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PREFACE

In Septemver 1976, the U.S. Nuclear Regulatory
Commission (U.S. NRC), which is responsible for developing
performance criteria {or high-level radicactive 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 semiliguid
high-level radioactive wastes into a stable fora suitable
for transportation and disposition. In respontc, 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 - technologies: glass, ceramics, metals, and
cement and concrete; and experts in materials science,
radiation effects on solids, mineral stability and
weathering, and nuclear technology. As a result of
President Carter's decision on April 7, 1977 that the United
States would indefinitely defer all civilian reprocessing of
spent nuclear fuel, the Panel broadened the scope of its
study to include consideration of spent fuel as a potential
solid waste form.

The Finel's early deliberations in 1977 were assisted by
briefing: from personnel of the U.S. Energy Fesearch and
Development Administration (ERDA). These briefings,
augmented by various ERDA documents and reports, acquainted
the Panel with *he 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 facilities abroad and discussed the
present state of the art with their colleagues in the
U.S.S.R., France, West Germany, the United Kingdom, Belgium,
Sweden, and Denmark. The opportunity for this Panel to
communicate and exchange information during these visits
proved very valuable.

Using the information obtained f-o>m these sources, the
Panel performed the following taske..

. Analysis of the role that the properties of
different solid forms play in determining selection
of the form appropriate to a particular total
radiocactive waste management (RWM) system.

566015
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. Eviluation of information currently being used
as a basis for developing different forms of solid
waste, and comparison of this information with
information available from the most advanced
research on materials considered for use as waste
forms.

. Examination and evaluation of management of
RED for solidifying radioactive wastes.

- Evaluation of cthe research done s¢ 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 FWM
system.

The following subjects were beyond the scope of this
report:

. Quantitative risk analysis of waste
solidification, because such analyses are not very
useful if they do not examine the complete RWM
system.

. Selection among isolation or emplacement
alternatives.

. Transportation technologies.

. Incorporation of gaseous radiocactive wastes
into solid foruws.

. Analysis of ecoromic, social, or pulitical
issues affecting a decision to permanently dispose
of spent fuel.

566016
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The solidification of high-level liquid radioactive
wastes from nuclear fuel reprocessing plants is a key
element in most proposed radioactive waste management
systems. The primary function of solidification is to
minimize migration of radionuclides from the waste to the
biosphere; the first requirement of the solid waste form,
therefore, is that it be capable of furnishing a major
barrier t¢ that migration. In addition, the solid waste
form selected must be suitable for all phases of w ite
management, including processing to produce the soiid form,

possible temporary storage, transportation, and emplacement
in the repository.

Because a variety of system options is currently
available and because different systems will make varying
demands on the solid waste form, the choice of an
appropriate solid form cannot be made wit.out considering
the specific radiocactive 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 for construction of a repository will be important
determinants in selecting a solid waste form; other critical
considerations will be the relative safety, relialility, and
cost of the various methods used to process the solid.

Quantitative performance criteria for solidified high-
level radioactive wastes are currently being established by
the U.S. NPC. Until that procedur~ is complete, the Panel
cannot judge whether any or all oi -he waste forms
considered in this report are "“acceptakle." Existing
government regulations on the storage, handling, and
transportation of spent fuel assemblies (SFAs), however,
migh: assist the policymake:r in determining the
acceptability of other solid waste forms.

On the basis of its detailed stucy of the relative
advantages and disadvantages of individual solid forms, the
Panel has reached the conclusions and developed the
recocmmendations summarized below. For a more detailed
listing of findings, see Chapter 5 of Part 1 of this report,
which concludes Part I's discussion of _he problems relating
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to the solidification of higr-level liquid radioactive
wastes, Technical evidenc in support of the Panel's
findings 1s contained in Part II.

) The Panel finds that many solid forms described in
this report could meet standards as stringent as those
currently applied to the handling, storage, and
transportatioi. of spent fuel assemblies.

y The Panel concliudes that solid waste forms should
be selected ounly in the context of the total radioactive
waste management system. Considerations affecting this
«hoice include the age of the waste, the hazards involved in
processing, the amount of transportation entailed, and the
characteristics of the geological formation in which the
solid will te emplaced.

e The Panel finds that many solid forms are likely to
be satisfactory for use in _an appropriately designed system,
(see Chapter 3, sectiorn om the radioactive waste management
system). Furthermore, at least one form--glass--because of
an extensive developmental effort, is currently adequate for
use in a first demonstration system consisting of
solidification, transportation, arnd disposal. For the
implementation of a large-scale solidification program,
glass may also be adeguate but, on the brasis of our
analysis, it _cannot be recommended as the best choice,
especially for the older DOE wastes. In fact, a modest RE&D
effort may well provide aiternative first or second
generation solid forms whose long-term stability and ease of
processing are superior to glass.

L. The Panel finds that the current Uiited States
policy of deferring the reprocessing of commercial reactor
fuel provides additional time for RED on solidification
+echnology for this class of wastes. During this time
special attention shonld be given to waste forms other than
glass, which have received inadequate attention to date.
The additional information thus developed may also be
applicable to DOE wastes.

- B The Fanel concludes that defense wastes which are
relatively low in radiocactivity 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 fresh commercial wastes that
are high in specific activity and thermal power density, the
Panel recommends that, in addition to glass, the use of
fully-crystalline ceramics and metal-matrix forms be
actively considered.

7. Preliminary analysis of the characteristics of
spent fuel pins (SFPc) indicates that they may pe eligible

2

066018



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

8. Because the differences in potential health hazards
to the public resulting from the use of various solid forrm
and disposal options are likely to be swall, the Panel
concludes that cost, reliability, and health hazards to
Jperating personnel will b> major considerations in choosing
among the options that can meet safety requirements.

9. The Panel recommends that responsibility for all
radioactive waste management operations (including
solidification PED) should be centralized. The expertise
existing in industry, universities and nonprofit
institutions, which the Panel feels has heen neglected in
the past, must be more fully drawn upon through use of
scientific symposia, professional society meetings and PED
contracts. Funding for R&D should be stabilized to provide
sustained support ({or example over a ten-year period) for
long-term research. PRegular communication and cooperation
among ma jor contractors working on radioactive waste
management should be mandated.

1y
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PART 1
RADIOACTIVE WASTE SOLIDIFICATION
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CHAPTEP 1
NATURE OF THE PROBLEM

THE ENERGY/ENVIRONMENT CONTEXT

This report is being written at a time when the world is
acutely aware of the crucial importance of energy in the
economies of developed and developing nations. For the
first time, curtailment and eventual exhaustion of supplies
of oil and natural gas are perceived as real possibilities
in the not-so-distant future. 1In every na*ion, political
leaders and their technical advisors are casting about for
alternat ive sources of energy. Nuclear fission is one such
energy technology with the proven potential for augmenting
0il and gas as a means of generating electricity.

In some countries, decisions are already being made to
move *toward a nuclear energy economy. In the United States,
the decision for or against a ) rge expansion of the nuclear
industry still hangs in the baiance.

One of the considerations that weighs against the
nuclear alternative in the United States is the fact that
the nuclear fuel cycle has not been closed; that is, spent
fuel pins from commercial power praduction are accumulating,
and no tinal decision has been made about their ultimate
disposition. Opponents of nuclear power interpret the
situation as evidence that the necessary technclogy is
lacking; proponents reply that the technology is available--
all *hat is required is a policy decision to go ahead.
Policymakers sense that both viewpoints may be influenced by
the special interests involved. The public, meanwhile,
which has become increasingly aware that there is no such
thing as a risk-freos mode of life, is particularly
suspicious of technologies that are unfamiliar.

The policymakers' task will be easier if the purely
technical issues surrounding the safe mwnagement of fission-
power wastes can be clearly identified and evaluated,
Foremost amPng these 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
management is to ensure that the radiocactive components in
these wastes are effectively prevented from reaching the
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biosphere. To accomplish this objective, a safe, worldwide
system must be developed for the reprocessing,
solidification (or treatment of spent fuel pins),
transportation, and ultimate isolation of nuclear wastes.
An important component of this system is solidification.

It is the basic assumption of the Panel that eventually
all high-level liquid wastes (HLLW) will be solidified.
This report analyzes the alternative solid forms that can be
used.

REASCNS FOR SOLIDIFICATIWN
Nature of the Wastes

Nuclear reactors, whether used tor research, generation
of electricity, or production of material for nuclear
weapons inevitably produce radioactive wastes. After
nuclear fuel has been irradiated for an appropriate amount
of time (three to four years for nuclear power reactors), it
is removed from the reactor in the solid form termed spent
fuel assemblies (SFAs). The SFAs are made up of spent fuel
pins (SFPs) (see Figure 1.1) which are in turn composed of
metal clad ceramic pellets approximately 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 higi'ly
radiocactive fission products.

Reprocessing of spent fu=1 is essential to the
production of plutonium used¢ in nuclear weapons. SFPs from
the military program are therefore dissolved to allow the
recovery of uranium and plutonium. The residual liquid
contains the fission products and a very small fraction of
plutonium. For spent fuel from the civilian nuclear power
industry, however, current U.S. policy does not permit
reprocessing; hence the radioactive fission products and the
plutonium from commercial reactors are contained in the SFPs
themselves., Because the current United States policy is to
defer 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
resulting from military reprocessing and research (commonly
referred to as DOE wastes) are being stored in tanks as a
complex mixture of liquid, sludge, and salt cake
("semiliquid"); should U.S. policy change to allow
reprocessing of wastes from commercial reactors, these
amounts will be augmented. Moreover, the fresh single-
phase, liquid wastes likely to result+ from commercial
reprocessing will be more radioactive (one- to two-year-old
commercial wastes may contain hundreds to thousands of

183 a2 : 566022
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curies per liter) thar the older multiphase, semiliquid
military wastes.

storage of radioactive wastes as liguids or semiliquids
may be an acceptable temporary measure; it is unacceptable,
however, in the long term, because radiocactive wastes are a
long-lived source of radiation and because, in liquid or
semiligquid form, they are dispersible and chemically
reactive. The orderly management of the nuclear fuel cycle
requires that existing HLLW from research and military
operations be solidifiea, and that acceptable methods be
developed for solidification of possible future commercial
wastes.!?

Amounts of Stored Wastes

The vast majority of radiocactive wastes from military
and civilian reactors, exist as HLLW2 or in SFPs. 1In the
United States, approximately 265,000 m3 of HLLW are stored
in large steel tanks ranging up to 5,000 m?® in size. These
tanss are located at three principal sites (Hanford,
Savannah River, and Idaho Falls) and are officially
designated as having been derived from military and research
operations. Together with 1,480 m?* of solid waste in the
form of calcine--an anhydrous oxide powder-- (see Chapter 2,
section on calcine), the ligquids at these sites constitute
the sum total of noncommercial high-level waste now in
existence.

The total inventory of comm rcial spent fuel assemtlies,
whish are stored in basins near or at the -cactor, is, as of
October 1977, some 2,268 metric tons. If processed by
current techniques (U.S. ERDA 1976b) they would yielid
approximately 2,000 m?® of high level liquid wastes.? The
total radiocactivity content in the commercial SFAs current'y
exceeds that in the DOE wastes. Some of the SFAs have only
recent ly been renoved from the nuclear power reactors,
however, and their radioactivity level will decay rapidly
(see Part 1II, Chapter 11, section describing light-water
reactor fuel assemblies). In addition to these SFAs, a
fairly swall amount (see Table i.1) of HLLW derived from the
reprocessing of commercial spent fuel 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 the commercial
wastes., Nevertheless, because of the potential growth of
nuclear power in the United States, this situation could
change in the future. A current proij:ction used by the DOE
(1978) is that by 1995, 60,800 tonnes of spent fuel will
have been discharged from commercial nuclear power reactors.
1f processed by current techniques (Purex processes) these
would be expected to yield 52,000 m? of HLIW,? =till not as

8
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TABLE 1.1

Total Inventory of Spent Fuel and High-level Wastes in the United S?.tes

— DOE_ " Commercial
Amount Activity 6 Amount Activity 6
(curies X 107) (curies X 10°)
a C
High-Level Liquid Wastes in Tanks 265,000 m> 4502 2,300 o> nd
Unreprocessed Spent Fuel 2,268 tonsS 3,4008

(2,000 o )£
High-Leve! Solidified Wastes l.«%80m3’i 51.88

2 About half of this volume is in the torm of salt cake arn: sludge
(U.S. N7 1978).

. ] Quantity of 905, and 13765 (F.P. Baranowski, U.S. Enerav Research and
Development Administration, personal communication to M. Willrich,
Massachusetts Institute of Technology Energy Laboratory, October 27, 1976).

o

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

la

quantity of 2%r and 137cCs as of 1973 (U.S. NRC 1976).
Alexander et al. (1977).

v

15

Projected amount of HLLW produced from reprocessing current inventory of
commercia. SFPs. Based on an estimate of 850 liters/MTU (U.S. ERDA 1976b).

9 These wastes are in the form of calcine (U.S. ERDA 1977b).
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great as the present volume of military wastes. It should
be kept in mind, however, that such reprocessed commercial
wastes will be much more radiocactive and have higher rates
2f heat generation than the military wastes (see Table 1.1).

FUNCTICNS OF SOLIDIFICATION

Solidification of HLLW is an essential factor in
minimizing the possible release of radionuclides during the
transportation or disposal of radioactive wastes. The solid
waste form is defined for the purpose of this report as the
total unit which, as the product of a sclidification
process, will be transported to and emplaced in a
repository, for permanent storage or retrieval. The solid
form can pro*ide 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 wacs+e form 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 the geologic
formation in which the waste has been emplaced.

Primary Containment

In any solid waste fou.a, *he radionuclides arc. first
contained at an atomic and molecular level. Virtually all
materials that act as the immediate host for these
radionuclides are ceramics--i.e., high-temperature inorganic
nonmetallics. As Table 1.2 indicates, 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 refecred to separately as "glass." Except
for significant quantities of dry strontium fluoride (SrF,)
and cesium chloride (CsCl) that are being stored at the
Hanf ord Reservation in Washington State, all crystalline
fornms are mixtures of oxide phases trat have well-known
crystal structures. An oxide glass 1s merely a variant of
this theme, wherein ideally the single phase host can
accommodate all the ions. In practice, glasses with high
loadings of waste often have small percentages of
crystalline phases and/or are separated on a microscopic
scale into twn glassy phases.

Secondary Containment
Many, but not all, proposed waste forms involve
composites of one of the primary formc bound together in a

matrix of a second material (see Figure 1.2). This matrix
may be a low-melting metal, such as lead, a high-melting
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Primary

.—Se(r .

p— Coritainer

FIGURE 1.2 The solid waste form showing three levels of containwment:
(1) a Erimarz 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

Primary Secondary Centainer
Ceramic materials Metals Mild steel
Supercaicine
Low-temperature Cement Stainless steel
ceramics
High-temperature Glass Titanium
ceramics
Fuel pellets Copper
Glass Concrete

Alumina or other
ceramics

12
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metal, such as titanium, or a concrete that has set at
ambient temperature. The matrix provides both a physical
and chemical barrier that prevents solvents from reaching
the radionuclides. However, the metallic secondary
containmept materials are unable to incorporate the waste
ions into their structures, and the other secondary
containment materials can only do so for specific ions in
small amounts.

ADDITIONAL FORMS OF PROTECTION

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

The outermost protection against exposure is tie
physical isolation provided by deep emplacement in a remote
geological formation. The first barrier +o release of
radionuclides into the biosphere is the ageological formatio~
itself, which eventually becomes the real container.

Through careful selection of both the geological formation
and the 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 more
temporary barrier, is the canister. 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 effectiwve chemical barrier
for a period of time ranging 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 that prevents the canister from coming into contact
with the host rock.

The innermost barrier is the sulid waste form itself
Before permanent enmplacement and particularly during
transportation, the physical and chemical properties of the
solid waste form are important elements that can help
protect the public from inadvertent exposure to radiation.

13
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/ A Geographic Isolation and
Physical Removal in Mines

. _~~ B Rock Formation

C. Overpack
D. Container

\
\- E Solid Waste Form

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

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

The waste 1s separated from the rock by an optional overpack, which

can be a metallic cylinder or a mineral powder that adsorbs radfonuclides.
The container provides protection, particularly during shipping and
during the retrievable prase after emplacement.

The solid waste form 1s a major barrier during transportation, after
emplacemerit, and also after reaction with tie host rock.

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

Most of the radioactive gaseous elements of concern such
as ®SKr, 129], #ritium, and 14C, will be released when
fuel elements 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 either been
developed or are under development to handle this
problem (see ERDA 1976Db).

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

Although HLLW is expected to be generated from Purex
reprocessing at about 5,000 liters/metric ton of uranium
processed (MTU), the volume will be reduced to between
600-1,100 liters/MTU for interim storage (U.S. ERDA
1976b) . The estimates of 2,000 m3 (from the present
inventory of SFPs) and 52,000 m? (1995 inventory) are
based on a choice of 850 liters/MTU.

TSI XD |
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CHAPTER_2
SUMMARY OF ANALYSES OF INDIVIDUAL_ SOLID FORMS

The major *echnical work ot the Panel has reen to study
and evaluate the various solid forms and the methods thau
have been proposed for incorporating high-level liquid
wastes in them. The resulting detailed analyses of the
individual forms and methods are presented in the Technical
Analysis section (Part II). This chapter, after briefly
outlining the general characteristics of solid forms that
affect their performance in the multibarrier system,
summarizes the technical amalysis of each form.

