 7 C t k~ s z e.! b12 :ior. 197C Ccat/Fieb,

N.rter :4?' rift en d:::=s= m:n-r & d:!: re' 2M- rS

14 Dry Fo= der l'isposed of an Offsite
Geologic St orage and Canned Decont am-

PJ inated Salt Cake Stored in Onsite
O Surface Sterage Facility 2.3 .93 2.3 35,000

W

T 15 Dry Powder and Canned Decontaminated
Salt Cake Stored in Onsite Surface
Storage Facility 2.5 .35 2.5 32,000

.

)
16 Dry Po der and Canned Decont aminatedam.m.-

#'' Salt Cake Disposed of in SRP Bedrock 1.8 8.6 1.8 30,000

. _ _ , 17 Dry Fowder Stored in Offsite Surface
=> Storage Facility and Canned Decon-

[Q) taminated Salt Cake Stored in Onsite
Storage Facility 2.6 .89 2.t 40. N D-

cer

h.). 18 Fased Salt Disposed cf in Offsite
m;'y Ceclegic Storage - No Separation
ne m of Radioactivst) 1.1 1.0 1.1 15,0C0

r--

c ?~

n~
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19 Fused Salt Stored in Onsite Surface
Storage Facility - No Separation of
Padioactissty 3.0 .22 3.0 4t,00C

20 Fused Salt 01sposed of in Bedrock -
No Separat t en of Radioactivit y .90 6.e .91 14,000

21 Fused Salt Stored in Offsite
Surface Stcrage Facillt) - No
Separation cf Radica:tivity 3.5 1.0 3.5 54,00c

22 Unprocessed hast e Slurry Disposed
of in SEP Bedrock .18 62 24 Ease

23 Storage of haste as Sludge andg
o Damp Salt Cake in Onsite haste

c Tanks (Fresent SRP hast e Man- 3,, _g 3*ggg
agement Technique) 24,

c. Und i sc ount ed .

1. Integrat ed for 300 years. Assumes pepulation grows by a factor of 5 by 2140 then remains constant. No
Correct 1be action.

c. Radiation doses were esaluated at $1000/r.an-rem.
d. Cost per man-rer. reduction in risk, using the least expensive alterr.atise plan as a base (Plan 22,

Unprocessed haste Slurry Stored in Erdrock1
e. Incl ides undiscount ed cost s for ene generat ion ef nem tanks, startirg about year 2040. This insestwent

is mot e than that requ:.ed to create a trust fand to rebuild tanks into the indefinite future. Such a
t rus t fund would require new tegislation for its creation.

C''g' Source: U.S. ERDA (1977c).
N
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I D ATIO IJATI CtJAL E!! git!EERI!!G LABCFATCFY

Unlike the high-level wastes stored at the fianford
Rese rvation and the Sava nnah Fiver Plant , the wantes at Ili EL
are routinely converted to calcine and stored umirrground in
stainless steel bins. Thirteen alternative plans have teen
considered in the ItJEL document for the long- t ( rm ma na ge rre nt
of these wastes (U.S. ERDA 1977b) and arc divided according
to the waste form (calcine pellets, metal matrix, sintered
glass ce ramics) and the disposal loca tio n (re t rievable
surtace storage facility, federal repository). An
additional option is to remove the actinides and ship therr
to a federal repository; the remaining wastes would be
stored onsite. Talile A.3 lists the estimated costs and
risk s for the 13 plans considered.

110TE

1 Before solidification of the wastes hegins, it is
assumed that they are reconstituted I;y dissolving the
damp salt cake and using the solution to slurry the
sludge from the waste ta nks.

'bO201d
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TABLE A.3

Summary of Costs and Risks for Alternative Radioactive Waste Disposal Plans
at INEL (1977 dollars)

'Ibtal hiyetary("I
Ctet Abcne Base,. 'Ibtal Rpulaticn(c) Risk Val m , W Effective

Alte m tive 5 millicn Dose Risk, man-ran S rillicn Cost, S millicn

u
o
cn

Chicine at ICPP Base 0.01 Negligible Negligible

Pellet, SOC, M+--at 143 (d) 14o (d)

INEL 190 e) 190 ')f l

275(f) 140 0.15 375(f)

DI 290 (d) 290 (d)Rrove Actuudes
Pellet, SGC, Mi--at 340 *) 340(e)I ,

IfI 780 0.8 525IfIINEL 525

C)1
C
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Pellets, SCE, M+--Ship 315 (d) 315 (d)
By Rail to Federal 335(e) 335(*)
Bepository 550(f) 820 0.8 550(f)

Pellets, Sr, M+--Ship 315 (d) 320 (d)
By Truck to Federal 335 (e) 340(*)
Repository 550(f) 4,900 4.9 555(f)

(a) Capital plus 10-yr cperating ocsts.

(b) (bsts for shi; rent of actinides to arx3 d@ositian at a faderal repcsitory are inc1tsied.w
o

(c) Ctrparable 1(>-yr cbse, frm, natural background, is 200,000 ran-r m for 120,000 pcpulation
within 80 km (50 mi) of DIL.

(d) Pellets.
.

(e) SCC-sintered glass cerric .

(f) m-retal matrix .

Source: U.S. ERDA (1977b).
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SU:4 MARY OF EUPOPEA11 PS D O!1 WASTE ROLIDIFICATIOt1

Any United States waste managenent systen will
eventually be pa rt of a worldwide system. It is therefore
essential that foreign experience in waste management be
considered in designing the American system. Fu rt hermo r e ,
because most radi; active waste management systems are
nationalized, and comnercicl interests and conflicts are
consequently reduced, a sharing of waste-handling technology
should be possible, and would benefit every country
involved. In the following section we highlight s pecial
aspects of the work in several f oreign countries that are
re le vant to our task. The work in France has already been
discussed in Chapter 8.

CO:14ISSION OF THE EUPOPEAN COMMUNITIES

This pr og ram , administered from Brussels, is a well-
known joint international research program dealing with the
management and isolation of radioactive wastes. It consists
of a well-intagrated PSD program on the cif ferent subsidia ry
tasks in radioactive waste management, sur ae
" conditioning" of fuel pin cladding, waste #ication,
storage, and isola ti or.. Projects are assigt c s various
national la boratories ; results are shared and tuture
strategies planned. Virtually the only solid form being
studied is glass. Special attention is focused on
evaluating such glass properties as leach rate,
crystallization ef fects, a n3 irradiation e f f ects with 2 3 a pu-
doped specinens. The research on cladding wastes and high-
temperature incineration of alpha-wa stes is peripherally
related to the pre se nt task, but appears to have made some
novel contributions to the technology.