CHARACTERISTICS OF THE SOLID FOFM

The relative importance of particular properties of the
solid form will vary according to the needs cf each stage in
the waste-management process. Dispersibility and
leachability, for instance, are key characteristics during
processing and transportation before emplacement in a
geological repository. 1If, 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
water were to come in contact with the wastes, the golid
form least subject to leaching would afford most protection
because the rate of dissolution of the radionuclides
contained within the waste is determined by the leachability
of the solid form. 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 hazardcus radionuclides contained within would be
governed not by the leachability of the original solid waste
form, but rather by the leachability of the solid product
formed by the waste/ruck interaction. The nature of this
product can be determined by choosing a solid waste form
whose chemical composition, crystal structure, and thermal
characteristics are compatible with the host rock.

066032
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Because of the high heat generation rate of some
radiocactive wastes, thermal stability must be considered in
choosing a solid waste form. Some solids change their form
when subjected to high temperatures; for example, glass may
crystallize. Others lose their mechanical strength.
Furthermore, as a result of chemical changes brought about

by hiyh temperatures, properties such as leachability may te
altered,

In addition to thermal stability, thermal conductivity
is an important factor in choosing a solid waste form. The
thermal conductivity of the waste form--along with its rate
0f heat generation--will in part dJdetermine the temperature
both at the center and surface of a waste canister. This 1is
an important consideration in designing a repository for
spacing of containers, overpacking, and so forth.

Concern has been expressed that many solid waste forms
will be adversely affected by irradiation trom the alpha
particles, beta particles, jamma rays, and neutrons that are
emitted by the radionuclides within the waste (see Chapter
12 for a detailed discussion of radiation effects). In
general, effects /[ fivwe types can result.

The mcst significant of these effects is radiochemical.
Beta- and yamma-induced ionization and decomposition of
water and nitrates can lead to the production of gases
(hydrogen and oxides of nitrogen) that build up pressure
inside canisters. (Concrete is of particular concern in
this respect, because it cont~ins si : ‘ficant quantities of
chemically bound water, which accent ‘ate the potential for
buildup of pressure in the sealed canister. This propensity
requires further study.)

A second effect consists of lattice expansion and
dimensional changes that are caused by accumulated atomic-
scale strains associated with lattice and network defects
(see Chapters 7 and 8 on Glass and Ceramics). At the total
fluxes of radiation expected trom the radionuclides in
waste, however, this type of radiation damage will be
negligible or very minor.

A third effect, sudden release of stored eneray, could
in principle cause a rapid temperature rise, For the waste
forms currently under consideration, however, loth the
amount of stored energy and the length of time n~cessary for
release of that eneray are such that sudden release of
stored energy poses no dancer.

The increase in internal energy resulting from radiation
damage might produce a fo rth effect, enhanced chemical
reactivity. The amount [ energy involved is so low,
however, that this phenumenon will contribute little
measurable increase to the vates of reaction. Yo i
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As radionuclides in waste decay, they are replaced with
daughter products (transmutation) that may or may not le
compatible with the crystal structure of the waste form.
Although there is no evidence to show that the chemical-
structural effects of transmutation, as distinct frow
radiation damage, will have serious consequences, tle
possibility needs to be examined and evaluated. It has been
almost totally neglected so far.

PRIMARY CONTAINMENT FORMS

Primary containment forms are solid forms that contain
the potentially hazardous radionuclides found in radioactive
was+te at the atomic or molecular level. Some frimary waste
forms have excellent properties: low leachability, low
dispersibility, high thermal conductivi+*y, and so forih. In
general, they appear to be suitable f.r both transportation
and disposal without being further processed or converted to
another solid form. Wwe shall denote these forms i
final forms. It is possible to convert them into #ven more
desirable final forms. Other primary waste forms do not, in
the Panel's opinion, have sufficiently good properties to
qualify them as potential fin-l forms. 1Instead, further
processing will be required to convert them into suitable
forms. We denote these intermediate forms.

Intermediate Forms
Calcine

tne of the simplest methods for converting high-level
ligquii wastes into solids is to evaporate and partially
decomose the liquids at temperatures above 500°C; this
process typically vields a fine powder, generically called
“"calcine." Several variations of the process have been
developed i»~'uding spray, fluidized-bed, and rotary-kiln
calcination. All produce essentially the same product, a
poorly crystalline or noncrystaliine powder in the 10
micrometer to 100 micrometer size range (or granules up to a
few millimeters in size) consisting principally of
refractory oxides and residual nitrates that have not teen
decomposed. Since 1963, the soliditication program at the
Idaho Naticnal Engineering Laboratory (INEL) has routinely
produced and now stores about 1,500 m3 of calcine. 1l.is
calcine is the only significant amount of processed high-
level solidified waste in existence in the United States.

At present, calcine is not considered suitable as 2
final waste form because it is soluble in water and hichly
dispersible, and its poor thermal stability can lead to the
volatization of various radionuclides (including cesiur and
ruthenium). Therefore, several processes are teing
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considered that incorporate calcine in*o a composite or
transform it into a different solid form. Thus far, glass
made from calcine has received the most attention. (See
Chapter 6 for a de:ailed discussion of calcine.)

Supercalcin.

To improve the properties of simple calcine€, the
composition of the high-level liquid wastes can be modified,
before calcination, by the addition of carefully selected
materials such as nitrates of calcium and aluminum. Tne
ligquid mixture is then calcined, resulting in a powde.--
called supercalcine--with significantly improvea properties.
The solubility of supercalcine can be five to six ourders of
magnitude lower thar that of calcine, and the volatility of
certain components can be two to four orders of magnitude
lower. Never+heless, because it is highly dispersible, the
Panel does not regard unconsolidated supercalcine as a
suitable final waste form, but as an intermediate form to be
converted or incorporated into final forms such as glass,
ceramics, or various composites. For example, consolidation
of supercalcine with other m.:erial, sucn as portland cement
or low-mel+ting metal, has resulted in a less d'spersible
product. Thus, it is generally still considered an
intermediate waste form. (See Chapter 6 for a detailed
discussion of supercalcine.)

Supersludge

The DOE wastes stored at the Savannah Fiver Plant (SEP)
and the Hanrord Reservation contain significant amounts of
radioactive “sludge" (i.e. a mixture of HLLW and HLSW) at
the bottom of their storage tanks. A promising method tHr
dealing with this type of waste, somewhat analogous to the
conversion of calcine to supercalcine, is to add slurries of
materials (such as clays and other aluminosilicates) that
are selected to make a product that is much less leachable--
a "supersludge." Like calcine and supercalcire,
"supersludge is regarded by the Panel as an intermediate
form. It can either be further treated to foram # low-
temperature ceramic or incorporated into a cement/concrete
matrix for grouting (pumping into hydrofractured geological
formations several hundred meters below the surface) or for
disposal in drums. (See Chapter 6 for a detailed discussion
of supersludge.)

Encapsulation of 137Cs and ®*9Sr
To reduce the rate of heat generation of the wastes at

Hanford and thus prolong the life of the HLW storage tanks,
a decision was made in tne mid 1960s to separate out the
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main heat-producing isotopes--137Cs and *9Sr. (The U.S.
Atomic Energy Commission [ AEC ] was hopeful, at one time, of
finding uses for the radioactive isotopes present in the
Hanforl wastes.) To date, about 80 percent of the 137 Cs
and o5 percent of the 90Sr have been separated from the bulk
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 remaining 10
percent has been converted to solid CsCl and SrF, and is
being stored in stainless steel and nonferrous nickel allioy
capsules in . cooled water basin. These capsules are
sources of intense hea* +that, if emplaced in a repository
excavated from basalt, woul® probably melt the adjacent
rock, Alternatively, the capsules could be incorporated

ir a chemically and thermally resistant metal matrix, such
as titanium, for permanent isolation in a geological
repository. The capsules placed in each waste canister
would have to be few enough so that the thermal loading of
the canister would not overheat the host rock.

Pesearch is necessary to develop techniques for
converting the 137Cs and 99Sr liquid wastes to stable
ceramic Oor concrete forms. Such technijues conld replace
the current practice of Conveslanis Ll 3Clutions to solid
CsCl and SrF,. The stable solid forms, “neir w~aste loading
and the size and shape of the canisters used to contain them
could be selected and designed to pcevent overheating of the
host rock after emplacement.

Potential Final Forms
Ceramics

Ceramics are highly insoluhble, inorganic, nonmetallic
materials. As a solid waste form, chey are primarily
compused of crystalline oxides and could range in size fro.
small briquettes (sc7eral centimeters) to isostatically
pressed monoliths 0.5 m x 1 m.

Ceramics are of interest as a waste form kecause of
their ability %o contain all the hazardous radionuclides,
such as 1'37Cs and 995r, in thermodynamically stakle
crystalline phases. Furthermore, their crystalline nature
permits the s*tructural environment of any nuclide to be
precisely deterrined; ience, a given nuclide can either be
left in a particular crystal environment or the corposition
and the processing of t"e waste can be modified to proauce
new, more desirable phaces,

Severais methods of ma%ing ceramic waste forms have been
studied. However, research into these materials has so far
been very limited, and the necessary process erngineer.n~ has
not been developed. Until more information is available

20 ub036



about the ease and efficiency 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 frit, is consolidated under
conditions of high temperature (1,000°C) 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 ctressed by
compression of argon gas to produce large dense monoliths.
(2) Sintering--pure supercalcine or mixtures of calcine with
additives are consolidated through use of high temperatures
(1,200°C) alone. (3) Fusion_casting--a mixt ire of calcine
and various additives 1is melted at atout 1,400°C and then
cooled to promote controlled crystallization, which results
in a strong coherent solid. (4) Glass-ceramic--supercalcine
or a mixture of calcine plus glass frit and a nucleating
agent is melted and cooled rapidly to produce a glass that
is then carefully heated to promote controlled
crystallization throughout the scolid. (95)
Adsorprion/densification--the high-level liquid wastes are
directly sorbed onto preformed ceramic "bricks" of inorganic
ion exchange materials. The bricks are then heated at
1,00009C to fix the radionuclides of inter 3t in stable
crystalline phases.

Of all primary solil waste forms, ceramics are the most
thermally stable and the most resistant to leaching and
radiation damage. Furthermore, 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 from their properties, which in the view of the
Panel are supericr in many respcts tn those of other forms,
but from the relative complexity of some of the high-
tempera.ure processing methods required to create them. Of
the processes examined, the adsorption/?- ~sification process
is particularly promising, because it is relatively simple,
involves relatively low operating temperatures (compared to
glass and other ceramic processing), and is relatively low
in cost. Hot isostatic pressing is a recent commercial
technology that offers some attractive features--principally
low temperature sealing and twe formation of large separate
units by a batch process. (See Chaprer 7 for a detailed
discussion of ceramics.)
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Glass

slass is icfined as "...an incrganic product of fusion
which has be. 1 -~ oled to a riqid condition without
c. stallqzat? _* Radioacti'e wastes in glass form
gener. lly consisc of ore no.crystalline monolithic phase.
In some cases, this could be 2 m long x 0.5 m in diameter,
in others, centimeter-size pellets. In practice,
radiocactive wastes in glass form are base” €ither on a
silicate or phosghate network, contain h'gh percentages of
waste ions (which render them relatively instable), and
often contain significant amounts of crystalline phases
dispersed as submillimeter-sized impurities.

Glasses containing radicactive wastes are usually
produced by feeding a mixture of calcine and glass-making
components into a vessel where they are melted. 1In some
cases, the melting vessel its« . f serves as the final waste
container (In-Can Melting; HARVEST Process--see Chapter §;;
in others, the molten glass is drained from the melter into
A metal canister. Recently, the use of refractory-lined
melters heated hy immersed electrodes has become favored.
Such melters should probably be incorporated into any
vitrification process that may be undertaken. Knowledge
gained from the large store of existing industrial
experience in the design and operation of electric nelters
could be used aivantageously toward this end.

5lass has many features that make it an attractive form
for solidifying nuclear wastes. It can dissolve nearly all
metallic oxides, in reasonable concentrations, 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 ie regarded, worldwide, as the form of
choice tor solidifying high-level liquid wastes, since glass
has a number of disadvantages. The choice appeares to result
from rhe assumption that thc single criterion of solid-wvaste
performance is low leachability. While some high-silica
glasses can have very low solution rates according to
conventional tests, glass is definitely nut the rest form in
this respect. 1Its metastable nature invites ghysical and
chemical changes by phase separation, devitrification, and
hydrothermal decomposition.

In terms of v»rocessing, glass 1s probably the least
desirable of solid waste forms. The conversion of liquid
wastes into glasses involves the handling of gases, vapors,
dust, and hot ( 1,0509%), corrosive, volatile fluid glass.
Requirements for total confinement, remote operation, and
infrequent maintenance make vitrification plants very

566038
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diff icult to engineer. (See Chapter 8 for a detailed
discussion of glass.)

Spent Fuel Assemblies

After LWR fuel has been irradiated for three to four
years, it is removed in the form of spent fuel pins from the
power reactor. This spent fuel contains actinides (uranium,
plutonium, »eptunium, americium, curium), fission products,
and tritium. Light-water reacctor (LWR) spent fuel pins are
long sections of zircaloy tubing (about a centimeter in
diameter, and four meters long) filled with ceramic pellets
that consist mainly of a solid solution of uranium dioxide
and plutonium dioxide! together with other radionuclides.
The fuel pins, when held together in a geometric cluster Ly
end pieces and element spacers, are known as spent fuel
"assemblies.®

Cusrent United States government policy is to defer
indefinitely the reprocessing of commercial spent nuclear
fuel. Because of this action, the Panel decided to consider
srent fuel assemblies as a potential waste form to be placed
in a geoloagic repository. Of course, SFAs differ from otner
solid waste forms in thac they are not the product of a
solidification process involving high-level licuid wastes.
Furthermore, the amount of uranium and plutonium in SFAs
greatly exceeds the amount present in other waste forms.
Nevertheless, the same factors that determine the
suitability of other waste forms will also affect the
suitability of SFAs as a waste form.

Preliminary analysis sugges+ts that spent fuel assemblies
may be a suitable waste form, 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 phases present or likely to be formed as a result
of hydrothermal reaction in various rocks. It appears
essential at any rate to encase the spent fuel assembly in
an outer metal can to facilitate handling and increase
safety at the repository.

Spent fuel has three adv2itages as a disposal form: it
is less costly than other forms; it requires less processing
on the surface +han other forms, and is therefore less
hazardous in the near term; and it eliminates the need for
processing and handling a variety of low- and intermediate-
level wartes.

The heat generation from solid waste is the principal
factor in determining the spacing of solid waste containers
in a geologic repository. The greater long-term thermal
power of spent fuel (see Chapter 11, Figure 11.4) results in
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one of the major disadvantages of spent fuel as a disposal
form: the lower maximum heat loading in a repository. DCE
(1978) estimates that 66 to 99 kW/acre of spent fuel can Fe
stored versus 100 to 150 kW/acre for high-level waste from a
processing plant. The second disadvantage is that spent
fuel introduces into the repository far larger quantities of
plutonium and uranium than would be introduced by other
forms. Hence, spent fuel must be judged a greater long-term
potential hazard. Also, in a salt repository, the presence
of plutonium and uranium make the remote possikility ot
criticality a concern if the repository were breached, water
were to enter and dissolve the salt, and the fissile
material were somehow arranged in a suitable configuration.
The disadvantages associated with permanently disposinc of
the energy resources cepresented by the uranium and
plutonium in spent fuel are beyond the scope of this study.
(See Chapter 11 for a detailed discussion of spent fuel
assemblies.)

SECONDARY CONTAIL..«ENT FORMS

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

Metal Matrix Cumposites and Metal Containers

Metals can be used in the sclidification process in two
ways: (1) as a secondary containment matrix for any of the
primary forms (especially supercalcine or glass), and (2) as
the outer container for transportation of the solid form.
The principal advantages of metils as a macrix material are
their hiah thermal conductivity (lowering thie steady-state
center-line temperature) and their ability to resist
leaching attack by external solutions. Use of metals for
the outer container provides mechanical strength, important
during transportation, ana 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 present 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 teads or
granules of the primary containment form (either glass or
supercalcine?)} throughout the metal matrix. The primary
containment form represents 25 to 50 percent of the total
volume of the metal matrix.

566040
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A preference for introducing the metal through low-
temperature melt technologies has led to extensive research
on the use uf 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 further study on this metal seems
warranted. (See Chapter 10, section on metal properties).

Three methods are currently available for processing
metal matrix composites: (1) immersion of waste particles
in molten metal, (2) sintering of a mixture of glass or
supercalcine with metal powder, and (3) compacting and £hen
sintering a mixture of the primary phase beads and metal
powder. A rather diffe-ent technolooy, which warrants more
attention, is cold isostatic compaction, in which metal
powders are blended with glass beads into a metal container
that is evacuated, welded shut, placed in an argon-filled
chamber, and stressed pneumatically by compressing the
argon.

Technalogical development of molten metal matrix
composites has depended almost entirely on the efforts of a
multinational Furopean operation, Furochemic, in Belgium.
To date, these composites have been demonstrated up to the
pilot-plant stage. (See Chapter 10 for a detailed
discussion of metal matrix composites.)

Cement/Concrete Composites

Concrete is a widely used, well-understood class of
inorganic composites made up of sand, gravel, crushed rock,
or other aggregates held together by a hardened paste made
of cement (primarily calcium silicates and aluminates) and
water. In work on high-level 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 major processing adivantage that
it can take place at ambient 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 directly to cement or concrete (thereby
forming new, poorly studied primary containment phases),
most of the cement-based composites that are Leing
considered consist of primary solid waste forms, 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
(grouted) underground into thin (10 to 40 centimeter) sheets
within suitable geological formations, or it can be cast
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into large cylinders (1 m high x 1 m diameter) for ultimate
disposal.

The cement/concrete form, as we .1 as providing the major
advantage of simple processing at low temperature, has
surprisingly suitable properties. For example, the
leachability and dispersibility of supercalcine-concrete
composites are probably comparable to those of glass. 1In
addition, the amount of waste :hat can be loaded into a
cement-based composite is similar to the amount that can ke
loaded int» a glass or metal matrix waste form. The thermal
stability of concrete is acceptable if temperatures do not
exceed 300°C, but if temperature reach the range of 500~
900°C a complete loss of strength can be expected. Cement
composite forms theref ‘e appear to be promising tor the
relatively old and dilute DOF wastes, but somewhat less
attractive for the fresh commercial wastes that have a hiah
rate of heat generation.

The nost significant 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 suitable. If radiolysis does not prove to be a
significant problem, a cement-based composite is likely to
be the preferred waste form for the solidification of DOE
wastes. Initial studies in this area are currently under
way (Ribler and Orebaugh 1977, Tingey and Felix 1977).
Although no detailed cost analysis has been made, the use of
supersludge and "supergrout" compositions, combined with the
well-developed grouting technology, cculd well provide the
most cost-effective forms and methods for waste
sciidification. (See Chapter 9 for a detailed discussion of
cement and concrete composites.)

NOTES

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

2 Ccurrent design of metal matrices uses supercalcine and
glass, but other solids could be used as well.

566042
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CHAPTER 3
SELECTING A SOLID FORM

To select a suitable solid torm for disposal of
radioactive wastes, the characteristics of the individnal
forms, outlined in the preceding chapter, need to be
considered in the context of the radioactive waste
management system as a whole. Choice of the mode of
operation at each stage will affect choice of the waste
form, and vice versa. Turther, choices made at each stage
will affect those made at succeeding stages. Clearly, once
adequate data are available, common-sense tradeoffs are
called for; in one instance operations may best be modified
to accommodate the exigencies of the form, whereas in
another case the demand= of operations may constrain the
choice of a form. Since a number of different options may
be available to achieve the given objective of adequate
safety, cost, reliability, and simplicity of processing
become important factors in selection once +he safety
criterion has been met.

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

THE RADIOACTIVE WASTE MANAGEMENT SYSTEM

Relative Risks During Operation of the System

The Radiocactive Waste Management (RWM) system is def ined
t0o include a range of cperations that begins with the
removal of spent fuel pins from the reactor and ends with
the permanent emplacement of spent fuel pins or high-level
s0lid waste in a repository. The major components of the
system, as illustrated in Figure 3.1, are storage,
reprocessing, solidification, transportation, and isolation.
The options available for both the solid form and the
isolation medium are illustrated in Figqure 3.2. In
principle, the system could require five facilities and fcur
transportation steps to accommodate either storage and final
disposal of the SFPs themselves, or reprocessing of the
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FIGURE 3.2 The radioactive waste management system showing options at each stage.
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The system is defined by
(1) selecting the amount of time that the waste will be stored at different stages in the system, and (2)
selecting among the various options for reprocessing, solidification, and emplacement.



SFPs, storige 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 th. 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 affects selection of a
solid form. Furthermore, the time intervals Letween the
varicus components--fuel discharge, reprocessing,
solidification, and emplacement--are important factors in
the overall radiocactive waste management strategy. To
simplify discussion, we have divided the system 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
form required to satisfy those demands.

Processing

Processing ligquid waste. into solid form must be done in
a way that minimizes the exposure of workers tc radioactive
material and at the same +*ime ensures tha* no radioactive
material will be accidentally released to the environment.
Wwe believe that these purposes are served by using processes
that are as simple to operate as possible, that avoid high
temperatures and highly dispersible products, that are
adaptable to remote operation and maintenance, and that
provide for quality-control inspection.

Except for dispersibility, the properties of the solid
form are relatively unimportant during processing. Studies
done at the Savannah River Plant (U.S. EFDA 1977c) indicate
that the differences in risk to the public between
processing high-level wastes to concrete, glass, or dry
powder are insignificant. Furthermore, the risks
associated with processing appear relatively minor in
comparison with those associated with transportation.

Transportation

During transportation the waste is closer to larger
numbers of people and is in a less secure situation than
during processing or emplacement. Therefore, the safety
measures required for transportation appear to be greater
than those for other phases of the PWM system (.ee Dryoff et
al. 1977, U.S. ERDA 1977¢c, U.S. NRC 1977).

Pisks of accidental dispersal of radioactive material
are greater during transportation than during either
processing or emplacement, as are risks of sabotage and
terrorism, although the latter are small in atsolute terms.
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TABLE 3.1

System Demands on the Solid Waste Form

Processing

Transportation

_Emplacement

Retrievable

Objectives

Properties of Solid
or Process Charac-
teristics

Demand on Solid
Properties

Minimize hazard
to worker

Minimize hazard
during storage

Process should be
simple, adaptable
for remote opera-
tion

Solid not too dis-
persible

Solid properties
unimportant

Minimize hazard
during transpor-
tation

Low solubility, low
dispersibility,
good thermal con-
ductivity, good
mechanical proper-
ties against acci-
dent, minimi zed
volume

Maximum demand on
solid properties

Maximize stability
in canister for
possible retrie-
vability

Maximize stability
versus rock and
groundwater attack

Low solubility, good
thermal conductivity,
low reactivity with
rock and water

Container properties
impertant; knowledge
of thermal properties
significant

Wonrelrievable

Maximize stability in
equilibrium with
host rock

Yields phases with minisum

solubllity in equilibrium
with host rock

Physica! properties
no longer important;
insolubility of post
reaction phases
important




Therefore, the number of transportation steps entailed by
any particular system (Figures 3.1 and 3.2) will be
important in determining the demands made on the solid form.
I* is during transportation that it is most important for
the solid form to have a low solubility in typical surface
waters and be nondispersible.

It should, however, be noted that the increased
precaution required during transportation is short-lived.
Some RWM plans, moreover, particularly those for DOE wastes,
call for on-site dispcsal of wastes, thereby obkviating the
need for transportation. If the transportation step were
eliminated, demands on the solid form might te significantly
reduced.

Transportation risks affect selection of a solid form in
two ways. First, the degree of risk depends, to some
extent, on how much material is being transported; theretore
the amount of waste that can be incorporated into a given
solid form (waste loading) is a consideration in choosing or
rejecting that form. Second, the physical properties of the
solid form such as leachability, dispersibility and
volatility, might render it less or more hazardous after a
transportation accident. Transportation risks for three
solid waste forms have been calculated and compared in a
recent study by The Analytic Scieaces Corporation (1978).
The results indicate that the metal matrix form is superior
to glass which, in turn, is superior to calcine.
Furthermore, the calculated cisk from 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). Risk
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 fornms.

For t.ie policymaker concerned with public acceptance of
a particular waste form in a particular system we can point
to a helpful comparisor. By examining the properties of
spent fuel pins and their wvulnerability during handling and
transportation, future risks from high-level solidified
wastes can be compared with those now being taken.

Empl.ucement

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 confusion about
the nomenclature of such formations. Technically each
geologicai formation is a particular rock type. Hence, the
terms "host rock" and “"geological formation" may be used
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interchangeably. Frequently, a misleading distinction is
made between salt, shale, and "crystalline" rocks. All the
candidate host rocks considered for RWM are composed of
crystalline materials. Therefore, the only terms used in
this report are the proper rock names: salt (kedded or
dome), shale, granite, basalt, and so on.

Recent analyses (Dryoff et al. 1977, U.S. NRC 1977)
indicate that risks after emplacement are smaller than
during transportation or processing, and that the nature of
the solid form, in particular its solubility, makes a minor
difference to an already relatively small risk. The APS
study (1978), on the other hand, 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 ke desirable,
and could therefore be an important consideration in
selecting a solid form.

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
"geological time" phase, however, will provide an
opportunity for substantial interaction of the solid waste
with the host rock. 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 desirable, will be very strongly affected Ly
the presence of water and by the high temperature of the
waste,

Insofar as a repository is designed to assure isolation
of the wastes for a few half-lives of plutonium (1 half life
= 26,360 years), one must consider the nature of the
containment system after the high-temperature, radioactive
waste has reacted with the rock. Although 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.

Research on waste/rock interaction has only just been
funded (Pennsylvania State University 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 tnhe conditions expected near the waste
canisters within a geological repository, i.€. temperatures
from 200 to 800°C, modest pressures of 1 to 300 bars, and
the presence of water (.rom cavit.es, hyarated minerals, and
so on), extensive interaction and alteration of the original
wastes is certain.

2. such interactions will affect glass more than any
of the crystalline forms.

. salt will be more reactive (because of the
differences in free energies) with oxide wastes than will
granite or shale.

4. Not all interactions between the waste and the host
rock lead to products inferior to those originally present
in the waste form. However, extensive studies will be
necessary to determine what is likely to occur in each
particular case.

Be Because common minerals of soil, shale or granite
can fix radionuclides tihrouan scrption, studies should focus
on this process as well as on reaction.

Although, it is not feasible to wait for a t housand
years or more to verify experinentally the long-term
stability of high-level solid waste forms, an examination of
various natural minerals (especially those containing ions
found in radiocactive waste) that are a gquarter of a million
or more years old can be instructive. For example, certain
natural minerals contain decaying radionuclides that
influence the crystal structure and weathering behavior of
these minerals. Thus, studies of the phenomenon of
metamictization (structural damage in minerals caused by
radiation or particle bombardment) provide some indication
of the magnitude of the effects of radiation and
transmutation on the crystal structure and stakility of
various solid waste forms. With respect to mineral phase
stability, nature gives a good indication of the specific
crystal structures that best resist dissolution, alteration,
and weathering under near-surface conditions. Those phases
that survive a million years of changing geological history
provide assurance that mineral or phase "stalbility" for a
million years is quite common. Thus, the minerals of
various beach sands form excellent prototype structures for
waste encapsulation at the atomic level. Likewise, they
demonstrate that glass, which may be an adequate waste forn
under particular system conditions (dry, low temperature) is
not among the best materials.
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Optimizing the System

Protection from the hazards of radioactive waste at
various points in the waste management system is provided Ly
a combination of surveillance, isolation, and
immobilization.!' Figure 3.3 illustrates the path of the
high-level waste as it moves through five different steps in
the system. The shaded volume near the origin represents
those situations where an unacceptable degree of risk
exists. Optimization of the system requires keeping the
path of the radioactive waste «  tar trom the origin as
possible, at minimum cost.

As we follow the path, we find: HZLW at the
reprocessing plant is highly mobile and requires
considerable surveillance., Solidification of HLLW greatly
increases immobilization. Transportation to a surface
storage facility reduces the need for surveillance, but
increases the isolation of the wastes. Emplacement in a
deep geologic repository further increases the isolation of
the waste while limiting the need for and the feasibility of
surveillance. After several decades, if appropriately
planned, the reaction with the nhost rock enhances
immobilization and further decreases +he need for
surveillance.

As explained in Chapter 1, the total RWM system offers
multiple barriers against release of radioactive materials.
Zach of the barriers may be designed to provide as much
protection as possible. By maximizing the efficacy of each
separate barrier, the effectiveness of the system is
maximized.

For examplie, the transportation cask can ke designed or
the geclogical formation selected so that practically any
s0lid form would be satisfactory. However, selection of a
system by the decision maker will clearly involve tradeoffs
among the various levels of protection and the costs of such
protection. The analyeis in this report enumerates a full
range of options, to provide the decision maker with
information essential for a rational choice.

Some examples may help ¢o0 illustrate the kind of
tradeoffs involved in deciding between available options.

The number of transportation acciden*s is expecied to te
roughly proportional to the number of shipments made. Based
on this assumption, the "best" form would he the one that
possessed the maximum content of wastes per unit volume. On
the other hand, if transportation were eliminated by
locating the disposal site and solidification gplant
together, less costly, high-volume technologies miq. t be
preferable.
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FIGURE 3.3 Tri-comporent management system showing the system's reliance on
isolation, surveillance, and immobilization. Initially, protection is provided
by isolation and surveillance of the HLLW. Immobilization is greatly increased
by solidifying the HLLW. Emplacement of HLSW greatly increases the reliance on
isolation and decreases the need for surveillance.
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The heat generation rate of radiocactive wastes is
largely dependent on the age of wastes (that is, the time
spent in the storage pools) (see Table 3.2). The solid
forms most suitable for fresh (one- to two-year-old) wastes
will be different from the forms suitakle for those wastes
(such as the vast majority of the DOF wastes) that are
twenty to thirty years oli. Furthermore, the acceptable
thermal loading of the repository may vary with the
characteristics of the geological formation, thereby
sugqgesting use or still a different solid form.

COST AS A FACTOR IN WASTE FORM AND SYSTEM SELECTION

Tre difference in degree of risk resulting from the
various solidification and systems options appears to be
relatively small. Indeed, in many cases it may be difficult
to cioose between two technologies on the hasis of safety.
In such cases, the cost of each of the options, togetner
witi the simplicity and reliability of the process may be
the best crite~ia for choosing among the various options.
Al<hough the guestion of cost has only recently attracted
pablic attention (see, for example, U.S. Congress, House
. 19777, it will almost certainly become a major factor in
future decisions about radiocactive waste management.

The determination of how much we are prepared to pay for
what degree of safety is a political judgment inappropriate
for this Panel to make. Nevertheless, to assist the
policymaker who is responsible for making such decisions,
accurate information on the costs of alternative waste
management strategies must be provided. The Panel believes
that this information is c¢f major signifi‘ance to rational
policy planning.

ERDA Cost Estimates

recently, documents (U.S. IRDA 1977a, U.S. ERDA 1977b,
U.S. ERDA 1977¢c) from each of the tnree major laboratories
(Hanford, INEL, and SFP) have become available that provide
preliminary estimates for the total costs of alternative
strate for solidification and disposal of defense
radioag:: wastes. These costs are further kroken down
into component costs for each of the steps required in a
agiven strateqgy, including solidification. 1In Table 3.3,
several of the total cost estimates are listed for
illustrative purposes. (The total costs for all alternative
strategies considered in these studies are presented in
Appendix A; interested readers should also consult the
referenced articles for details regarding each strategy
listed.) While these attempts to derive cost figures are
highly commendable, the Panel believec that the present
figures should be regarded as only approximations. Efforts

17
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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

2 The values shown 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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TABLE 1.3

fost and Rick Data for Several Padioactive Waste Nisposal Plans at the Hanford Reservaticr and the Savannah River Plant

Pl Total Cost Integrated
Site . o Plan Description ‘mi1lion ’opulation Dose Risk,
) 1976 dollars) (man-rem)
e
* Hanford 4 Glass w/BR* in Canisters Cisposed of fn Off-site Geologic 1,500 2x10
- Repository and Bulk Decontaminated Salt Tisposed of in
Or-site Surface Trench,
-2
Has ford 6 Concrete w/RR* in Canisters Cispesed of in Or-site Geologic 1+800 2 x 10
Repository and Bulk Decontarinated Salt Tisposed of in
On-site Sv-face Trench.
3
Hanford 17 (lay wo/RR* in Canisters Disposed of in Off-site Geologic 6,000 Ix 10
Repository.
2
Skp 1 Glass Disposed of in 0ff-site Geologic Storage and Canned 2,700 9 x 10
Decor* iminated Salt Cake Stored in Outside Surface
Storage Facility.
2
SRP 2 Concrete Disposed of in Dff-site Geologic Storage and 2,400 9x10
‘ Canned Decontaminated Salt Cake Stored fr On-site Surface
2 Storage Facility.
e
SRP 12 Corcrete Stored in Off-site Surface Storage Facility and 3,000 7.3 x 10 J—
Canned Decontaminated Salt Cake Stores in On-site Surface
Storage Facility.
2
SRP 14 Dry Powder Disposed of in Off-site Geolonic Storage and 2,300 9.3x 10
Canned Decontaminated Salt Cake Stored in On-site Surface
Storage Facility.
4
SRP 22 Unprocessed Waste Slurry Disposed of in SRP Bedrock. 180 6.2 x 10

€S099%

NOTE: It is assumed (ERDA 1577¢) that ‘he SRP plans listed above will dispose of 60 million gallons (230,000 )
of reconstituted wastes having an average activity level of § curies per gallon (1,300 curies per cubic meter). &
It is also assumed (ERDA 1577a) that the Hanford plans listed above will dispose of: 25 million gallons (95,000 m')
of damp salt cake, containing 7 million curies of radioactive fission products; 11 million gﬂ!gns (42,000 05) of
sludge containing about 50 million curies of fission products; and 11 million gallons (42,000 m3) of residual
liquids containing 20 million curies of fission products. '

* w/RR means with radionuclide removal.
+ wo/RR means without radionuclide removal.