ROCHEMIC

This is another nultinationally f unded European
organization--in this case an R&D center in Mol, Belgium.
The solidificaton research here is as diversified and
advanced as any in the world.

208
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The laboratories have made three subst ant ial
contributions to solidification technology:

1. Their stirred-bed reactor appears to function
ef fectively to produce calcine granules (1 to 10 mm in size)
directly f rom HLLW, thus avoiding some of the problems of
handling fine particles.

2. Their pilot pla nt f or incorporating phosphate glass
into a lead metal matrix is working in a rout ine ma nne r. It
is capable of ha ndling ceramics or calcine granules, and
will be of special interest for fresh wastes.

3. The underwater SiO -Al O polyrer "co nc r et e "2 2 3
developed for incorporating cladding hulls may well be
generalized to other waste forms.

THE FEDEPAL REPUBLIC OF GnFMANY

The program in the Federal Republic of Germany is largE,
centrally managed, and well articulated. Of special
significance to the U.S. program is their evaluation of the
total system. A report, " Sy stems St udies , Radioactive Waste
in the Federal Republic of Germany" is being completed in
six volumes concurrently with the Panel's own work. The
study, managed f or the Federal Republic by the Nukem
Corporation, coordinates the work of all raajor nuclear
institutions in the country and is especially strong on the
risk analysis of the radioactive waste managenent system.
One of the most significant results of these studies is the
finding that the major ris ks from radioactive waste occur in
transport. Conseque ntly , bekem has recommended a system2

where re proce ssing , solidi fi cation , and isolation in a deep
geological formation occur at the same site.

The German solidification studies have enccmpassed a
great variety of solid forms. Not only glass , but glass-
ceramics and concrete (for ILW) , have received considerable
attention. The work done jointly by the Gelsenburg Conpany
and t he Eurochrmic Company, Belgium on metal-natrix
composites is more advanced than similar work in any other
country.

SWEDEN

The Swedish program is in some ways operating under
constraints very similar to those of the United States,
especially in regard to public acceptance. Eecause of new
laws enacted in Sweden, there has been a crash development
of a system to store spent f uel pins, which is much further
along than any United States work. The systen consists of
inserting sets of the uncut rods in sealed, aild-steel
canisters with cross-sectional areas of about 100 cm2 range.

209 gGES
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These canisters are then coiled into flat, watch-spring
configurations and stacked into thick-walled containers made
of isostatically pressed .%1 0 . The container is sealed by2 3

surfaces and welding the outer thinmating two Al 032
cladding steel sheet. The a lumina container is designed for
emplacement in granite with a surrounding overpack of clays.
This is clearly a cumbersonn first-generation solution, but
indicates rather clearly the development of a radically
different +echnology f or waste solidification in a very
short tige (less than one ye ar) .

The longer range Swedish program is also well
coordinated and is noteworth y in two other respects. The
Swedes have paid more atte 'c k>n to the materials science
aspect s of solidification, a nd have involved the university
community in the research to a greater extent than any other
count ry. Novel technological sugges+ ions incli.e the use of
a heavy copper canister for the wastes to keep E low, and
the use of an cverpack of reactive clays and sand around the
canister as a first-level barrier for radionuclide
adsorption. The basic research on inorganic materials,
ranging f rom adsorption on zeolites to tailor-nade gels f or
converting to stable ceramic solids, appears to have a much
more prominent place in their strategy than in the
corresponding U. S. program.

THE UNITED KINGDOM

The United Kingdom solidification program at Harwell
goes back as f ar as any, and indeed the Fingal process
probably was the first to solidify significant amounts of
fully radioactive wastes into glass. These saaples, now
over a decade old, are an invaluable research resource.
Current resea rch in Britain is focused on the Harvest glass
process which, f rom an engineering viewpoint, is probably
the simplest of all processes devised so f ar.

U.S.S.P.

Soviet work in waste solidification is unique, and
detailed exchange of data could have a profound impact on
U.S R&D ef f orts, even though national policies on
radioactive waste manageme nt may be very dif f erent. A token
research ef f ort is being made on glasses containing low
concentrations of waste ions. For 15 years, Soviet
scientists have reported on their work on pumping
radionuclides into carefully-selected geological strata
(Kondrat 'ev et a L. 1976). Data have been provided only on
low and intermediate level wastes. During the last few
months, information has been released (W . Bishop, U. S.
Nuclear Regulatory Commission, personal communication, 1977)

566226210
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indicating that they have pumped HLW (one report describes
'

tens of curies per liter) in the same way.

The waste / rock interaction has been used to solidify
this waste. The minerals of the formation- principally

J quartz and clays--react under mild hydrothermal conditions
with the liquid wastes to form new, relatively insoluble
phases. The guiding principle in selecting the arounts and

, . concentration of radionuclides for disposal appears to be
that the resulting temperature should not exceed the boiling
point of water at the chosen depth. In situ solidification
in a formation some 1,000 m below the surface with
protective argillaceous la yers both above and telow appears
to have provided protection against the movenent of any-

radionuclide ions, as monitored by a series of wells. The
nearest approach to this process is the Oak Pidge experience

'

with agrouting" a clay-cement-radionuclide mix some 600 m
below the surface.

The absence of any in situ " solidification" approach in
the United States program--e. g. , studying the reactions of
HLLW with typically sandy shales or argillaceous sandstones
even in the labo ratory--is strange, in light of the
apparently successful disposal of megacuries of HLW by this
method in the U.S.S.R. Since, at present, it would be
extremely dif ficult to obtain permission to conduct full-
scale experiments in the United States, ef forts to exchange

_

detailed data with the U.S.S.P. are very important.

.

n.

%

.

-.

a9

m

* e '* f[ [
d'ODNM **

211

"
, f .'