Source: Taken from Appendix A, Tables A.] and A.2.
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should be made, therefore, to continuously updzt= such cost
figures which are essential for rational policymaking.

Too many uncertainties are involved to allow the Panel
to assess the accuracy of the new detailed estimates (the
authors, themselves, explicitly mention the limitations).
Nevertheless, the fact that each study used a consistent set
of assumptions as a basis for deriving 2ost estimates should
allow & reasonable comparison to be made of a wide variety
of alternativ- nlans. 1In addition, these estimates indicate
that the total cost for implementing the solidification,
transportation, and isolaction of the defense wastes will be
very large, i.e., as high as 30 billion dollars or more.
Implementation costs for the Hanford wastes alone range up
to $27.2 billion (U.S. ERDA 1¢77a:2-4). In light of the
magnitude of such costs and the fact that large differences
{(one to +*wo orders of magnitude) exist in the cost-
effectiveness (costs/risk redwtion) of competing options,
the continued improvement of tue inii_al--"first
generation"--waste ranagement system and the development of
a more cost-effective--"second-ge eration"--system could
result in significant saviuas to the public, with relatively
small chanage in risk.

RANKING THE SU/TABILITY OF SOLID FCFMS

Applying the ¢~ _eria described above, the Panel has
analyzed, in a qualitative manner, the relative suitability
of each solid form for three types of waste considered to te
most representartive. This analysis places the forms in rank
order according to their suitability for r ich stage in the
system--Processing, Transportation, Emplacement--and then
ranks them in terms of cost. The ranking is summarized in
Table 3.4 and proviZes some of the most important findings
of the Panel regard.ng the science and engineering of waste
solidification. In several areas, our knowledge is not yet
sufficlently precisc for rationally choosing the most
suitable solii waste form in a particular system. However,
given the expec.ed five- to ten-year period likely to elapse
before large-scal> solidification of c-—mercial wastes is
required, the REl necessary to improve this situation can,
in our opinion, be done adequately.

The types of wastes considered are: Category A, ‘he DCE
or "military" wastes (most of these wastes are more ' .n 20
years old); Category B, ten-year old commercial wast..; and
Category C, two-year old commercial wastes. For many
purposes the distinctions between R and C are relatively
small, and therefore, the table categorizes them together as
“commercial."

Lub006
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TABLE 3.4

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

DOE: Category A

Commercial: Categories B & C

Process
(simplicity,
efficiency, and
reliability of
process)

Transportation

Emplacement
A. Retrievable

B, Permanent
(different
ordering in
different
rock formations)

Supersludge/Cement Matrix
Supersludge/Ceramic
Supercalcine/Metal Matrix (cold)
Supercalcine/Cement Matrix
Supercalcine/Ceramic
Supercalcine/Metal Matrix (hot)
Glass

Supercalcine/Glass

GClass/Metal Matrix (hot)

Metal Matrix
Ceramic (high temp)
Glass

Cement Matrix
Supercalcine

No differences in form.
Containers of titanium, copper
to be studied.

Ceramic (low temp)
Ceramic (high temp)
Ceramic/Metal Matrix
Cement Matrix

Glass

s¥Ps ()

Supercalcine/Metal Matrix (cold)
Supercalcine/Metal Matrix (hot)
Supercalcine/Ceramic
Supercalcine/Cement Matrix (?)
Glass

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

Metal Matrix
Ceramic (high temp)
Cement Matrix (?)
Glass

S¥Ps

Supercalcine

Metal Matrix, Ceramic, Glass,
Cement , SFPs, Supercalcine,
Supersludge/Cement

Ceramic (low temp)

Ceramic (high temp)

Ceramic /Metal Matrix

Glass/Metal Matrix

Cement Matrix (?)

Class

SFPs (especially in presence of
02)

Process Costs

(Estimates based
on complexity)

Supersludge/Cement-grouted
("Super Grout')

Supersludge/Cement in containers

Ceramic (low temp)

Supercalcine/Ceramic

Class

Supercalcine/Glass

Metal Matrix

SFPs (?7)
Supercalcine/Glass
Glass
Supercalcine/Ceramic
Metal Matrix

NOTE:

2 The order of the forms within any box i

bottom-worst ).

(?) designates insufficient data.

be attached to minor differences in ranking.
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TABLE 3.4 (continued)
Legend

Supersludge/Cement Matrix:

Supersludge/Ceramic:

Supercalcine/Metal Matrix (cold):

Supercalcine/Cement Matrix:

Supercalcine/Ceramic:

Supercalcine/hetel Matrix (hot):

Supercalcine/Glass :

Glass/Metal Matrix (hot):
Ceramic/Metal Matrix:
Ceramic (low temp):

Ceramic (high temp):

Ceramic:

Metal Matrix:

Cement Matrix:

A mixturz of tank sludge with clays, zeolites,
and inorganic gels (supersludge), bound
together with cement. This could be grouted
or cast into containers or caverns.

Supersludge fired to a low-temperature ceramic.

Supercalcine granules dispersed in a cold
pressed titanfum or similar monolithic billet.

Supercalcine bound together in cement.

Supercalcine sintered to a high-temperature
ceramic.

Supercalcine embedded as granules in molten
metal.

Giass made by adding glassification components
fnto liquid stream.

Glass beads embedded in molten metal.

Ceramic granules embedded in metal.

Ceramic forms made by Tow temperature processes.
Includes supersludge/ceramic, aqueous silicate,
ceramic sponge (see Chapter 7).

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

A1l ceramic forms,

A1l metal matrix forms including supercaicine/
metal matrix, glass/metal matrix, ceramic/metal
matrix.

A1l cement matrix forms including supersliudge/
cement matrix, supercalcine/cement matrix.

566008
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Categories of Waste

A. About 265,000 m3® of the DOE wastes are currently
being stored at three major federal facilities as a mixture
of crystallized salts (such as NaNO;), oxide sludges
containing mos* of the radionuclides, and the supernatant
solutions containing much of the 137Cs, Because most of the
DOE wastes are more than 20 years old, a large€e proportion
(about 90 percent) of the total activity originally present
has decayed, so that the heat generation rate 1is guite low.
Since reprocessing of commercial SFPs is deferred
indefinitely, the DOE wastes are the only major class that
must inevitably be solidified.

3. Owing t0 the current national policy deferring
reprocessing and solidification of commercial wastes, spent
fuel is currently being stored above ground in the form of
SFPs. By the time a change in reprocessing policy could
raise the prospect of solidification for these wastes, a
significar® inventory of ten-year-old spent fuel will have
been amassed. Moreover, if and when reprocessing does
begin, increases in available pool storage should allow some
of the future inventory of spent fuel to cool for several
years. Such cooling would drastically diminish the ther=al
output and the activity of the spent fuel, reducing the
demands on the solid form and thereby increasing the numter
of suitable options. Further cocling of HLLW after
reprocessing is also a policy option, although it is limited
by a Nuclear Regulatory Commission requirement that such
wastes be solidified within five years of production.
Hence, at least up to the year 2000, there could well be a
class of wastes which we shall call generically "“ten-year-
old commercial.” Policy decisions might, however, postpone
solidification 0 the point where these wastes become
equivalent to Category A above.

Ce In the future, it is possible that increased use of
nuclear power will create 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 Rankings

As is clear from Table 3.4, the age of the wastes was a
major determinant in the Panel's ranking of solidification
processes. To understand these ran’.ngs, the tasic
distinction between recommending for.'s for the DOE wastes
and “he possible future fresh commercial wastes must be
clearly understood. The former consist of neutralized
salts, sludges and liquids with low activity and resultant
low rates of heat generation. Hence any solid waste form
made from DOE wastes and containing 20 to 40 weight percent
of the waste will not generate temperatures akbove
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approximately 2509C in canisters of the size¢ typically used.
Thus waste forms, such as concrete composites and low-
temperature ceramics, that are stable to these temperature
limits are adeguate and preferred on grounds of process
simplicity. Use of the Oak Ridge National Lakoratory (ORNI)
grouting process provides further simplification and cost
savings. On the other hand, two-year-old commercial wastes
generate centerline temperatures of S00 to 800°C in similar
configurations. For these, ceramic forms 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 rrove less desirable in terms either of
cost or of stability.

In ranking solid form options, the Panel considered
that, for processing, the form chosen should minimize the
exwposure of equipment to high temperatures because high
temperatures increase the threat to lona-term engineering
stability and reliability of the system, increase the
volatilization of waste components, and increase the need
for replacing equioment.

Under the heading of transportation, solid forms were
ranked according to their relative fragility,
dispersibility, and solubility in surface water at ambient
temperature.

Under the heading of emplacement, the princi, .zl
criterion was the stability of the inscluble form in contact
with rock and water under physical/chemical conditions
expected in the repository. The ranking of spent fuel in
terms Oof permanent emplacement was influenced by the
possibility that, in the future, attempts might be made to
remove the plutonium and uranium from the spent fuel pins.

Cost Criteria and Considerations

The principal criterion used by the Panel in deriving
its rankings in Takbtle 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 waste management. The costs of transportation
and emplacement were not considered since they depend on the
choice of a particular disposal plan.

Some of the new EFDA data support the Panel's findings.
For example, the study at INEL (U.S. ERDA 1977k) estimates
that the cost for processing a metal matrix is greater than
the cost for 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 s great
as that for cement. 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 expensive than the higher-volume concrete
product in overall plan costs...." The Panel disagrees with
this statement, finding that a cement composite can hold as
much waste per unit volume as can a reasonably insolutrle
glass. (See Chap*er 9, section on state-of-the=-art review.)

Finally, as recognized in the INEL study (U.S. ERDA
1977b) , it is important to note that because the
technologies for glass and calcine production have received
such a commanding proportion of RED funds (90 percent since
1950, see Chapter 4, Table 4.2), cost estimates for these
technologies are much more reliable than those for other
technologies.

SOME SOLIDIFICATION PLANS SELECTED BY THE PANEL

The principles Jeveloped earlier in the chapter show
that there is no "best" form that can be recormended
unive:rsally. Instead, the waste form chosen for use in one
system may not be the most suitable choice irn another
system. The four solidification plans outlined below have
been devised, on the basis of the rankings depicted in Table
3.4, to illustrate some of the more promising (though ty no
means the only) options. Each treatment descrited is
suitable for a particular type of waste and is compatiktle
witiy specific rock +types and transportation requirements.

DCE Waste

Plan 1

: Flush out tanks anu separate sludge from supernate
(alkaline liquid fraction of JOE wastes). Wash sludge and
mix wash fluids with supernat:. Pass supernate over
optimized zeolite-clay-gel bed to extract 137Cs and 99Sr and
other radionuclides.

P Combine bed-adsorbents with sludge, and at the sane
time add necessary components tailored to give total
composition of optimized "supersludge-concrete."

3. Either: Cast concrete cylinders in 6 mm titanium
or stainless steel cans 1 meter diameter, 1 to 3 meters
high. After concrete has set, heat to 150°C, outgas, and
weld containers to seal.

Alternatively: Grout supersludge-concrete into bedrock

layers or caverns on site using, for example, the ORNL
grouting technology.
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4, Stack containers in frame for retrievable storage.
Add tailor-made overpack materials to form protective layers
during retrievable phase, and as an additional barrier
during permanent isolation.

- 2 To keep transportation to a minimum, locate
repository on site. At Hanford, for instance, horizontal
tunnels could be used in Rattlesnake Hills.

Plan 1T

N Centrifuge and separate solids in sludge from
supernate.

2e With these solids make supersludge, and from it a
cement-composite to be 4routed or cast into cylinders.

3. Prepare porous ceramic pre-forms (large bricks)
from tailor-made zeolites and related phases specifically to
sorl the radionuclides of *he supernate.

&, By repeated filtration through pre-forms, remove
most Oof the ions from the supernate.

B Consolidate ceramics by sintering below 1,000°C to
form moderate-strength, crystalline ceramic bkricks.

6. Fill canisters with reacted preforms.

Fresh Commercial Waste

Locate solidification plant adjacent to
reprocessing plant and storage facility to keeg
transportation to a minimum,

y Solidify HLLW to supercalcine pellets tailored to
contain radionuclides 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. Weld to seal. Isostatically
compact at 3009 to near 100 percent density. Dimensions of
compacted cylinders: 35 cm diameter and 70 cm in lenath.

- Volume percent selected to permit continuity of
Aluminum matrix, not of pellets.

- Low processing temperature reduces reaction with
processing equipment, eliminates volatilization
problems.
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- Aluminum selected for ease of deformation during
processing, thermal conductivity, cost, limited
reactivity, and corrosion resistance.

- Size of cv!inders selected to limit size of
processing equ “rent.

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.

Older Commercial Waste

A Locate solidification plant adjacent to
reprocessing plant to avoid transportation proklems.

v 5 Solidify HLLW to a calcine, mix with a suitably-
selected glass frit, and convert continuously to glass in a
Pochet-type (see Chapter 8, section on evaluation of current
RED) joule-heated ceramic melter for vitrification.

L i Solidify molten product in titanium canisters.

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

Costs of Panel's Plans

The systems choices made by this Panel, and enumeratea
above are sufficiently similar to the alternatives 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 very different from the SRP plan number 9 ana
the Hanford plan number 6. Similarly the plan using "dry
powder" (SRP number 14-17) can be compared with the
supersludge and low-temperature ceramic cptions.
Furthermore, the pumping of supergrout, an option especially
recommended by the Panel for further study, can be compared
with one of the lowest cost options discussed in the ERDA
documents, that is, SRP plan number 22, which calls for
disposing of the liquid wastes without containers in the SRP
bedrock 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 available.
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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 form for a given system, one must consider its role in
the processing, the transportation, and the emplacement
stages. Although, among these three stages, the total
hazard to the public during transportation appears to te the
higquest, the hazard is still relatively small and the
differences in risk among the individual forms are not well
known. 1In selecting a solid form, therefore, it is
important to consider not only which form will perform best
in an unlikely transpor+ation accident, ftut also such
factors as cost, and simplicity and reliability of
engineering. It is possible that cost, rather than the
properties of the sol:d waste 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.

NOTE

1 As the radionuclides in tbhe wastes decay, the wastes
become less hazardous and consequently the amount of
protection required decreases. The time scale for this
to occur is on the order of hundreds of years for the
ma jor fission products (137Cs and 99Sr) and hundreds of
thousands of years for 239py,
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PTER_4

DESEARCH AND DEVELOPMENT
FOR RADIOACTIVE WASTE SOLJIDIFICATION

BACKGROUND

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

vuring the era of big and new science of the 1950s and
1960s, the expansionist empnasis of the nation's science
policy was felt particulariy strongly in the emerging area
of nuclear energy. An important effect of this emphasis was
a comparative neglect, reflected throughout that period in
the AEC budgets, of the "back end" of the nuclear fuel
cycle--including the management of radicactive wastes.
Harvey Brooks, speaking at the Denver Conference in 1976,
summarized the position thus:

"In the first years after the war the waste-
disposal problem was never attacked with a real
sense of urgency. Research and development
expenditures were relatively smill, and the whole
problem had little prestige or glamour among the
scientists and engineers who were being attracted
to tne new and growing field of nuclear enerqv.
The tew competent people who chose to work in the
field got little recognition for their efforts; for
example, so far as I can remember neither the
prestigious Enrico Fermi Award nor the more
numerous E.O. lawrence Awards ever went to an
tatomic scientist' for a contribution to waste
management”" (Brooks 1976).

Given the prevailing focus of science policy during
those years, it is »-derstandable that the accepted view of
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HLLW management as a minor engineering problem remained
unchallenged, and consequently trat the relevant expertise
in the scientific community was not tapped to research the
problem with the wvigor it merited. One result of this
attitude and policy appears to have been *he early
acceptance, on slender evidence, of glass as the prime
candidate for the solid form. To our knowledge, no research
from any of the countries 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 supportinag the case for the stability of glass were
largely erroneour iy interpreted: in fact, natural glasses
are relatively easily weathered materials, especially when
water is present, and only the high-silica phases survive
fcr any significant length of time. 1In the aksence of
expert evidence to highlight these limitations, a large
proportion of the small effort on solidification of HLLW was
concentrated on developing various glasses as the likely
sclid form.

The disproportionate emphasis on glass meant that, until
1975, the small research expended on the large number of
other possible forms was sporadic and uncoordinated.
Calcine, because it was regarded as a possible precursor to
glass, predominated among the alternative candidates;
concrete, ceramics, and various composites were also
considered. With the cxception of some studies of ccncrete,
however, most alternative solid waste forms have been
researched only in the last four years, and the level of
effort has been strikingly low. Furthermore, the scientific
community in general has not been involved in the problem.

Our present assessment is that, while specific glasses
may be an acceptable solid form for a specific waste
management system, glass cannot be considered the hest or
universal choice. Furthermore, to confine virtually all R&D
to any single solid waste i1orm, considering the variety of
HLW management systems needed, is likely to be extremely
wasteful and costly in the long run. The argument that it
is best to concentrate on a single technology, even if it is
not the best for all systems, is not convincing. Although
glase may be adequate as a first-generation sclution,
parallel work should proceed, at a reasonable level, on
alternatives if their promise is substantial. At present,
many of these alternatives are possible, but an adequate
data base has yet to be developed for choosing among them.
The Panel, in fact, feels that a basic scientific
understanding of the performance required of the solid forrm
is lacking. Even less in evidence is an adequate plan for
RED on the materials sciences related to solidification. 1In
the absence of such a plan, there has been, for the last
decade or two, research on particular favored solutions
proposed, engineered, munagea, and executed by individual



laboratories. Among these, there have been only two
“successful" solidification programs in the country.

The INEL calcine program has been producing and storing
calcine without much difficulty for many years. The product
could be improved (i.e., by making supercalcine), but the
process has been well managed. The COPNL grouting program
(for low and intermediate level wastes), which also had
limited P&D funding, has also produced a functioning systerm.
These programs offer evidence that the problem of waste
solidification is tractable. Unfortunately, ccoperation and
interaction among different waste solidification programs
have been weak or nonexistent.

The climate that fostered neglect of radioactive waste
management during the 1950s and 1960s has begun o change in
recent years. Increasing public concern over the problem
has bequn to be reflected in actions taken by rrofessional
societies and the federal government. For example, the
American Physical Society has just completed a major study
of the nuclear fuel cycle, including waste management. The
Materials Research Society, the American Chemical Society,
and the American Ceramic Society are planning to hold
symposia on waste management in the near future. Within the
government, the Department of Energy has recently placed a
high priority on basic research related to waste management
(U.S. DOE 1978). 1In general, there appears to be a growing
awareness that the current technical data base may not ke
adejuate to support future decisions and regulatory actions
regarding radioactive waste management. This chapter
attempts to define past deficiencies and current gaps in
information so that, with the advantage of hindsight, future
researcn can be tailored more adegquately to the needs of the
decision makers.

INADEQUACIES IN KNOWLEDGE
AND RESEARCH ON SOLIDIFICATION

During the course of this study, the Panel has reviewed
the availability of information that it felt was required to
make important judgments (see Appendix C for a discussion of
European RED on Waste Solidification). Wwhile in many cases
such information was readily available--there are excellent
computerized abstracting services, and DOE and contractor
personnel provided a great number of reports and other
documents--in some areas, the knowledge base was inadequate.
some gaps in knowledge toward which increased research
attention should be directed are:

Te As a problem in materials science and engineering,
waste solidification would clearly benefit from the
systematic approac!: normally applied to "materials
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selection" in most advanced materials industries. Efforts
to apply this approach need to be developed.

> Detailed, developed knowledae of theé actual
chemical phases present in spent fuel is lackirg. 1In view
of the current U.S. government policy on reprocessing and
the possible disposal of fuel elemenis, this information is
essential.

3. A great deal of basic research has been done on
radiation damage in solids. But, since very few hulk
effects that can translate into chemical changes occur at
+}.- radiation levels involved (£0.1 to 1 displacements per
atom), the large store of knowledge is of little value in
understanding waste solilification. From the relevant data
that are available, it is clear that =olid-state radiation
damage is not a serious problem. On the other hand, two
other radiation effects, both inadequately understood, may
lead to problems and may be relevant to solidification
decisions. The first is the radiolytic decomposition of
hydrated phases in the presence of high-surface-area solids
and at elevated temperatures. The second is the influence
of transmutation on structural stability--a phenomenon that
could have an influence in 25 to 35 years on the one- or
two-phase solids containing substantial amounts o. 99Sr or
137Cs,

4. The science of experimental jeochrmistry, which has
largely come into being since 1950, can be used in
developing an understanding of solidification. The
experimental tools that have been developed (e.g., high-
pressure, high-temperature vessels) allow simulation of
virtually any geochemical condition that .as ever existed
within 100 kilometers of the earth's surf.ce. From
experiments of varying duraticn, application of appropriate
theory, and compaiison with other mineralogical Zata, onc
can predict or explain natural systems where millions ot
years are involved. Thus, the technique for simulation of
the waste-in-rock situation is quite routine. Such
simulation experiments under hydrothermal conditions with a
variety of solid forms in a variety of rocks will provide a
reliable guide to the behavior of radionuclides after
emplacement.

S The design of ceranic materials at the atomic or
molecular level is now well advanced in many industrial and
university laboratories, but so far the types of materials
studied differ considerably from those that might be
appropriate for radioactive waste solidification. In
particular, one of the major sclid forms under
consideration, a cement-supersludge composite, relies on the
interactions of clays and zeolites (aluminosilicates of the
sheet and network families) or noncrystalline gels with
complex mixtures of ions to immobilize the radionuclides of
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interest. These reactions, as well as those that occur when
calcium hydrosilicates or cements are added to the systenm,
are not adequately understood. 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. Addi+ional basic data are needed on the adsorption
of ions on simple and complex mixtures of natural silicates
at low temperatures, including possible chromatographic
separation. Again, solid waste buried in geological
formations will, at some point, almost certainly be
subjected to conditions where interactions of this type take
place.

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

8. Research on processing of radiocactive waste
materials has been very narrowly based--escentially limited
to developing a miniature glass plant. The goal should te
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 conmposites.

9. Because radioactive waste contains at leas* 40
different elements, the basic research required is rather
sophisticated. General answers may not easily be found, Lut
it is clear that any advancement of the fundamental
knowledge of complex systems would be relevant to
radioactive waste solidification.

These major gaps in our basic scientific knowledge
relevant to radioactive waste management developed--in sgpite
of large total AEC budge*s for RED over the years--because
of a classic case of targeted, fundamental science falling
between two interests. On the one hand, the waste-
management group in AEC (and later ZRDA) 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 following what they were charged
to do at the time, supported fundamental research directed
to general goals, where relevance to specific AEC objectives
was probably not a major consideration, and possibly even a
disgualification since it may have been assumed that the
waste-management section should fund such work. Thus, some
basic research highly relevant to AEC needs appears to have
been neglected for two decades. 1In view of the gaps in
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information identified above, some change is clearly needed
in research policy: either the Division of Waste Management
or the Division of Rasic Enerqgy Sciences! should be
specifically assigned the responsibility and allocated the
necessary funds for the relevant fundamental research. The
Panel is encouraged by a recent report from the Department
of Energy (1978), which indicates that they are pla-ing a
high priority on waste management research.

SCIENTIFIC PERSONNEL

rResearch and development on problems as important to the
nation as the management of radioactive waste has normally
drawn on the talent aud relevant expertise available from
industry and the universities. Several strategies exist for
tapping these sources. For example, by using a "“sources
sought" in the Commerce Business Daily, existing competence
can be identified: indeed, after the early drafts of this
document had been written, such a "sources sought" 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. Project managers can invite the
nation's leading experts on a topic to submit proposal: or
respond to requests for proposals.

Until the last two or three years, management of RE&D has
not generally taken advantage of any of the normal
mechanisms noted above. Most of the major conferences that
dealt with radiocactive waste solidification have been part
of more general conferences (such as those listed in Table
4.1), primarily addressed, until very recently, o groups
and individuals already working on the problem. There was
little professional society involvement or interest in the
science and technology of solidification. Similarly, after
talking to colleagues most likely to be involved as RED
performers or consultants, the Panel members foand that
there had been little contact with waste solidification
research until 1975, when an accelerated effort began to
include a broader range of scientists in RED on waste
solidification. What is most surprising in this brief
examination of RED management has been the failure to
recognize the appropriate scientific expertise relevant to
the task. The involvement of materials scientists,
principally ceramists and secondarily metallurgists, and
experimental geochemists or petrologists in the planning of
the RED efforts 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
Atomic Energy, held in Geneva, Switzerland, 1958. Geneva: United Nations.

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

Proceedings of the Symposium on Treatment and Storage of High Level Radio-
active Wastes held by the IAEA 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 Term Storage of
Highly Radioactive Wastes, February 14-18, 1966. Richland, Washington.

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

Symposium on the Management of Radiocactive Wastes from Fuel Reprocessing,
OECD/IAELA, Paris, November 1972.

Symposium on the Management of Radicactive Wastes from the Nuclear Fuel
Cycle, TAEA/QECD, Vienna, 22-26 March, 1976.

Proceedings of the International Symposium on the Management of Wastes from
the LWR Fuel Cycle, Denver, Colorado, July 11-16, 1976.

Proceedings of the First Pacific Basin Conference on Nuclear Power Development
and the Fu-" (ycle, Honolulu, Hawaii, October 11-14, 1976 (edited by Ruth
Farmakes, dS, Hinsdale, I11.).

IAEA Conference on Nuclear Power and Its Fuel Cycle, Salzburg, Austria, May
1977.
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This involvement would have been helpful not only to the
AEC, bu* also to the professional societies and to a lesser
extent +o the National Research Council.

LEVEL OF SUPPORT FOF PE&D

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

The Panel obtained data from the Hanford Reservation,
the Savannah River Plant, and the Idaho National Fngineering
Laboratory on the level of support for waste solidification
research, categorized by waste forms. Together, the work
done at these three DOE laboratories comprised approximately
90 percent of all recent waste solidification research
conducted in the United States (Goetz K. Oertel, U.S.
Department of Energy, 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 disproportisiate 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. Fur+ther, the data show a significant
fluctuation in the level of funding for RED on radioactive
waste solidification: a twofold increase in one two-year
period (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 waste solidification RED support
the conclusion that the Joint Committee on Atomic Energy and
the AFC regarded this problem as being one of low priority.
In fact, since a clear conception of the protlem was
lacking, the AEC management may have assumed that there was
no major technical problem worthy of a sustained RED effort.

RECOMMENDED LEVEL OF RED

To correct past deficiencies and assist in the
development of second generation waste solidification and
disposal technologies,increased support for P&ED will be
required. Costs of such increased support will be a very
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TABLE 4.2

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

GLASS  CALCINE  CeMent  cemamic cLay  AOpRCED  yora

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 %0 130 2,080
1973-74 2,480 1,670 1,090 % 290 5,620
1975-76 6,190 3,700 7,320 550 890 13,650
1977-78 41,350 5,620 830 1,220 1,280 50,300
TOTAL: 59,160 28,420 5,240 3,210 4,810 100,440

4 Includes metal-matrix, 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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DOLLARS X 10°

55-56 59-60 6364 67-68 71-72 75-76
5758 6162 65-66 69-70 73-74 77-78

YEAR

FIGURE 4.1 Department of Energy R&D expenditures on waste solidification
categorized according to waste form.

Source: Data taken from Table 4.2.
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FIGURE 4.2 Breakdown of R&D expenditures for different waste forms.

SL607S
59




small part of the total costs of radiocactive waste
management.

Estimates of the total cost of the solidification and
isolation of the weapons waste alone range up to $30 billion
or more (U.S. ERDA 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 RED funding that might be required for radioactive waste
management, the Panel is assuming that the vciume of
commercial waste produced by the year 2000 w 11 be
comparable to that of the military wastes (uee Dance [ 1975],
Rowe and Holcomb [1974], U.S. Congress, House [1976], U.S.
General Accounting Office [1974])). Therefore, if another
$30 billion is added for all commercial nuclear power wastes
generated until the end of this century, an upper limit of
perhaps $60 billion may be required for the management of
all radioactive wastes. 1In high technology industries, it
is not unusual for a company to spend 5 percent of its gross
revenues on R5D. Similarly, the Panel feels 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 RED. 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
miliion, 10 percent or $15 million spent annually on
fundamental research could provide the basis for developing
more cost-effective 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 RED 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, CONCLUSIONS, AND RECOMMENDATIONS

TECHNICAL ISSUES
Findings
From the Panel's examination of the technical issues
involved in selecting options for disposal of radioactive
waste (see Part I, Chapter 2) the following general findings
and conclusions emerged:

1. High-level liquid radioactive wastes can be
incorporated in seweral solid forms. These are:

a. Supercalcine and calcine

b. Glass

Ce Low-temperature ceramics

d. High-temperature ceramics; glass ceramics

e, Cement and concrete composites

) Metal-matrix composites

ge Various combinations of the above

The Panel finds that many of the forms listed above are

likely to be satisfactory in an appropriately designed
system, and that at least one form--glass--is currently
adequate for incorporation into such a system as a full

scale demonstration of solidification and disposal.

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

2. The suitability of a solid waste form can only ke
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 system). The
important elements of this system are: processing (to form
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the solid phase), storage, transportation, and emplacement
(both retrievable and permanent).

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

b. For transportation, unconsolidated calcine and
supercalcine are the least desirable solid forms because of
dispersal hazards.

Ce. After emplacement in a well-selected
continental geological tormation, 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.

< The large difference in thermal power density
between existing DOE wastes and possible future commercial
wastes indicates that a single solidification technology may
not be best for both. The following conclusions give some
guidance on promising candidates for selection in specific
instances, and on useful directions for 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
performance, 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-lewel solidification and disposal.
(See Chapter 2, section on primary containment forms.)

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

Cs DOE wastes are now relatively low in both
specific radioactivity and thermal power density;
accordingly, a wide range of solidification options is
available for use in a first generation RWM system (see
Chapter 3, section on ranking the suitability of solid
forms). If current research indicates that buildup of
pressure from the radiclysis of resident water and nitrates
at the activity levels and temperatures present in the DOE
wastes is not limiting, cement composites and ceramic forws
made at low temperatures appear to be extremely promising
candidates. (See Chapter 2, sections on priwary and
secondary containment forms.)
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d. The Panel finds that, before emplacement, the
effects of radiation damage (excluding radiolysis of water
and nitrates) can in no case pose a major problem. After
emplacement, effects caused by transmutation and radiation
damage could =omewhat alter interactions between wastes and
rock. Further research is necessary to evaluate this
possibility. (See Chapter 2, section on characteristics of
the solid form.)

e. The reprocessing of spent commercial fuels is
not current policy; however, if reprocessing is resumed at
some future date, it will eventually be necessary to dispose
of liquid wastes with high specific activity and high
thermal power density. These characteristics will probably
narrow the range of solidification options to those with
high thermal stability. (See Chapter 3, section on ranking
the suitability of solid forms.)

The amount of uranium and plutonium present in
spent fuel poses a potential long-term hazard greater than
that associated with other solid waste forms. Preliminary
analyses indicate, however, that the radionuclides of
concern (both actinides and fission products) may be
contained in relatively insoluble phases with the spent
fuel. 1If the results of research and development confirm
these initial analyses, spent fuel would be eligible for
consideration as a solid waste form.

. In the interests of relative processing
simplicit and probab resulting low hazard and
cost), cement-based composites and low-tempcrature
ceramics should be researched vigorously as the
prime candidates for solidification of DOE wastes.
In particular, the feasibility of gqrouting these
wastes (suitably modified as "superqrout"”) directly
into_appropriate geologic formations needs to be
re-examined. (See Chapter 3, section on ranking

the suitability of solid forms.)

. Substantial analysis and experimental work are
necessary to _establish firmly the feasibility of
retrievable storage and/or disposal of spent fuel,
and to define the method of preparation of the fuel
assemblies, As a minimum, it appears desirable to
encase the spent fuel assemblies in a metal camn to
facilitate safe handling. (See Chapter 2, sectiom
on primary containment forms.)

. For wastes of high specific activity and
thermal power density, research and development of
waste forms other than glass snould receive greater
emphasis, Metal-matrix composites_involving glass
or supercalcine, and high-temperature ceramics are
principal candidates. Cement-based composites are
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gg;_;uled out, but ca evaluated here
owing to the lack of r ata on radiolysis.
(See Chapter 3, section on rankxng the suitability

of solid forms.)

. Continu:d reseaxch and development of
vitrification of high-level wastes snou;d emphasize
the development gg the refractory-lined melter as
compared _to the in-can melter. (See Chapter 2,
section on primary containment forms.)

. The Panel sees no_justification for continuing
22_.9ﬂ_.£1_5_ﬂﬂ_l§._l.liQELQ_.QESQ§.15§Q.2£EQQL£&§.
calcine for stg;age, Until g decision is made on a

fxnal waste form, the Panel recommends that a

hange to sugg;cglc;gg be effected as soon as
Qossib;e. (See Chapter 2, section on primary

containment forms.)

* The Panel recommends research and development
of techniques to convert the 995r and '37Cs salt
solutions stored at the Hanford Reservation to
stable ceramic or concrete forms. The technigues
would replace the current practice of converting
the solutions to 137CsCl_and 995rF, and storing
them_as solids in stainless st capsules. (See
Chapter 2, section on primary containment forms.)

. Ig stainless steel capsules containing the
CsCl and SrF,, now be;gg storea at the Hanfg;
Reservation, should be incorporate

chemically and thermally resistant mgtal g atrix
such_as titanium, for permanent isolation in a

geological repository. (See Chapter 2, section on
primary containment forms.)

Needs for programs for research and development of
specific aspects of waste solidification have teen
identified throughout this report. 1In particular, research
should address:

- the susceptibility of sealed containers of waste
cement composites to pressurization by radiolysis of
water and pitrates (see Chapter 2, section on secondary
containment forms);

the chromatographic_retention factors for HLLW ions
in *ypical host rocks under the expected conditions of
___,,'a ure and pressure. (see Chapter 4, section on
nadequacies in knowledge);

e

jot

- the interaction of potential canister materials
with candidate solid waste forms and host rocks
relevant temperatures, to determine how suitable the
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canister material is for use during the retrievable
storage phase (see Chapter #, section on inadequacies in
know ledge) .