+.''
'

.. .

a .
*

. e



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

APPENDIX C

THE PEI'4APY CONTAINMENT FOPM

Crystalline

As Table 1.2 indicates, there are four different
crystalline or partly crystalline sets of prinary ceramic
hosts to contain the radionuclides of interest:
supercalcine, low-temperat ure ce ramics , high-te.rperature
ce ra mics , and fuel pellets. Except for the SrF and CsCl in2

storage at the Hanford Reservation, all forms are mixtures
of oxide phases that have well known crystal structures.
For example, ti7Cs may be incorporated into 137CsAl Si 0 -2 2 6

[pollucite].1 90Sr may be in 90SrMoO.- [ scheelite ]t or
90SrTiO - [ perovskite ]t and Ru in RuO - [ rutile ].13 2

The actinides and many of the la nthanide fission product
ions end up in a (U, Pu) 0- [ fluorite] phase in the spent2
fuel pellets. In some of the lower temperature ceramics tre
ions may be bound relatively loosely on " exchange" sites on
the layer silicates (cla ys) or network silicates (zeolit es ) .
Fortunately, most of these crystalline oxides are high
me lt ing , very insoluble phases with very high bond energies.
The 30 to 40 elements in the typical waste compositions when
solidified require a mixture of 6 to 7 such crystalline
phases f or containment. The system is quite tolerant to
changes in composition, since the proportion of each
crystalline phase in the solid f orm can be altered without
altering the thermodynamics; in addition, most of the phases
themselves also permit a wide range of compositional
va riat ion. A pertinent and well-known analogy is to be
found in crystalline rocks , e.g. granite where two dozen
eleme nts are accommodated in the three or four ma jor mineral
phases which make up the rock.

Noncrystalline

An oxide glass is merely a variant of the theme
described above, wherein idealiv the single phase host can
accommodate all the ions since the requirement of long range
periodicity is removed. I n practice , glasses with high g

loadings of waste of ten have small percentages of

5tE2'd8
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crystalline phases and/or are phase-separated into two
glassy phases.

IIOTF

1 These are idealized and simplified formulae, see Chapter
6 f or real examples.

)
56&Tg@r

213



._\ PP ENDI X D.

TABJ.]LAT ED DFCAY CHAPACTEP_STICS OF SPENT BWE AND PWP FUELI

0%
'7Q
id&ls2 SG6230

214



TABLE D.1

Decay Characteristics of Spent BWR Fuel

Tive elapsed af ter spent fuel discharge

Parameter 2Y SY 10Y 30Y 100Y 1000Y 10'Y 10'T

Thermal power, wette/ assembly

8Structural materials 1.79E+01 1.12E+01 5.56E+00 4.02E-01 1.46E-02 2.51E-03 2.31E-03 1.07E-03

Actinideo

Spent fuel 3.52E+01 3.11E+01 3.28E+01 3.54E+01 3.11E+01 9.19E+00 2.36E+00 1.72E-01g

Less (U + Pu)b 1.66E+01 1.01E+01 8.66E+00 5.00E+00 1.83E+00 4.41E-01 7.81E-02 9.19E-03'
g

Fission products 8.22E+02 2. 70 E +0 2 1.47E+02 7.48E+01 1.45E+01 3.06E-03 2.91E-03 1.93E-03
Total

Spent fuel 8.75E+02 3.12E+02 1.85E+02 1.11E+02 4.56E+01 9.20EMO 2.37E+00 1.75E-01
Spent fuel less (U + Pu) 8.57E+02 2.91E+02 1. 61E +0 2 8.02E+01 1.63E+01 4.47E-01 8.33E-02 1.22E-02

Activity, curies /aenembly

Structural materiale 2.50E+03 1.23E+03 5.1BE+02 7.45E+01 3.04E+01 4.69E-01 4.06E-01 2.08E-01
Actinides

Spent fuel 1.94E+04 1.69E+04 1.36E+04 5.94 E+0 3 1.12E+03 2.87E+02 7.71E+01 6.40E+00

Less U + Pu 5.67E+02 3.78E+02 3.19E+02 1.75E+02 6.01E+01 1.56E+01 3. 44 E+00 3.89E-01
M
C
D t.
N
CJ
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Fission products 1.88E+05 7.37E+04 4.87E+04 2.79E+04 5. 34E403 3.51E+00 3.32E+00 2.60E+00

Tots 1

Spent fuel 2.10E+35 a.18E+04 6.28E+04 3.39E+04 6.49 E+03 2.91E+02 8.08E+01 9.21E+00

Spent fuel less (U + Pu) 1.91E+05 7.53E+04 4.95E+04 2. 81E +04 5.4 3E+0 3 1.96E+01 7.17t+00 3.20E+00

C 3Potential Hazard Index n water / assembly
Structural sisterials 1.33E+08 2.86E+07 1.30E+07 2.48E+06 1.0 E+06 3.17 E +0 3 1.89E+03 9.07E+02

Actinides
Spent fuel 2.62E+08 2.58E+08 2.60E+08 2.58E+08 2.20 N 6.43E+07 1.59E+07 7.57E+06

Less (U + Pu) 5.91E+07 4.76E+07 4.17E+07 2. 64 E +0 7 1.272+07 3.21E+06 5. 51 R +05 2.45E+05

] Fission products 4.57E+10 3.67E+10 3.15E+10 1.91E+10 3.41E+09 1.88E+04 1.82E+04 1.53E+04

O Totsi

Spent fuel 4.61E+10 3.70E+10 3.1RE+10 1.94E+10 3.63E+09 6.43E+07 1.59E+07 7.59E+06

Spent fuel less (U + Pu) 4.59E+10 3.68E+10 3.16E+10 1.91E+10 3.42E409 3.23E406 3.71E+05 2.61E+05

* Read as 1.79 x10 1

99.5% removal of uranium and plutonium assumed.

" Sum of the amount of water required to dilute each isotope to the point that it is acceptable
for unrestricted censumption as specified in Title 10, Part 20 of the Code of federal Ecrylations.
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TARLE 0.2

Decay Characteristics of Spent PWR Fuel
Time elapsed after opent fuel diecharge

Pa r ame t e r 2Y SY 10Y 30Y 100Y 1000Y 10'Y 10'Y

Thermal power, watte/ assembly

Structural materiale 1.00E+01" 4.86E+00 1.98E+00 2.06E-01 7.44E-02 1.88E-02 1. 59 E-0 2 5.08E-03

Actinideeg

1.0(E402 9.14E+01 9.57EH11 1.02E+02 8. 89 E+01 2.56E+01 6.37E+00 4.89E-01
C ,Spent fuel

5.30E+01 3.15E +01 2.67E+01 1.49E+01 4. 74 E +00 1.12E+00 2.26F-61 2.80E-02
t,,, (y ,p,)b

2.4 7 E +0 3 8. 6 5 E +0 2 4.54E+02 2. 39 E+02 4.44E+01 9.10E-03 8.6AE-03 5.73E-03
Fieston products

Total
.61E@2 5.52 N 2 3.41 M 2 1. 33EM2 2. 56E41 6. 3W0 S M E-01

.