Research and development are also needed on:

. optimum stable crystalline or noncrystalline forms
as _radioruclide hosts, through the use of ceramic
molecular engineering (see Chapter 4, section on

inadequacies in knowledge);

glass compositions that will retai adionuclides
;n insoluble crystalline phases after hydrothermal
reaction with the host rock and water;
. cial additives fo cement/concrete waste
§_L_Q;£1_§£ign._gghn.lgg to fix each radionuclide in a
low solubility crgsgg;;;gg phase (see Chapter 4, section
on inadequacies in knowledge) ;
- remote process engineering on the waste
solidification technologies that are serious candidates

for possible adoption (see Chapter 4, section on

inadequacies in knowledge) ;

. optimum_overpack ( dsorption Lazer] material with
maximum fixation cepacity for HLW ions.

MANAGEMENT ISSUES

Findings
(See Chapter 4)

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

Specific findings on deficiencies in management are:

A comprehensive and coordinated plan for research
and deve lopment on waste solidification has been lacking.
Although particular areas of waste solidification technology
have received attention and funding, there has not been a
balanced research and development 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 effort has been made to assemkle a team of
scientists and engineers, drawn from a variety of
institutions, to work continuously and cooperatively on the
waste solidification problem. There has been a general
failure *o0 involve two relevant national scientific
communities--materials sciences and experimental
petrologists--and relevant industry in the planning and
conduct of waste solidification research.

3. Research and development have been concentrated far
toc 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 guickly, there
has been a tendency to neglect alternatives while pushing
glass technology to¢ encineering and pilot plant stages.
Steady support for research and development of alternative,
second-generation technologies has therefore been neglected.

Se Relatively little research and development would be
required to provide the options needed to assure that
optimized or second-generation methods for sclidifying
various types of high-level liquid radioactive wastes are
available. Stable support over a relatively short period of
a decade would suffice. Technically optimum methods could
probably be selected for DOE wastes in a shorter time,
perhaps five years.

6. The United States has neither initiated nor taken
full advantage of any cooperative multinational research and
deve lopment programs, similar to those supported, for
example, by the Commission of the Eurcmean Communities (see
Appendix B for a discussion of European research and
deve lopment of waste solidification).

Recommendations

In view of the management problems just identified, the
Ppanel makes the following recommendations:

. Responsibility and authority for all

radigactive waste management operations (including

solidification resea research and development) should e

cent.alized. sic_and_applied research wogl_,then

be_most directly tganslg ed ;nto _engineering and
odgg;;on, In addition, a single agenc uld

conduct negotiations om behg}; of “‘Lie unated States

in_the international ares in mgtters of waste

handling, reprocessing, solidification, and so on.
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- A comprehensive and_stable research,

development, and demonstration program, og limited
duration snould be established for second-
jenceration waste magggggegt tgchno;ogx The Panel
estimates that an annual total o § 50 mxl;;on (315
g;;;; n _for basic researc ' . over a period of about

en years, would be required to fund a successful
m&mL__Lﬁu_ina

am

. All future research programs_should ke
desxgggg to _draw continuously on the gers_gnel
g;gg;;egce and ggg rch _cgpabilities not only o
the government-owned, company-operated facilit xes
or the national Labo*ato ries, but alsc of the

nation's industries, upiversities, and non-profit
laboratories.

- The authorities in the United States
resgogg;h;g fo;_managxgg radloactxve _waste should
take the lead in organizing ccg*dxnated
r;e;ng*xonaL research progqrams and information-
sharing mechanisms to avoid needless dugl;ca;xon of
effort, and to hasten a convergence of the various

nation . _technologie §_and criteria for waste
disposai.

. Because United States programs on _storage and
disposal of spent fuel are all new, 1ntornat;ona1

workshops, _L_pguxa, ng_ggg_ggs joint development
programs should be u used to mobiiize the lbest
available ;g;ent in upport of the new obiectives
recommegdeg in the grevzous section.
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CHAPTER 6
CALCINE, SUPERCALCINE, SUPEESLUDGE

INTRODUCTION
Definitions

Calcine is the general name for unconsolidated powder or
granules made by the single-step process of evaporation and
partial decompcsition of high-level liquid wastes. Although
calcine was for some time considered acceptable as a final
solid waste form, it is now principally considered an
intermediate form before consolidation to, or incorporation
into, some other form. Calcine is relatively easy to
prepare, can serve as a precursor to glass, and could be
recycled to recover potentially useful radionuclides.
Throughout the world, processed high-level sciid wastes
exist in significant amounts in only one waste form-
calcine.

Supercalcine! is a crystalline assemblage of phases
tailor-made tor desired properties of solubility, and
thermodynamic stability in contact with other assemklages as
needed. As prepared by calcination fand where necessary,
annealing), supercalcire is similar .. appearance to
calcine, with a crucial difference: its solukility has lreen
lowered five to six orders of magnitude, and the volatility
of certain components reduced two to four orders of
magnitude. This change is effected 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 compatible. At many of the
nuclear waste research sites, the HLLW stream has been
modified with additives, the objective being improved
processing, no* improved products. At this +ime, only the
Pennsylvania State University/Battcelle Pacific Northwest
Laboratories (PSU/PNL) and, to some extent, the
Eurochemic/LOTES ("low-temperature solidification") products
qualify as supercalcines.

Supersludge! is used in this report to describe a
product that is a modification of "sludge" (a solid/liguid
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slurry of high-level wastes). It is considered here because
part of the DOE wastes now exist as sludge. A supersludge
is a compositionally tailored form, produced by specific
additions (liquid, solid, or both) to the sludge to achieve
minimum leachability in the product. The supersludge can ke
dried and heated at a low temperature (<500°C) to form a
low-temperature ceramic, or may be handled as a two-phase
slurry. 1In the latter case, "supersludge" 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 insolutle. The assemblage
of such phases is designed to approximate thermodynamic
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 product of a one-step process, and requires no
innovation in science or engineering. Calcine has two major
disadvantages. 1Its 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 likely to rule out calcine as an
acceptable final solid form.

The second disadvantage has been eliminated in
supercalcine, and 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 form is a matter
for future decision.

Tables 6.1 and 6.2 list several typical actual and
potential calcine compositions in the United States. They
can be divided into two composition groups: those made up
largely of refractory oxides (and fluorides) with only
traces of fission products (e.g., Tables 6.1 and the Mol
LOTES calcines), and those wastes from reprocessing of
commercial fuel, a major portion of which are fission
products (Table 6.2). A "clean" commercial waste consists
of fission products, processing chemicals, eguipment
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
(ILLW) to the HLLW stream.

wWhile the chemical composition of calcines is almost
always known, it is striking that very few organizations
report the phase compositions. This information is
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TABLE 6.1

Weight Percent Composition o¢ High-Level Waste Calcine Produced at the
Idaho National Engineering Laboratory, Idaho Fallsd

Oxi de Wt® Aluminum Waste Wt Zirconium Waste
(Nonfluoride Waste) (Fluoride Waste)

Zr0, - 21

A1,04 89 22

Can - 54

N205 - 2

H20 2 1

Nazo 2 -

HgO 3 -

Fission Product Oxides 0.6 ?

cs'¥ (0:01% ci/g) (0.004 Ci/)

sp 0 0.009 0.002

(0.013 Cci/q) (0.0035 Ci/g)

245 of January 1974, 42,500 £t (approximately 1,600 metric tons).
Source: Slansky (1976) .
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TABLE 6.2

Weight Percent Compositions »f Potential Commercfal Reprocessing High-Level
Waste Calcines

Oxide PW-4b (Clean)2 PW-7a (Dﬂrgy)g
» A
NAZO 9
P0¢ 1. 8.3
1.8 0.
RE,04 3. 30.5
Zr02 12.1 6.5
M003 12.6 6.8
Te,0, 3.2 1.7
3.9
Rqu 7.3
Pd0 3.6 2.0
3.
Cszo 7.0 8
RbZO 0.9 0.5
SrC 2.6 1.4
Bal 3.8 2.1
U308 2.9 15.4
PUOZ 0.2 0.1
Oihers 10.4 7.9

8 J.E. Mendel, Pacific Northwest Laboratories, personal communication. Several
tons of PW-4b-like calcine were produced (as an intermediate step to glass or
phosphate ceramic products) during the period 1966-1970 at Hanford, Wash. as
part of the Waste Solidification Engineering Prototypes program (Blasewitz et
al. 1973). PW = Purex Process Waste; "Clean”: fission products, residual U
and P and some equipment and fuel pin assembly corrosion products (Fe, Ni, Cr).

Q'Adapted from McElroy (1875). “Dirty": a waste to which high sodium and phosphate

intermediate-level waste has been added to the HiLW; PW-7a is typical of the
projected Allied General Nuclear Services, Barnwell, S.C. flow sheet.
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important, since the crucial question of the solutility or
leachability of hazardous radionuclié - is principally
determined by the phase into which they are incorporated.
Thus Sr** in SrCl, is over a million times more leachable
than Sr** in (Sr, Ca) Al,Si,04. X-ray studies of some
calcines (McCarthy and Davidson 1975) suggest 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 S00°C. However, much or all of the Cs, Fb, Na, Mo,
Ru, and Te in the calcines is volatilized during these
firinas. This poor thermal stability is a third
disadvantage of ordinary calcine. Although it is not a
critical property for routine handling of calcine, it would
be import.nt in a transportation accident involving fire.

Definitive leachability measurements are difficult to
perform on unconsolidated calcine, but some data have lbeen
eported. For the calcine in storage at the Idaho National
Engineering Laboratory (INEL) at Idaho Falls, it has veen
found that 60 percent of the 137Cs and 40 percent of the
90Sr are removed after 2,000 hours of continuous leaching Ly
water at 259C (U.S. ERDA 1976b). Mendel and McElroy (1972)
reported that 20 to 25 percent of the constituents in
typical commercial calcines dissolve readily in a 25°C
leaching test. Fission product leachabilities of Eurochemic
oxide calcines have been measured at 10-% g/cm2/day, at
259%C, in a standard International Atomic Energy Agency
(IAEA) test (van Geel et al. 1976). This means that all ¢
a particular constituent of concern could be leached in 15
minutes from a typical 100 cm2/g powder. Ieachabilities 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 forms)
have both bulk and Cs leachabilities of 10-5 to 10-6
g/cm2/day (McCarthy 1977), in spite of the fact that they
contain 30 times more Cs than the Eurochemic modified
calcines.

There are two other problems with using sinple calcine
powders as commercial HLLW solids: their thermal
conductivity is low, and they contain residual volatilities
such as H,O0 and NOy, that could form gases by radiolytic
decomposition. The low thermal conductivity means that
containers of calcine would have to be of small diameter to
prevent unacceptably high centerline temperatures. The
removal of residual volatiles would require an extra (800 to
900°C) bake-out before canister sealing (U.S. ERDA 1976b).
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Present Calcine Inventory

For 14 years, ERDA has been routinely solidifying wastes
from U.8. Navy nuclear-powered ships and research reactors.
Some 2,000 tonnes of calcine, one of the largest quantities
of solidified nigh-level wastes in existence, are now
contained in underground storage bins a* Idaho tralls, Idaho.
The Eurochemic inventory in Mol, Belgium, is approximately
40 tonnes of aluminum-rich calcines. There are also
appreciable gquantities of SrF, and CsCl salts? that have
been separated out from the HLLW stored at Hanford and
sealed into metallic capsules. The disadvantaaces of
unmodified calcine as a waste form (i.e., high
dispersibility and high solubility) are identical to those
of CsCl and SrF,.

Calcine as a Precursor for Glass and Composites

I+ nas been realized for quite some time that calcine is
ftar trom ideal as a HIW solid. Hence, tor almost two
decades laboratories around the world have been explorinc
processes that would either convert calcine into a glass-
like =olid or isolate and protect it in a more inert matrix.
Table 6.3 summarizes some of the typical proc:zsses and
products tnat include the making of calcine as an
intermediate step. The vitrification processes using
calcine as an intermediate are covered in another chapter of
this report. Several vitrification nrocesses currently
under investigation aim to eliminate the calcining step
altogether.

PRESENT STATUS OF ENGINEERING

All current demonstration plants for glass making and
many of the research programs use a calcine step (see
Chapter 8), which is consequently a familiar process. The
INEL program has clearly demonstrated the viatbility of a
fall-scale, hot-cell process of calcination. The French
effort at Marcoule, the German work at Karlsruhe, and the
hot-pi lot operatiors at Hanford between 1966 and 1970 show
that calcining can be done effectively on a laboratory and
pilot-plant scale. 1In these latter cases handling of the
powdered calcine is minimi zed, since it is fed more or less
directly intoc the furnace for glass melting. At INEL, on
the other hand, the powder is handled routinely and "blown"
directly to the storage tanks. This process demonstrates
that even a very fine powder of relatively soluble materials
can be handled safely. At Eurochemic the granulated calcine
is normally feed for the aglass method, but it has also been
directly incorporated irto a lead matrix. Takle 6.4
summarizes the status of current work on calcine.
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TABLE 6.3

R R R R RO R REREESRTR=S I——

Calcine as a Precursor for Glass and Composites

Product

Process

Site

Borosilicate Glass

Borosilicate Glass

Borosilicate Glass

Borosilicate Glass

Phosphate Glass
(beads in metal
matrix)

Calcine/Glass
Composite

Calcine/Ceramic
Composite

Calcine/Metal
Composite

Rotary-kiln calcination
Glass production (Metallic melter)

Spray calcination
Glass production (In-.an melting)

Spray calcination
Glass production (Metallic melter)

Pot calcination
Glass production {(In-can melting)

Fluidized bed calcinationd
Glass production (Metallic melter)
Metal matrix production (casting)

Press and fire blocks of calcine-
glass mix

Hot press calcine/crystalline
ceramic mix

Granulate or pelletize calcine,
cast in metal matrix

Marcoule (van Geel and
Eschrich 1975)

Pacific Northwest
Laboratory (U.S. ERDA
197¢a), Larsor and
Benner 1976)

karlsruhe (Blasewitz
et al. 1973)

Windscale (Clelland
19723}

Mol (Clelland et al.
1676)

Idahc National Engi-
neering Laboratory
(Berreth et al. 1975)

Pennsylvania State
University (McCarthy
and Davidsor 1976)

Mol (van Geel and

Eschrich 1975, Clelland

et al. 1976)

I¢aho National Engineer-
ing Laboratory (Clelland

et al. 1976}

8150 uses direct feed of slurry into melter as an alternative to calcining.
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TABLE 6.4

Status of R&D or Calcine

Site and Process Lab-Scale Pilot Plant Routine Storage
Research 0 ot Production
Idaho National Engineering
Laboratory - Fluidized Bed
Defense HLW X X X X X
Commercial HLW X X
Pacific Northwest
Laboratory - Spray Calcination X X X
Pacific Northwest
Laboratory - Fluidized Bed X X
Marcoule - Rotary Kiln X X
Windscale - Pot Calcination X X
Karisruhe - Spray Calcination X X
Eurochemic - Stirred Bed X X X
Eurochemic - LOTES X X
566092

76



Process Description

In the United States a great deal of engineering
research has gone into alternative methods for calcine
production. Two families of technologies have emerged:
spray calcination and fluidized-bed calcination. Both of
these are now rather routine; they are illustrated in Figure
6.1. In fluidized-bed technology, there is an ndditional
and basic complication: +he nature of the starter material
and possible reactions between this bed material and the
calcine. The stirred-bed calciner developed Lty 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 leen
dropped from consideration in the United States (U.S. ERDA
1976b), but is still the first scage of +he rising-level,
in-pot vitrification processes in the United ¥ingdom
{Clelland 1973).

ERDA (1976b) provides concise summaries and descriptions
0f the two current United States calcination processes and
che French rotary kiln process:

"Spray Calcination

Final Product Form: A very fine powder. Most
particles have a diameter in the range of 2 to 5 um.

Process Description: The HLLW is pumped 0 an
internal mixing pneumatic atomizing nozzle in the top of
+he heated (700°C wall temperature) spray calciner
barrel. The atomized droplets (nominally <70um in diam)
are flash dried and calcined as they fall throuagh the
hot barrel. The finely divided powdery product is
separated from the off-gas by sintered stainlecs steel
filters.

Applicable Waste=: All aqueous wastes which can be
evaporated and dried or calcined to form oxides
(excludes Hg, for example). Any pumpable waste
concentration can be calcined. Wastes containing 2M Na
can ke readily calcined.

Development Status: The process has teen in
deve lopoment at PRL for over 15 years. Thirteen fully
radioactive engineering-scale runs (about S50 hr each)
with the spray calciner were made in the hwaste
Solidification Engineering Prototypes (WSEFPF) 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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Source: U.S. ERDA (1976a), van Geel et al. (1976).

FIGURE 6.1 Five czalcination processes.
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is currently under construction to demonstrate spray
calcination at higher feed rates.

Fluidized Bed Calcination

Final Product Form: 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 processed. The product can be
stabilized (denitrated and dehydrated) for storage, or
the calcine is a suitable feed to a glass melter.

Process Description: Wastes are atomized into a
fluidized bed of imert oxides, heated by inbed
combustion, operating at a bed temperature in the range
500 to 600“C. Evaporation occurs on the surface of the
original bed particles and results in a product
consisting of granular bed material and powdered
calcine, both of which are removed from 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, sintered glass-
ceramics).

Applicable Wastes: Wastes (liquid or slurries)
consisting of HLLW, WLIW-ILLW, radioactive concentrates
from evaporation processes, and organic spent solvents
from fuel reprocessing.