Spent fuel

Spest fuel lese (U + Pu)
. 9. + 4. .9 . 5E40 2.51E-01 3.88E-02

.

Activity, curies / assembly

Structural materiale 4.08E+03 1.72E+03 6. 87F +02 2.44E+02 1.41E+02 2.72E+00 2.20E+00 8.66E-01

Actinides

Spent fuel 5.66E+04 4.91E+04 3.9 5E+04 1.72E+04 3. 21E +0 3 7.9AE+02 2.08E+02 1.83E+01

@ 1.ees (U + Pu) 1. 7 7E+03 1.15 E +0 3 9.66E+02 5.15 E +02 1. 54 E+0 2 4.04E+01 9.98E+00 1.18E+00

CD
(n
N
CJ
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*ission producte 6.11E+05 2.27E+05 1.47E+05 8.45E+04 1.62E+04 1.05E+01 9.94E+00 7.77E+00

Total ,

Spent fuel 6.72E+05 2.78E+05 1.87E+05 1.02 E+0 5 1.96t+04 8.11E+02 2.20E+02 2. 69 E +01

Spent fuel less (U + Pu) 6.17E+05 2.30E+05 1.49E+05 8.53E+04 1.65E+04 5.36E+01 2.21E+01 9. 8 2 E +M

Potential Hazard Indexc 3m water / assembly

Structural materials 2.46E+08 2.85E+07 1.29E407 8.30E+06 4.87E+06 2.17E+05 1.53E+05 1.03E+04

Actinides

Spent fuel 7.66E+08 7.48E+08 7.53E+08 7.43E+08 6.29E+08 1.80E+08 4.33E+07 2.27E407

Less (U + Pu) 1.82E+08 1.44E+08 1.25E+08 7.56E+07 3.21E+07 8.10E+06 1.58E+06 7.36E+05

Fission products 1.44E+11 1.14E+11 9.73E+10 5.91E+10 1.05E+10 4.40E+04 3.86t+04 3.00E+04
g
"* Totale

Spent fuel 1.45E+11 1.15E+11 9.81E+10 5.99E+10 1.11E+10 1.80E+08 4.35E+07 2.27E+07

Spent fuel less (U + Pu) 1.44E+11 1.14E+11 9.74E+10 5.92E+10 1.05E+10 8.36E+06 1.77E+06 7.76E+05

' Read 1.0 = 10'
b99.5% removal of urantum and plutonium assumed.

Sum of the amount of vaste required to dilute each isotope to the point that It is acceptableC

for unreat ricted consurnption as specified in Title 10. l' art 20 of the Code of Federal Regulation.
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NATION AL ACADEMY OF SCIENCES

-.,,-,_<-sm.

d r TN; Y ' ON A.* NsE
*A5='NLtON O C 2C4 8

July 26, 1978

Mr. Joseph M. Hendrie
Chairman
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Dear Mr. Hendrie:

In responra to a request from the U.S. Nuclear
Regulatory Comai.ssion, the National Research Council
has conducted a study of the scientific and technological
problems associated with the conversi_on of liquid and
semi-liquid high-level radioactive wastes into a stable
form for transportation and disposition. A summary of
the principal conclusions and recommendations will be
found on pages 1 to 5 of the report.

The study concluded that many .;olid forms are
likely to be satisfactory for use in an appropriately
designed system. At least one form, glass, because of
an extensive developmental effort, is currently adequate
in the opinion of the Committee for use in a first demon-
stration system consisting of solidification, transporta-
tion, and disposal. For the implementation of a large
scale solidification program, glass may also be adequate,
but on the basis of the study's analysis it cannot be
recommended as the best choice, especially for the older
DOE wastes. A modest R&D effort may well provide alter-
native first or second generation solid forms whose long
term stability and ease of processing are superior to
glass.

I hope that the findings and recommendations of
this report will be relpful to you and your associates
in your consideration of these problems.

Sincerely yours,

J sV A Lt,

.%p HrtM
Philip Handler
President

17 - m .,
* , b d6 C (.')-
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October 30, 1978

Mr. Joseph M. Hendrie
Chairran
U.S. Nuclear Regulatory Cormission
Washington, D.C. 20555

Dear Mr. Hendrie:

With my letter of July 26, 1978, I forwarded to you a prepub-
lication mnuscript copy of the report on our sttdy of the scien-
tific and technological problems associated with the conversion
of liquid and semiliquid, high-level radioactive wastes into a
stable form for transportation and disposition.

hhile that manuscript was being prepared for publication it
cane to our attention that some aspects of the data base used in
the report were being questioned. Because of the importance of
the substance of this study and its reco:mendations, we have
stopped distributing the prepublication version; printing of the
report has been delayed until this mtter can be resolved by our
Connittee on Radioactive Waste Management and its Panel on Radio-
active Waste Solidification. Since a nunber of copies of the
prepublication report had already been distributed, we plan to
furnish you with a supplenental staterent as soon as the data
tase has been rechecked. At this writing, I am unable to ascer-
tain how seriously these additional considerations my affect
the principal conclusions and recorrendations of the report.

I regret this delay in the availability of the final printed
report. 'Ihe national interest, however, will best be served by
this additional assurance that the study is tased on adeqt. ate
consideration of all relevant technical infornation.

I urderstand that under the circumstances, you will probably
consider it necessary to distribute the prepublication version
for public ccrrent. I have therefore directed my staff to make
available to you a camera-ready manuscript of the prepublicaticn
version for your use, should you so require.

EGli237
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Mr. Joseph M. Hendrie
October 30, 1978
Page Two

I trust that this letter will be attached to all copies of
the prepublication version of the report.