Development Status: Process flowsheet has been
verified on cold pilot-plant scale at feed rates up to 2
liters/hr; similcer process and equipment operability has
been demonstrated on a full 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 from a 5 MTU/day plant. The ERDA
wastes for which high processing rates have bheen
demonstrated are mainly composed of aluminum or
zirconium nitrate, whereas commercial HLLW is
predominantly fission product nitrates.

Rotary Kiln Calcination

Final duc orm: A relatively free flowing
finely divided oxide powder.

Process Description: The rotary kilm calciner is
an externally heated (5009°C) rotating cylinder operating

at a slight angle so that deacidified HLLWw introduced at
the upper end is dried and almost completely denitrated
before it exits the lower end. A loose bar keeps the
calcine free-flowing and prevents deposits sticking to
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the wall. The off-gas is scrubbed with water to remove
entrained particulates, which are recycled by combining
the scrub solution with incoming HLLW. The calcine
product is heat treated to assure total decomposition of
nitrate.

Applicable wWastes: All agueous wastes which can te
evaporated and dried or calcined to form oxides
(excludes Hg, for example). The alkali metal contents
of the waste should be stabilized by the addition of
stoichiometric amounts of a stable anion such as sulfate
or phosphate.

Development Status: The process has teen in

develoment for over 10 years in France for use with a
cont inuous HLLW vitrification process. For much of that
time an engineering scale unit has been in use with
simulated nonradioactive waste. There has been no
radioactive experience" (U.S. ERDA 1976b) .

Limitations on, or Difficulties with, Calcination

Several recurring problems in calcination processes are
described below:

Decomposition of the nitrate during calcination
requires the highest temperatures (500 teo 1,000°C) involved
in the process. Some Furopean laboratories (Mol, Karlsruhe,
etc.) use formic acid or formaldehyde to denitrate the
liquid before calcination.

2e Waste volatilization, primarily of Cs and Ru, is a
fundamental problem. High Cs volatility--one disadvantage
of the pot calcination proces: --was suppressed by additions
of stable anions such as sulfate 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 nitrate solutions. Careful control of processing
temperatures reduces Ru volatilization. Any aktnormal
condition in a calciner that would permit the self-neating
calcines to reach temperatures above B00°C could cause
serious waste 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:

8009cC - 0.5 wt% 1,10009C - 7.0 wt%
1,0009C - 2.8 wt% 1,2009C - 12.8 wtR

The major volatile constituents were Cs, Ru, Rk, Mo and Te.
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3. Until recently, it was difficult to calcine high-
sodium acid weo*es in a fluidized bed because of the
sluggish decomposition of molten NaNO,. As a result,
additions of metallic iron were required to promote
decomposition. At present, the problem appears to be under
control and both INEL (Slansky 1977) and PNL (Bjorklund
1976) have been successful in engineering-scale, €luidiz:d-
bed calcination of the high-sodium "dirty" MILW. Here
again, prior denitration may solve the problen.

4. Because the product of spray calcination is a ve:ry
fin® powder, the off-gas filters are an essential part of
the c¢quipment. PNL has had some 15 years of experience with
sintered stainless steel filters in parallel, each of whi
roatinely lets less than 0.1 percent of calcine particulates
penetrate the filter. A pulsed blowback of air cleans the
filters (Bonner et al. 1976).

PRESENT STATUS OF RESEAPCH
Standard Calcine

Wwhile there has been considerable work or engineering
design {or new calcines and fluid-bed reactors, descrited in
the preceding section, there appears +o be virtually no
current activity that could be called fundamental research
on calcine. As a result, knowledge of the cowpositions and
structures of the individual phases comprising calcine is
lack’ng. Furthermore, there appears to be little effort to
develop novel methods of preparing calcine, despite the
interest Ly workers in the ceramics field in fine powder
preparati 1.

Supercalcines

During the last few years, following the introduction of
the supercalcine concept, greatly increased activity in
research on supercalcine has brought about major advances.
Although the groups discussed below may no* have recoqrized
the affinity of each other's work, all are in fact working
towards the same goal.

Pennsylvania State University/RPattelle Pacific Northwest
Laboratories

The clearest conceptual basis for supercalcine has been
provided in the Pennsylvania State University work by
McCarthy and uvoworkers (Chapman 1976). They were the first
to select (on the basis of fundamentai crystal chemistry)
specific highly insoluble phases that can contain cne or
more of the undesirable radionuclides. To ;roduce
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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 further 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 effective
formulations for converting both clean and dirty HLLW (see
Table 6.2) into thermodynamically compatible assemblages of
refractory ané leach-resistant phases. Table 6.5 lists
these phases and structure types. The assemblage of phases
changes somewhat with major changes in waste composition.
Nitrates of Ca and Al plus soluble forms of silica are added
to the HLLW. These additions cause a dilution of only 20 to
40 wt% of unmodified HIW calcine. To date, three
engineering-scale demons*rations of supercalcine preparation
by spray calcination have been performed at PNI. Spray
supercalcine is X-ray amorphous and must be heated briefly
above 9509C to "develop" the assemblage of crystalline
phases. ERDA (1976b) states that, "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 radiocactive waste constituents."
This pronouncement summarizes the minimum potential of the
process.

Furochemic

In the LOTES engineering process developed by Eurochemic
(also see below), the addition of phosphate to the HLLW
results in the formation of metal phosphates and substantial
amounts of aluminum phosphate, which acts as a secondary
containment. This helps to fix many of the hazardous ions
and yields products with leach rates reduced ky a factor of
1,000 compared to oxide calcine (van Geel et al. 1976).
Phase analysis 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 product is a supercalcine that has been
made without the conscious science-based design of the
Pennsylvania State University process.

Supercalcines as Precursors
For Glass or Glass-Ceramics
Since the composition of supercalcine is infinitely

adjustable, and since most calcines are now seen as
precursors *o glass making, an important research objective
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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)AlSiZO6 Pollucite
Sr,Na,Mo (Ca,Sr), [NaR1S10,4) ¢ (Mo0y) Sodalite
Sr,Ba,Mo (Ca.Sr.Ba)MoO4 Scheelite
Sr,RE* [poa] REPQ4 | Monazite
(Ca,sr),REq 10,1 0, Apatite
(Ce.U.Zr)Oz#x
Ce,U,2r Fluorite
(Zr.Ce)Oz
(Fe,i‘li)(Fe,Cr)ZO4 Spinel
Fe,Ni,Cr
(Fe,Cr)203 Corundum
Ru Ru02 Rutile

*RE=rare earths, particularly La, °r, Nd, Sm, Gd (and probably Am, Cm),

066089

83




would be to convert an appropriate supercalcine directly
into a glass, a gqlass-ceramic, or a melt-formed (fusion-
cast) crystalline ceramic form.

Some work in this area is planned for FY 1978 at PSU/PNL
that will use the high-temperature PNL ceramic melter
technology (Chapman 1976). This work has a direct kearing
on the glass process, since it is a faster way to avoid
addition of frit and to make more homogeneous glass.

For Ceramics

Most of the work done by the McCarthy group to date has
heen aimed at preparing highly insoluble phases that can be
fully crystallized by heating and then rendered into larger
ceramics bodies by hot-pressing, sintering, or other
processes. These processes have produced the densest
thermodynamically stable solid waste form produced so far in
the laboratory (see Chapter 7).

For Composites

Some current RED on calcine or supercalcines has as its
final product goal a composite waste form of pellets or
granules encased in a metal, cement, or glassy matrix.
PSU/PNL supercalcine forms the core of a particularly exotic
multibarrier waste form under development at PNL.
Eurochemic/LOTES supercalcine granules are formed into a
metal matrix. These two composite products are discussed in
detail in Chapters 9 and 10.

Fcr Supersludge

The radioactivity in the large wvolumes of DOE wastes
stored 1n tanks at Hanford and Savannah Piver is contained
mainly in a solid/liquid "sludge" at the bottom of the
tanks. Any process to extract and process the material from
the tanks will aeal directly with these sludges.

A little work has been done at Hanfbord (Wodrich 1976) to
treat these sludages 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.
However, theése mixed, fluid slurries are in many ways
analogous to the mixed liquid stream in the supercalcine
process, By adding the clays and other aluminosilicates,
the total composition can be adjusted--and this has to some
degree been done--to yvield, after low-temperature drying or
calcination, a desirable set of phases. We are terming this
mixed +*ailor-made slurry, whether dehydrated or not,

"supersludge.™
. 566100



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

Consolidation Technoloagies

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 for 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 tco
urstable, for the remote, automatic or semiautomatic, high-
radiation environment operations required for HLW
processing. On the other hand, the familiar 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 pelletizer 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 unsatisfactorily
fine powder. At Eurochemic in Mol, Belgium, modifications
of the fluidized-bed equipment and chemical modification 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 acic, with respect to the mwetal ion
content, is added together with suftficient
aluminium phosphate to obtain a final product
corntaining 30 wt% of the original waste compounds.
The solution is sprayed into the stirred bed
reactor which is electrically heated at 150-500°C
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. High amounts of sodium nitrate require
temperatures above 500°C while for Low amounts
relatively moderate 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 RE&D
Process Research

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_the cateqory of supercalcine as defined above.

In the general process research area, it would certainly
be worthwhile to explore all new technologies that would
permit lower temperature reaction, including denitration, to
produce a fine powder. These should include the new
kerosene droplet method of Reynen and Bastius (1976),
freeze-drying, microwave heating, etc. All these processes
offer the potential of obtaining a fine homogeneous powder
at the lowest possible temperatures.

Supercalcine Research

Basic research on supercalcine is clearly essential to
the development of all final ceramic forms. At present,
there are major gaps in our knowledae including: (a) the
phases in which each ion (present in 0.1 to 1 percent
concentrations and above) is contained in the variety of
calcines made, and (b) the series of host phases that are
the most desirable (i.e., least 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 small investment. These can then form
the guidelines for any solidification program that yields
crystalline phases.

I+ 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 HLIW composition, the additive stream
could be tailored virtually autcomatically to yield an
acceptable total composition and thence the desirable phase
assemblage. While this may sound like a difficult probler,
the physical limitations on closest packing of ions in most
oxide crystal structures leave us with only a handful of
candidate phases: fluorite, apatite, perovskite,
pyrochlore, scheelite, monazite, spinel, corundum, and a few
network aluminosilicates such as pollucite, nepheline, and
codalite. If the composition of the wastes were to change,
an appropriate adjustment 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 solution,
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. Concrete-matrix
composites, metal-matrix composites, and graphite-calcine
composites, the latter two made by powder metallurqgy and/or
hot isostatic or uniaxial forming, appear to ke 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 focus on defining the desired phase
compositions and the means of obtaining them.

Supers ludge Composition

The composition tailor-making already done on
supercalcine should be carried out for supersludge. Because
inorganic ion sieves--both crystalline 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 about 80 percent of the total 1??Cs and 65
percent of the 99Sr have been separated from the bulk of
the Hanford wastes. The encapsulation program is less
than 10 percent complete; however, 240 out of a
projected 3,500 capsules have been produced (NRC 1978).
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CHAPTER 7
CERAMICS

INTRODUCTION

Ceramics have bteen defined as inorganic nonmetallic
materials formed at high temperatures. Fror purposes of the
current discussion, we shall restrict the use of the term
"ceramics" +0 those materials that, in contrast to glasses,
are predominantly crystalline in nature. The many product
types range from porcelain and chinaware to sophisticated
solid state electromechanical components.

Ceramics can be prepared by several processes, including
consolidation of solid particulates by either sintering or
hot pressing (vwith 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
surface area via particie coalescence, and by shrinkage due
to reduction of porosity. The sintering process generally
occurs below the point at which major compositional
constituents melt; distortion of shape and gross
modifications of micrcstructure are thus avoided.

Ceramics have also been prepared by melt-sclidification
processes: raw materials are melted and reacted while
solidification rates are controlled to develop the desired
microstructure and properties. Products made ky this
process include fusion-cast refractories for glass and
metals industries, 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 level (primary) structural containment with
the greatest thermodynamic stability. Ceramics are also
more resistant to low-level radiation damage than other
primary! monolithic waste forms, exhibit the highest thermal
conductivity and leaching resistance, and are capable of
greatest waste loading per unit volume. Furthermore,
because ceramics, unlike glasses, 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
insufficient data on such phases are available, the phases
can be synthesized and evaluated individually for their
relevant properties  leachability, thermal staktility,
susceptibility to radiation damage, and so on).

Ceramics and ceramic processes present some
characteristic disadvantages for waste solidification. The
high process temperatures usually involved present facility
stability and longevity problems. Control and containment
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 effects.

STATE-OF -THE-ART SURVEY

Studies on crystalline ceramics as waste forms have
received only a very small fraction (perhaps 0.1 to 1
percent) of the funmding support that glasses have been
given. This emphasis probably resulted largely from 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. Furthermore,
there are problems with the stability of the product.

Whatever the reason, research efforts have been limited
and development virtually nonexistent in the processing of

ceramic/glass-ceramic HLW forms. The studies on ceramics
are summarized in Table 7. 1.
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TABLE 7.1
Sstudies on Ceramic High-level Waste Forms

Product Site Reference
Fusion-Cast
Ceramic PNL (WSEP) Mendel and McElroy (1972)
Ceramic Sponge IASL, 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 & INEL Ross (1975) and
Glass Berreth et al. (1977)
Glass-Ceramic HMI (Berlin) De et al. (1976)
Titanate Ceramic SLA Schwoelkel (1975)

Fusion-Cast Ceramic

Fusion-cast ceramic was one of the HLW solids evaluated
in the Waste Solidification Engineering Prototypes (WSEP)
program. A crystalline ceramic was prepared by casting a
me 1t consisting of ortho- and pyrophosphates into i storage
canister. The product crystallized when cooled below 800°C.
It proved unsatisfactory because its leachability in water
was 10 to 103 times that of HLW borosilicate glasses.
However, it was the least dispersible HFLW 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, HIW liquid is sorbed into
porous bisqued clay bodies, which are then dried and fired
at 1,200 to 1,3009 to partially vitrify the bodies and fix
the HLW species. The products in the ILASL effort had very
low Cs but high Ru vaporization losses on firinmg and had low
Cs and Sr leachabilities. The ceramic sponge work was
performed at LASL in the early 1960s; it was then
discontinued, and has only recently been included again in
HLW programs, e.g., National Council for Radiocactive Waste

Management (PRAV), Sweden.
r " -
90 ut6106



The aim of the Swedish program is to develop inorganic
ion-exchange materials and techniques that will selectively
remove waste nuclides, e.g., Cs and Sr, and long-lived
actinides. Efforts are being made to develop ion exchangers
that can subsequently be transformed to stable ceramic or
glass materials via an in situ heat-treatmert process. The
successful removal of very long-lived actinides would
drastically reduce the storage time necessary for decay of
the remaining waste. JIon-exchange materials under
consideration are zeolites (crystalline, hydrated
aluminosilicates), nonzeolites (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 forms
is recognized as the least complex and potentially the
lowest cost ceramic process.

Low-Temperature Silicate

One of the lowest temperature ceramic forms conceived
goes under various names, one teing "agueous silicate." 1In
a variant of this concept, HLLW ions are adsorbted onto a
mixture of silicates; this mixture is then reacted to create
a set of relatively insoluble phases, some hydrated and scme
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 resulting mixture can then te briquetted
and reacted at low temperature (near 500°C). 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 prokably 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, tut will be
similar to those of ceramic sponge.

Ceramics from Calcine

The ceramic product that has been least studied so far
is one made from supercalcine. The original objective of
the PSU development of supercalcine was to tranmsform it bty
hot pressing or sintering without any additive to a
thermodynamically stable assemblage of four or five
crystalline phases in a ceramic monolith.

Three other products involving calcine or supercalcine--
hot-pressed ceramic matrix, sintered calcine-glass, and
glass-ceramic--are similar to one another and to ceramic
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spunge in that they are designed to protect Flw calcine, a
product inferior in terms of strength, leachakility, etc.,
by encasing it in or reacting it with a superior glass or
ceramic matrix. Partial vitrification of the product is
used to promote sintering and densification.

In the hot-pressed ceramic matrix product, approximately
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 1,200°C, 2,000 to 4,000 psi. Compared
with alass at the same level of waste loading, the product
has a similar leachability but a greater thermral stability.
Laloratory-scale demonstration was completed in 1975 using a
cold but otherwise full-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 HIW
calcine (50 to 70 wt%) and either a suitable glass frit or a
mixture of glass-making raw materials. The following
excerpt 1s a process description from ERDA (1976b):

"Calcine is mixed with a flux and a binder-
lubricant, which can be water. 1If large disks are
desired, the mixture is pressed to a low-grofile,
thin-walled steel container. If smaller pellets
are to be formed, the powder is fed to a
pelletizer. The shaped mixtures are then sintered
with the large disks requiring a low-pressure
pressing while still hot to conform 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
Figqure 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 Resulting "rom Calcine-Glass Reactions

PW-4b ¢ Zinc Borosilicate PW-7 ¢+ Ra-Zn-Ti-
Glass (PNL) Aluminosilicate (INEL)
[ (Ce,RE,2r) 0, x ) [(REaZr 0, )
[ (Sr,Ba,Ca) MoO, ) [Fe304])
[ (Ni,Zn,Mg,Co) (Fe,Cr) ;04 ] [Ce0, ]
["EESiOg ) [Gd;04])
[ GdFeO4 )

NOTE: RE refers to rare earth cations.