S' yours,

j

Philip Handler
President

SC5238
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tYril 10, 1979

he Honorable Joseph M. Hendrie
Chaimin
U.S. Nuclear Regulatory Ccmission
1717 H Street, N.W.
Washington, D.C. 20555

Ecar Mr. Hendrie:

On October 30, 1978, I wrote to you about our study fr: the
U.S. Nuclear Regulatory Comission of the scientific and cechno-
logical problems associated with conversion of liquid and semi-
liquid, high-level radioactive wastes into a stable form for
transportation and disposition.

A prepublication copy of the nanuscript of the report
" Solidification of High-level Radioactive Wastes" was sent to
you earlier. Were is enclosed a statenent from the Conntission
on Natural Resources which refers to certain questions about the
sttdy report. The Nirlear Regulatory Comission should be aware
of our reservations concerning the original study report. The
National Research Council remains intensely interested in this
extremely inportant asp 2ct of nuclear technology and we stand in
readiness to undertake further studies of these critical problems.

Sind chy yours,
. I/L L1,

i
Philip Handler

President

Attachment

d:-bDbt)g..-ng

223



. . . . _ _ _ _ _ _ _ _ _ _ _ _

_

N ATION AL RESE ARCH COUNCIL -
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2101 Constitut.on Av enue Washington, D. C. 2011e
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Institute of Behavieral Science
Univeruty of Colorado
Boulder. Colorado ecTco _

m

April 5, 1979

MEf'ORANDUM

C~ .' ? 'f$ -

To: Philip Handler /v

Mb**From: Gilbert F. Whit
_

. . . . ^i n UE .u'$ .

Su bj.ect: Radioactive k'aste Solidification Report

At its most recent meeting the Commission considered certain
reservations that have come to its attention concerning the report,
Solidification of Hich-Level Radioactive Wastes, by the Panel on Waste
So'lidification established by the Comittee on Radioactive Waste Manage-
ment of the Comission on Natural Resources. This report was forwarded
through you to the Nuclear Regulatory Comission on July 26, 1978. In
the intervening months, the National Research Council has received a
number of comments from invited reviewers. Those coments are on file

.

but have not been subjected to Academy review. Much of the report has
not been questioned; however, some of the comments raise questions about

-part of the data base used to reach the conclusions in the Panel report.

In view of those questions, the Commission feels it desirable to
initiate a further assessment of technology with respect to alternative
means of solidifying wastes. Its decision is based on a broad set of
reservations which the Panel on Waste Solidification has not addressed
fully. Supplemental statements illustrative of such reservations by two
members of the Comission on Natural Resources are attached.

Encs.

K

The National Research Council as the principal operatung agency of the National Academy of Scnences and the Natsonal Academy of Engineering
to serve government and other organizations -

-

_
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Oak Ridge l'ost Office Box m Inst it ut e
Associated Oak Ridge, Tennessee 3n30 for Energy
Universities Telephone 613 4s3 s:11 Analysis

March 23, 1979

Dr. Philip Handler
President
National Academy of Sciences
2101 Consti tu tien Avenue, N. W.
Washington, D. C. 20418

Dear Phil:

I have reviewed the report on " Solid: fication of High-Level Radioactive
Wastes" at the request of Dr. Gilbert White, Chairman of the Commission
on Na tural Resources. Al though there are many parts of the report wi th
which I disagree, I shall deal only wi th curtain ma t ters related to
glass. The report states (page' 61),

"The Panel finds tha t many of the forms listed above are
likely to be satisfactory in an appropriately designed
system, and that at least one form- glass--is currently
adequate for incorporation into such a system as a full
scale demonstration of solidification and disposal."

"Nevertheless the Panel cannot recommend glass as the bes t
choice (page 2, [3]).

This relatively weak endorsement of glass by the Panel rests mainly on
the observa tion (which has been contested) that glass can interact wi th
certain host rocks a t tempera tures above 200 C.

What the report failed to take explicitly into account, however, was
that the temperature at the interface benveen rock and glass in a
repository is a design variable. Within large limits this temperature
can be set by engineering design of the system. For example, this
temperature can be maintained considerably below 200 C i f the wastes are
allowed to decay above ground more than the originally planned 10 years
or if they are diluted to a lower concentration than envisaged in designs
of depositories carried out before such possible tempera ture mediated
interactions were recognized.

s . w, A
h '
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Dr. Handler -2- March 23, 1979

I offer these personal observations in clarification of the phrase "in
an appropriately designed system." I believe it is very important to

understand why, though it may not be the best solid, glass is an ade-
quate vehicle for containing radioactive wastes.

Sincerely,

/m
Alvin M. Weinberg
Director
Institute for Energy Analysis

AMW:bc

56E242
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INSTITUTE OF MARINE RESOURCES MAIL CODE A 027
OFFICE OF Tile DI. RECTOR LA JOLL A, CALIFORNI A 92093

28 March 1979

Dr. Gilbert F. White
Institute of Behavioral Science
University of Colorado
Boulder, CO 80302

Dear Gil,

I have reviewed the prepublication report of the Panel on Waste Solidification
entitled " Solidification of High-Level Radioactive Was tes," along with co=ents
by reviewers and the responses of the Panel to those comments.

The Panel has undertaken to advise broadly and pivotally on one vital component
of any future integrated system of handling, transporting and sequestering the high
level radioactive matericls resulting frou nuclear reactor operation - the solidi-
fication of these perilous substances.

The central undertaking of this Irport is, of course, to appraise and advise
on the relative advantages of va tous present and potential forns of solidification
of these materials--glass, cement, ceranics, etc. I will not att cpt to comment
on the discussion directly relating to the solidification, for there are many cca-
cents from reviewers who are much better qualified than I in that area. However,
many of their criti'sms of the report appear to me to be substantial and seriously
to question a number of the findings of the Panel.

TM solidification of radioactive materials is only an early probable step
of any eventual disposal system. The report, however, ventures outside of the
single matter of solidification, and, I believe, outside the Panel's interrst
and competenty, and it is in these adventures into further peripheral areas that
I find the most s e rious faults.

Any eventually acceptable solution to the crucial problem of the disposal
of nuclear wastes will be made up of a series of interrelated steps, which must
be viewed as a system. It.is clear that each component of the system (e.g.:
solidification) cannot be optimized in vacuo, but rather only in the context of
the entire system. Indeed, it is generally manifest that in such sequential inter-
dependent systems, optimization of each component on its own internal and limited
criteria will rarely, if ever, lead to optimization of the entire system. The
Panel has attempted to place its specific component (e.g.: solidification) into
an imagined broader system. To reiterate, it is this venture that I fault, not
particula ly because of what is envisioned, but what is not. The result is a

-

highly constrained view of those parameters of solidification which the Panel deems
to be of importance to its particular and limited view of the potential holistic
sys tems .

566243m
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28 Mardi 1979
Page 2

Given their constraints, the Panel would, perhaps, have done better to have
considered the properties of various solidification and packaging possibilities
related only to a well-thought-out series of physical-chemical conditions (e.g.:
temperature, hydrostatic pressure , Eh, pH, conductivity, etc.) without re ference
to other system components, other than to include the conditions of potential
repositories within the considered range of parameters. Such an approach would
have allowed the Panel's findings to be meaningfully considered in a wide range
of potential sys tems .

Let me more specifically, albeit briefly, address the above points. The
Panel's ventures into areas outside its interests and competency have lead to
constraints of presumption which seriously and fundancntally impair the usefullness
of the report. The report acknowledges that the ultimate aim of solidification
and containment is " protection of the biosphere." Yet, in the face of a problem

th a t is ultimately and fundamentally biological, the report is inorganic dhrough-
out. Broader views would have lead to a consideration of the chemical richness
(i.e., the range of critical chemical species present) of the host material, since
isotopic dilution is the only irreversable dilution in any eventual release.

To continue, the Panel is concerned with host rock fractures, ground water
t ra nspo rt , contamination of freshwater, internal pressure of containers, thermal
transients, gas, devitrification bubbles, etc. , none of which are important (or
in some cases, necessary) conditions in some potential disposal systers. For
exacple, for deep-sea subsediment disposal, internal gas pressure buildup, fissures
of the host material, ground water transport, freshwater contamination, etc. , are
nonexistan' or unimportant considerations.

In summary, I recommend that the Panel revise their report, confining it only
to the steps of solidification and containment, and relate the properties of the
potential candidates for those steps solely to a well-considered set of physical
and chemical parameters that cover a wide range of potential repositories.

My detailed and general comments on the report are contained in a memorandum
tu the Chairman of the Commission on Natural Resources, dated 15 January,1979.

Sincerely,

JOHN D. ISAACS
Professor of Oceanography

by: Nance North
Se cre t ary

J DI : rh
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GLOSSARY

absorption: See sorption.

actinide series: The series of elements beginning with
actinium, element No. 89, and continuing through
lawrencium, element No. 103, which together occupy one
position in the periodic table. The stries includes
uranium, ele ment No. 92, and all the manmade
transuranium elements. The group is also referred to as
the " actinides."

activity: A mea sure of the rate at which a material is
emitting nuclear radiations; usually given in terms of
the number of nuclear disintegrations occurring in a
give n quantity of material over a unit of tine; the
standard uni + of activity is the curie (Ci), which is
equa l to 3. 7 x 1020 (37 billion) . disintegrations per
second.

adsorption: See corption.

alpha-radiation: See ra di at ion.

ba rrie r: One component in a multicomponent repository
system for radioactive waste containment and isolation
that retards the novement of one or more radionuclides.
(See multiple ba rrier concept. )

bet a- rad ia t ion: See radiation.

biosphere: That part of the earth that contains life.

ca lcine: A powder or granular torm of high-level solid
waste produced by evaporating and decomposing HLLW at
tcmperatures above 500 0C.

cement / concrete corposites: A waste form that uses cement
(primarily calciun silicate and aluminates) as a
material for incorporating primary solid forms such as
supercalcine or supersludge.

ceramic: A highly insoluble inorganic nonmetallic material.
As a solid waste form, it is composed primarily of

lline oxides and has the ability to contain all

229
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hazardous radionuclides och as 137Cs and 90Sr, in
thernodynamically stable phases.

chromatographic separation: Separation of chenical
compounds by selective adsorption on surf aces of
adsorbent materials such as clay.

commercial wastes: Radioactive wastes produced by
commercial nuclear power reactors. At present, most of
these wastes are contained in spent fuel stored at the
reactor site s. Should a decision eventually be made to
reprocess commercial spent fuel, the radioactive wastes
would probably be stored as acid solutions until
solidified.

criticality: A set of physical conditions in which a
nuclear chain reaction is self-sustaining. The
principal variables influencing criticality include the
amount (critical mass) of fissionable material, its
distribution in space, the presence or absence of
neutron absorbers and of moderators (materials that slow
down fast ne ut rons) .

curie (C i) : A unit of radioactivity defined as the amount
of a radioactive material that has an activity of 3.7 x
1010 (37 billion) disintegrations pe r seco r,d (d/s) ;

10-3 curie; microcurie (pCi) 10-6millicurie (mci) ==

10-9 curie; picocurie (pCi)curie; nanocurie (nCi) ==

10-15 curie; megacurie =10-t2 curie; femtocurie (fCi) =

106 curies.

DOE wastes: Radioactive wastes produced by the U.S.
military program. The ma jority of these wastes have
been neutralized with sodium hydroxide and are stored as
a mixture of liquid salt cake and sludge.

disposal: Confinement of radioactive waste in such a way
that its separation f rom the biosphere is expected to te
permanent.

first ge neration: In this report, refers to the first or
prototype system used to solidify and dispcse of high-
level radioactive wastes. See second generation.

first ge neration solid form: A solid form used in a first-
generation solidification and disposal system.

fissile material: While sometimes used as a synonym for
fissionable material, this term has also acquired a more
restricted meaning, namely, any material fissionable by
neutrons of all energies , including (and especially)
ther nal (slow) neutrons as well as f ast neutrons; for
example, ura nium-235 a nd plutonium-23 9.

Sbb246
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fission: The splitting of a heavy nucleus intc two
approximately equal pa rts (which are nuclei of lighter
elements), accompanied by the release of a relatively
large amount of energy and generally one or more
neutrons. Fission can occur spontaneously, but usually
is caused by n" clear absorption of gamma-rays, neutrons,
or other particles.

fission products: The nuc le i (fission f ragments) formed by
the fission of heavy elements, plus the nuclides formed
by the radioactive decay of fission fragments.

fissionable material: Comnonly used as a synonym for
fissile material. The meaning of this tern also has
been extended to include material that can be fissioned
by fast neutrons only, such as uranium-238. Sometimes
used in nuclear reactor operations to mean fuel,

fuel (nuclear, reactor): Fissionable material used as the *

source of power when placed in a critical arrangement in
a nuclear reactor.

fuel assembly: A grouping of fuel pins that is c.at taken
apart during the charging and discharging of a reactor
core.

fuel cycle: The complete series of steps involved in
supplying fuel f or nuclear reactors. It includes
mining, refining, the original f abrication of fuel
elements, their use in a reactor, chemical processing to
recover the fissionable material remaining in the spent
fuel, reenrichment of the f uel material, refabrication
into new fuel pins, and management of radioactive waste.

fuel pin: The smallest structurally discrete part of a
reactor fuel assembly that has nuclear fuel as its
principal constituent (United States of America
Standards Institute 1967).

fuel reprecessing: Processing of irradiated (spent) nuclear
reactor fuel to recover usef ul materials as separate
products, usually by separation into plutcrium, uraniun,
and fission products.

gamma-radiation: See radiation.

glass: An inorganic product of fusion.which has been cooled
to a rigid condition without crystallization. As a
waste form it is usually based on a silicate or
phosphate network which has the ability to contain high
percentages of waste ions.

grout: A mixture of waste , ceme nt , and other additives used
in the grouting process.

566247
231

_ _ . . - . . .



grauting: A process developed by the Cak Ridge National
Laboratory to solidify and dispose of intermediate level
wastes. It consists of injecting a thin horizontal
s hee t of cement-waste composite (grout) into the host
geologic formation, which has first teen f ractured by
pressure f rom a small volume of water.

ha lf- lif e: The tine in which half the atoms of a particular
radioactive substance disintegrate to another nuclear
form. Measured half-lives vary from millionths of a
second to billions of years. Af ter a period of time
equa l to 10 half-lives , the radioactivity of a
radionuclide has decreased to about 0.1 percent of its
original level. After 20 half-lives, it has decreased
to less than one millionth (10-6) of its original value.

high-level liquid waste: The aqueous waste resulting from
the operation of the f ir st-c ycle extraction system,
equivalent concentrated wastes f rom subsequent
extraction cycles, or equivalent wastes from a process
not using solvent extraction, in a f acility for
processing i rradia ted reactor fuels. This is the legal
definition used by DOE.

high-level solid waste: High-level waste that has been
converted to solid form. For purposes of this report
s pent fuel pins are considered a potential solid waste
form.

hydrology, hydrogeology: The science of the phenomena and
distribution of the waters of the eart h.

ion exchange: A chemical process involving the reversible
inte rchange of various ions between a solution and a
solid material, usually a plastic or a resin. It is
used to separate and purif y chemicals, such as fission
products or rare earths in solution. This process also
takes place with many minerals f ou nd in nature and ions
in solution, such as in groundwater.

ionizing radiation: Any radiation displacing electrons f rcm
atoms or mol ecules, thereby producing ions. Examples:
alpha , beta , and g amma-radiation, or shcrt-wave
ultraviole t light. Ionizing radiation may produce
severe skin or tissue damage.

isolation: The management of radioactive wastes in such a
way as to minimize their migration to the biosphere.

isot ope: One of two or mo re atoms with the sane atomic
number (the same chemical element) but with dif ferent
atomic weights. An equivalent statement is that the
nuclei of the isotopes of a given element have the saae
number of protons but dif ferent numbers of neutrons.

232 b6 Mil 8
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Isotopes usually have very nearly the same chemical
properties, a nd most o f the same physical properties ,
but may differ greatly in radioactive behavior.

long-lived isotope: A radioactive nuclide that decays so
slowly that a quantity of it will exist for an extended
period; usua lly a radionuclide whose half-life is
greater than three years.

ma n- rem (or person-rem): A unit used in health physics to
compare the ef fects of dif ferent amounts of radiation on
groups of people. It is obtained by multiplying the
average dose equivalent to a given organ or tissue
(measured in rems) by the number of persons in that
population.

megacurie: One million (106) curies. Symbol: mci.

metal ma trix: A waste form that uses a metal, such as lead,
aluminum, or titanium as a material for incorporating
primary solid forms such as glass or supercalcine
pellets,

metamict ization: structural damage in minerals caused by
radiation or particle bombardment,

multiple barrier concept: A concept of radioactive waste
disposal whereby the moveaent of radionuclides to the
biosphere is retarded by the combined action of several
independent ba rriers. The se include the geologic
medium, the waste container, and the solid waste form
it se lf .

neutron: A subatomic particle with zero electric charge,
and with a mass nearly that of a hydrogen atom.

nuclide: A species of atom having a specific mass, atomic
number, and nuclear energy state. These factors
determine the other properties of the element, including
its radioactivity.

permeability: In hydrolog y, the capacity of a rock,
s edi me nt , or soil for transmitting groundwater.
Permeability depends on the size and shape of the pores,
and how they are interconnected.

pH: A measure of the relative acidity oc alkalinity of a
solution; neutral solution has a pH of 7; an acid has a
pH of less than 7; a base has a pH of greater than 7.

plutoniu m: A heavy, radioactive, man-made, metallic element
with atomic nunber 94. Its most important isotope is
f iss ionable pl utonium- 23 9, produced by neutron
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irradiation of uranium-238. It is used in weapons and
for reactor fuel.

porosity: The ratio of the total volume of interstices in a
rock or soil to its total volume, usually expressed in a
percentage.

primary containment: Cont ainnent of hazardous radionuclides
at the atomic or rolecular level. For exacple, ceranics
and glasses provide primary containment. (See secondary
co nt a inme nt. )

rad (acronym for radiation absorbed dose): The basic unit
of absorbed dose of ioni zing radiation. A dose of 1 rad
means the absorption of 100 ergs of radiation energy per
gram of absorbing material.

radiation: The emission and propagation of energy through
material or space by means of electromagnetic
di st urba nces , which display both wave-like and particle-
like behavior; in this context the " particles" are known
as photons. Also, the energy so propagated. The tern
has been extended to include streams of fast-moving
pa rticle s (a lpha- and beta-particles , free neutrons,
cosmic radiation, etc.). Nuclear radiation is that
emitted f rom atomic nuclei in various nuclear reactions,
including neutrons and alpha , beta , and gamna-
radiation. Alpha particles are the nuclei of helium
atoms (mass 4, charge +2) produced by radioactive alpha
decay of certain radionuclides. Beta-particles are
electrons emitted in the process of radioactive beta-
decay by certain radionuclides. Gamma-radiation is a
kind of high-f requency electromagnetic radiation similar
to X rays, produced by certain energetic radioactive
reactions.

radioactive waste: Waste materials that are contaminated
with radioactive material.

radioactivity (of ten shortened to " activity") : The
spontaneous decay or disintegration of an unstable
atomic nucleus, usually accompanied by the emission of
ionizing radia tion. The word " radioactivity" is often
used to refer to radioactive materials or radioactive
nuclides, but strictly speaking, this usage is not
correct. Radioactivity is a process, not a material
subs ta nce. The unit of radioactivity is the curie (see
also curie) .

radioisotope: A radioactive isotope. An unstable isotope
of an element that decays or disintegrates
spontaneously, emitting radiation. More than 1,300
natural and artificial radioisotopes have teen
identified.
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radiolysis: The radiation induced decomposition of various
chemical constituents in radioactive waste. Of
particular importance are the decomposition of nitrates
to form nitrogen oxides and the decomposition of water
to f orm oxygen and hydrogen.

radionuclide: A nuclide t hat is radioactive (see also
nuclide) .

rem: An unofficial, but widely used unit of neasure f or the
dose of ionizing radia tion that gives the same
biological effect as 1 roentgen of X rays; 1 rem equals
approxima tely 1 rad for X, gamma , or beta-radiation.

roentgen (abbreviation r): A unit of exposure to ionizing
radiation. It is that amount of gamma- or X rays
required to produce ions carrying 1 electrostatic unit
of electrica l charge (either positive or negative) in 1
cubic centimeter of dry air under standard conditions.
Named after Wilhelm Roentgen, German scientist who
discovered X-rays in 1895.

second generation: In thi s report , refers to an advanced or
improved system used to solidify and dispose of high-
level radioactive wastes.

second generation solid form: A solid waste form used in a
second generation solidification and disposal system.

secondary containment: Contain ent of hazardous
radionuclides by naterials that serve as a matrix for
incorporating various primary solid waste forms. An
example is supercalcine embedded in lead. (See primary
containment.)

short-lived isotope: A radioactive nuclide that decays so
rapidly that a given quantity is transformed almost
completely into its daughter products within a short
period (usually those with a half-life of days or less) .

solidification: see waste solidification.

sorption: In chemistry and geochemistry, the general tern
for the retention of one substance by another by close-
range chemical or physical forces. Absorption takes
place within the pores of a granular or fibrous
material. Adsorption takes place largely at the surf ace
of a material or its particles.

spent fuel: Nuclear f uel that has been irradiated and
subsequently removed f rom the reactor. It contains
uranium, plutonium, othe r actinides, and radioactive
fission products. Because of current U. S. policy to
defer indefinitely the reprocessing of cornercial spent
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fuel, it is necessary to consider spent fuel as a
potential solid waste form.

storage: Temporary isolation and retention of radioactive
waste material in a manner designed to f acilitate
removal at a future tine without sig ni ficant ly
increasing the risk of radioactive contamination due to
handling and/or retrieval.

supe rcalcine: A f orm of high-level solid waste produced by
evaporating and decomposing HLLW to which selected
materials have been added. The solubility of
supercalcine can be 5 to 6 orders of magnitude lower
than that of calcine.

supe rg ro ut: A mixture of supersludge and cement for use in
a grouting process.

supe rnate: Alka line liquid fraction of DOE wastes produced
by neutralizaion of acid HLLW.

supersludge: A mixture of sludge (f rom neutralized wastes)
and slurries of materials such as clays and other
aluminosilicates to form a product with improved
properties. It can be f urther treated to form a ceramic
or incorporated into a cement / concrete matrix.

tonne: A metric ton, or 1,0 00 kilograns (2,2 04. 6 pounds) ,

transura nium nuclide: A nuclide having an atonic number
greater than that of uranium (i.e., greater than 92) .
The transuranium nuclide produced in largest amounts is
plutonium-239 (half-life = 24,390 years) ; ame ric iu m- 2 41
(half-life = 458 years)is also produced in significant
amounts,

uranium: A radioactive element with the atomic number 9 2
and, as found in natural ores, an average atomic weight
of a pproxima tely 238. The two principal natural
isotopes are uranium-235 (0.7 percent of natural
ura nium) , which is fissile, and uranium-238 (99.3
percent of natural ura nium) , which is fertile. Natural
uranium also includes a minute amount of uranium-234.
Uranium is the basic raw material of nuclear energy used
by man,

waste / rock interaction: The physical and chemical
inte raction between the waste form and the geologic
medium in which it is placed.

waste solidification: The conversion of waste to an
essentially dry and chemically, thermally, biologically,
and radioly' ically stable solid having the capability of
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restricting the mobility of radionuclides toth within
and from the solid matrix.
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LT_ST OF ACPO NY MS

BWR Boiling-Water Reactor
EEDA Energy Fesearch and Development Administration
HLW High-Level Wastes
HLLW High-Level Liquid Wastes
HLSW High-Level Solid wastes
HMI Hans Meitner Institute
I AEA International Atomic Energy Agency
ICPP Idaho Chemical Processing Plant
ILLW Intermediate Level Liquid Wastes
ILW Intermediate Level Wastes
INEL Idaho National Engineering Laboratory
kW Kilowa tt
LASL Los Alamos Scientific Laboratory
LLLW Low-Level Liquid Wastes
LLW Low-Level Wastes
LOTE S Low-Temperature Solidification
LWR Light-Water Peactor
mci Million Curies
MW Megawatt
mwd Megawatt-days
NFS Nuclear Fuel Services
PNL Battelle Pacific Northwest Laboratories
PSU Pennsylvania State University
PWR Pressurized-vbter Reactor
R&D Fesearch and Development
SFA Spent Fuel Assembly
SFP Spent Fuel Pin
SRL Savannah Piver Laboratory
SPP Savannah River Plant
SSP Sandia Solidification Process
WSEP Waste Solidification Engineering Prototypes
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