The INEL phases should be considered as structural types
representing complex crystalline solution phases rather than
as the simple compounds listed. The products are relatively
dense and hard and have leachabilities approximating several
times that of laboratory borosilicate glass.

The classical (i.e., PYROCERAM) glass-ceramic approach
0o a HLW form has not been used to any extent in the United
States. Tt is under active investigation in West Germany,
principally at the Hahn-Meitner Institute (HMI) in Berlin.
U.8. ERDA (1976b) describes the processes as follows:

"Liquid HLW is calcined and melted with the
addition of glass frit. 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
are then taken through a carefully programmed
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 notes that "a glass-ceramic
is stronger than glass, would not be as susceptiltle to
uncontrolled devitrification at high storage temperatures
and would have leach resistance similar to glass."

Fesults of the HMI cold laboratory-scale HIW glass-
ceramics investigations were published recently (De et al.
1976) and a few highlights are listed helow.

. Process temperatures are: melting, 1,100 to

1,4009C; nucleation, 53) to 700°C; crystallization,
630 to 960°C,
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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-S
Ci/ml total activity, mostly ruthenium, cesium, and
technetium, and <10-10 Ci/ml a-emitters
demonstrated on a laboratory scale) by ion exchange
with sodium titanate (ST). Cesium is sulbsequently
removed by ion exchinge 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 form 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 Lty
pressure sintering, *he only high-temperature step
in the process."

The hot-pressed titanate ceramic products are largely
srystalline. Only a small amount of alumina-silica from the
zeolite and silica from the oxidation of the Si metal
additive is noncrystalline. About half of the product is
rutile, TiO,. Silicon metal was added to maintain a
reducing environment, SO many waste constituents occur as
metals (Mo, Pd, Rh, and perhaps Te and Fe). Alkaline earths
and rare earths form stable and refractory titanates. 1In
the early stages of the work it was found that alkali (Cs,
Rb, Na) titanates were formed during consolidation, but
ttese had poor leaching resistance and thermal stability.
Therefore, the zeolite exchange step was added, resulting in
the fixation of Cs and BRb in pollucite. Other oxides occur
uncombined with titania (CeO,, UO,+y4, Ce0O,;). The presence
of each of these phases was identified or confirmed using
selected area electron diffraction 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
thermodynamric equilibrium under HLW storage conditions and
in a closed system (such as a sealed canister).
Compositional design such as that applied to supercalcine
has not yet peen employed to optimize the composition.
Using data obtained by PSU, this modification can easily te
made, anu the Swedish effort is taking a step in this
direction. The individual phases--Ti0,, titanates,
aluminosilicates, oxides, and metals--are pparently
compatible.

A program is currently under way to apply the Sandia
Solidifcation Process to DOE defense wastes at Hanford.
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SUMMARY AND RECOMMENDATIONS

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 considerablie potential; yet, many of them
appear to have heen shelved. Although ceramics have high-
guality properties, much more RED is required to assess the
feasibility of processing them. Even if this assessment
should prove favorable, a process can be selected only after
the cost and risk to facility operators are considered.

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

Improvement of processes, to make them simpler and
easier to operate and to increase the longevity of
containment and molding materials should also be emphasized.
In addition, operating parameters witli reasonakle latitude,
e.g., extended temperature, pressure ranges, should be
established for particular compositions. In this fashion,
efficiency would be enhanced, and stringent process controls
would not be required. Certain borosilicate glass
compositions, for example, require melting temperatures cf
about 1,800°. Such compositions in particulate form,
however, can be densified by hot pressing cover an extended
temperature range beginning as low as 700°C at about 2,000
psi with insignificant mold interaction.

NOTE

1 The metal in metal matrix composites is a secondary
waste containment form (see Chapter 10).
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TABLE 7.3

Process - Property Mairix

Fusien Glass Sinterin Hot Adsorption’
Casting _Ceramics Low Yemperature Temperature Pressing Reaction =
A. Process Parameters
Complexity Slurry/Particu- Slurry/Particulates Mix super- Particulates to Particulates Inorganic exchange
lates to Melter; to Meiter: compo- studge as Consolidation to to Densifi- reaction relatively
composition and sition and temper- slurry; Sinter-Densifi- cation; com- simple for Cs, Sr.
temperature cun- ature control can as cation; composi- position and Fluid to solid;
trol blocks; tion and temper- termperature completeness of
sinter ature control control reaction; composi-
tion &)d tempera-
:g ture control
Maximum Temper- >1,400°C but =1,400°C 500-1,000"C 1,200°C 1,000°C 1.000°C
ature composition
dependent
Characteristics Difficul t: high Difficult: high Simple Difficult: Difficult: Relatively less
of Remote potential for potential for scrap numercus steps; mold longevity; difficult process
Operation ma’ function; ma | function, potential high scrap eg.ipment contrnl
refractories refractories potential mal function
longevity longevity
Contamination Considerable Considerable Considerable High High Considerable
Potential
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Property
Characteristics

Leachability

Thermal
Conductivity

Therma |
Stability

Dispersibility
Resistance

Low 1f micro-
cracks and pore
clusters con-
tained

High

Good

(>1,000°C)

Potentially
good

e T e ———

Very low

Can be high;
depends on
phase content

Good
(»1,000° C)

Good

Low

Low

Fair

Fair
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Potenticlly low

High for fully
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Very joud
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Extremely Tow
High
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(»1,000°C)
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(because of
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Lower because of
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(~500°C)
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CHAPTET &
GLASS

DEFINITION AND GENERAL DESCPIPTICN

Glass is defined by the American Society for Testing and
Materials as "...an inorganic product of fusion which has
been cooled to a rigid condition without crystallization."
This definition is somewhat too restrictive for 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 ligquid state has persisted
essentially unchanged during the cooling into a rigid
condition. The formation of a glass rather than of a
crystalline solid is entirely a matter of kinetics; that is,
when the temperature 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 viscosity reactes
approximately 10%'* poises (the so-called transition range)
without crystallization occurring, the formation of a glass
is virtually assured; that is, the amorphous structure is
effectively frozen in, and the rate of further cooling is
not critical.

However, it is important to realize th the glassy
state remains perpetually metastable with respect to
crystallization. If a glass is reneated above the
trancition temperature range but below the liquidus long

enou 4 progressive conversion to one or more crystalline
phas« “111 usually occur. This conversion is known as
devit: . ' ication. In a homogeneous glass the conversion

invariably begins at the surface (because nucleation sites
are availlable there) and grows toward the interior.
Interior surfaces {(bubbles) do not ncrmally initiate
devitrification. 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 internal nucleants are finely divided and evenly
dispersed, crystallization may be orderly, leading to a
fine-grained glass-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 fracturing 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
gqood solvents for nearly all metallic oxides, owiag partly
to the high temperatures at which the solutions are formed,
and partly to the nonspecific natur . of the aworphous,
glassy structure. Furthermore, the common silicate glasses
tend to be relatively insoluble, owing to the three-
dimensional nature of the silicon/oxygen network. Thus,
divalent and trivalent cations are also effectively made
insoluble, because they are, electrostatically, a part of
+he network. Monovalent cations tend to remain less tightly
bound, but the rate of their extraction by water 1is
substantially restricted at ordinary temperatures by the
network caces 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
origin, and have been favored by dry environments. (In
fact, 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 avoids wasted volume, improves thermal
conductivity, and minimizes the area exposed to chemical
attack. Glasses are relatively resistant to koth ionizing
and displacing radiation, and helium (from algha decay)
diffuses fairly rapidly within the open structure of
silicate glasses.

Glasses also have some disadvantages for waste
sclidification. The tendency to devitrificaticn at modest
temperatures, with resultant change of properties, has keen
mentioned. The high temperatures needed to make qglasses
cause processing problems, particularly corrosion and
warping of eguipment. Control of gases and vapors produced
in hot operations is also troublesome. The concentration of
wastes that can feasibly be incorporated in uylasses is
limited, if chemical durability is to be retained.
Commercial glasses seldom contain less than 70 percent of
network- forming oxides (Si0O,, Al,0;, B,03), of which the
ma” - part must be Si0O,. Use of glasses with a lower level

nese oxides invites deterioration of chemical
warability; glasses with less than S50 percent SiO, are
usually soluble in acids. Furthe .ore, glasses are trittle
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 management (IAEA
1976; U.S. ERDA 1976b, 1976c) indicate something approaching
a worldwide consensus that HILW should be solidified, and
that glass technology is the most advanced solification
alternative. The U.S5.S.R. is an exception; Scviet Union
solidification studies are supplemented by a program wherein
liquid wastes are pumped directly into porous underground
strata (W. Bishop, U.S. Nucliear Regulatory Commission,
personal communication, 1977).

France and the United Kingdom are fully committed 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 combined. As a
consequence, the concept of waste fixation in glass has
developed such momentum and acquired so many vested

interests that an objective critique of its efficacy may te
unwe lcome.

A preliminary step in such a critique is tc survey the
status of existing vitrification programs. Fortunately,
international communications in the area of waste manaaement
are tolerably good, and information is freely available.
However, the information is chiefly at the conceptual and
schematic level, and engineering details are not usually
published. This omission of engineering details is
understandable, 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 often turn an unpromising concept into
successfully functioning hardware. By the same token,
inadequate engineering can lcad to poor performance in spite
of a sound basic concept.

The French Program

The continuous vitrification process (AVM) that is scocn
to go into operation at Marcoule is the fruit of a major
program bequn 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 * .cval G" fuel
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 present 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
trancported. If not, the storage area can be extended.

A diagram of operations in the vitrification plant is
shown in Figure 8.1. Fvaporation and denitration of the
HLLW are accomplished in the rotating-drum caleciner at alout
400 *o 5909C. A free-rolling internal bar keeps the solids
broken free of the calciner wall. Proper granulation of the
calcined solids is also aided by organic calcination
additives. Glass frit of a special composition is supplied
continuously in the€ required proportion at a location near
the discharye end of the calciner. The mixture of frit
flakes and calcine powder fails into the melting chamber,
where denitra*ion is completed and the fission-product
oxides are dissolved by the molten frit. At eight-hour
intervals the melter is tapped by reating 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 monitorzd remotely by
observation of the weight of the receiving canister. The
flow of materials into the melter is not interrupted during
the casting opera*ion.

In spite of the relative simplicity of this process, the
necessity of providing for remcté operation and maintenance
and for complete containment of radioactive materials
introduces formidahle complications into the equipment.

Some of the critical special problems and the measures
selected for dealing with them deserve mention.

The melter is a relatively thin-walled, metallic
cylinder that nominally operates at 1,050°C. It is possitle
that this container will some day be inadvertently
perforated, 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 melter. This shroud is
shown schematically in Figqure 8.1. The shroud remains
relatively cool because the melter is not heated by
radiation, but by induction from cooled 10 kHz coils that
surround the -~.aroud.

The calciner produces large volumes of gaus (steam, NO,,
volatile fission-product compounds) and dust. The diagram
in_icates the provision for treating these off-.ises and for
recycling contaminated condensate to the reproc:ssing plant.
Dust is recycled as a slurry to the calciner feed.

The rotating calciner cannot be completely sealed at the
locations where it joins the stationary parts of the system.
T¢ prevent the escape of gases and dust, a reduced pressure
is to be maintained in the calciner-f wrnace section of the
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FIGURE 8.1 Diagram of operations at the Marcoule Vitrification Facility (AVM).



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

These specially engineered provisions seem adequate, kut
the severest test is the lapse of time under production
conditions. The success cf this plant will be determined ty
how long equipment of this complexity can be operated, and
particularly by what quartity of waste can be treated before
the system reaches an iroperable condition.

The composition of the frit is critical. The
permissible range is narrowed almost to vanishing point Ly
the necessity of simultaneously satisfying several
conflicting requirements:

The frit must melt, flow, dissolve calcine, and
homogenize at 1,050°C.

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 ke
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 the
concentrations of fission-product oxides are quite low,
owing to the relatively large amount of inactive Al,O,,
Fe,03;, and MgO that accompany the fission products in this
particular type of HLLW. The volume reduction factor (HLLW
volume/glass volume) is also low, only S.4.

Diff iculty with molybdates has been encountered in every
vitrification program. Molybdenum, one of the most
plentiful fission-product elements, occurs in oxidized
glasses as the molybdate anion, which is reluctant to
participate in network formation. Accordingly, a fused
alkali molybdate phase of low viscosity frequently separates
from the glass, even at melter temperatures. A high level
of B,03 in the glass (24 percent) will hold the molybdates
in solu*tion, but such a high level conflicts with other
considerations. At the compromise B,05 level (14 percent),
spherical nodules of crystalline alkali molykdates 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 majority will
be fully encapsulated by the glassy matrix.
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TABLE 8.1

Frit and Solid Waste Compositions

Chemical Frit Solid Waste
Component (wt%) (wt%)
Si0;p 57.5 48.8
8203 25 14.2
Nap0 17.5 15.0
Al,04 8.4
Feﬁs 2.6
Mg0 6.3
Ni/Cr 0.2
Fission

products 4.5
Source: Bonniaud et al. (1976).
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The capacity of the Marcoule vitrification plant is
sufficient for the weapons-waste processing that is to be
done 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 limiting element
of the AV plant is the poor heat-transfer performance
typical of a heated-wall melter, which is agqravated by the
high viscosity of the melter contents. An increase in the
physical size of such a melter makes the surface/volume
ratio smaller, and the heat transfer performance even worse.
An effective way of solving the problem is to generate the
heat directly within the glass. This is done in commercial
glass plants by inserting electrodes into the melt. 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 almost 20 years
ago at Harwell with the FINGAL pilot plant. Striving for
the ultimate in simplicity, the designers limited the number
of processing vessels to one, a heated cylinder that
comtined the functions of evaporation, denitration,
vitrification, and stcrage. Ligquid waste and a suspension
of silica in sodium tetraborate solution were simultaneously
metered into the cylinder. As the level of the accumulating
mo.ten glass rose, a rising zone of externally applied heat
wac provided to follow it. The FINGAI plant was shut down
an 1966 after completing 72 runs, of which 8 involved the
processing of fully active waste. Stainless steel was used
for the container, and operating temperatures were about
1,050°C.

In 1972 a decision was made to install a vitrification
process for routine use. This plant will use the HAPVEST
Process, 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 HARVEST concept is attractive, tut
the throughput rate will probably be low, owing to the large
amount of heat consumed by evaporation of water before
melting can begin. The use of exterior heaters does not
provide the fail-safe feature of the French AVM process,
with its cool shroud surrounding the melting chamber.
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durability. The frit is capable of dissolving 30 percent
waste solids at the processing temperature of 1,200°C.

Other German vitrification processes are: (1) a
thermite reaction with MnO, as oxidizer, aluminum powder as
fuel, and silica and calcine as glass-formers (Karlsruhe) ;
(2) a glass-ceramic (Hahn-Meitner Institute); (3) a drum
dryer fed by a slurry of denitrated fission products,
silica, and lime, producing a material suitakle 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 tc 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
differs in certain respects from that in Europe. Most
European wastes are single-phase acidic solutions of
relatively fresh fission products ari<ing from the
reprocessing of power-plant fuel elements. In the United
States the reprocessing of commercial fuel would involve
similar compositions and much of the work is aimed at su~h
wastes. However, commercial reprocessing is currently
deferred and, excep~ for the short-lived operation a‘ West
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 generation. The chemical composition
is variable, reflecting the successive generations of
reprocessing technologies that have been used. Furthermore,
except at the Idaho reprocessing plant, the military wastes
have been and continue to be neutralized with sodium
hydroxide. 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 commercial
wastes has been dore and continues to be done &t Battelle
Pacific Northwest Laboratories, although a signiticant
program oriented to ERDA 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 ligquid waste.

The PNL program includes parallel efforts on developinqg
two concepts: the "in-can melter" and the "continuous
ceramic melter." 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. 1In the
continuous ceramic melter process, a separate electrically-
heated, refractory-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 favored alternative. The
glass-forming ingredients are added to the calciner output
as a separate me*ered stream of frit. The frit composition
is severely constrained by the need for a relatively low
processing temperature (1,050°9C); a zinc borosilicate was
once preferred, but the ZnO content is being substantially
lowered in the newest formulations.

EVALUATION OF CURRENT RED

The previous section has commented on some specific
aspects of each of +he major national programs. This
section deals with elements that are for the most part
common to all vitrification schemes.

Processing Technology

It is not easy to engineer a process for the converting
of HLLW into glass in a totally enclosed, remotely operated,
remotely maintained system. The most serious difficulties
arise from the need for high temperatures. The problem in
the selection of materials is compounded by the tact that
molten glass is both corrosive and a liquid; leakage is
accordingly an ever-present possibility. The high
temperature also promotes volatilization of several
radionuclides, especially Ru and Cs. The drying and
denitration that must precede glassmaking produce large
guantities of gases and vapors, which are more or less
contaminated with radijactive dusts and vapors.

Another problem inherent 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 ineffective; and because these
glasses are opaque to near-infrared, radiative heat tran;fer
is negligible. Thus neither of the heat transfer mechanismrs
that predominate in commercial glassmaking is available.
Only conduction remains. As a result of inadeguate heat
transfer, the production rate of heated-wall melters is
disappointingly small. The extra time required +o process a
unit of material means a low value for the true merit index
of a plant; that is, the number of tons of gliss produced
between major overhauls.
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A trend toward imm¢rsed-electrode melting is apparently
well under way in both the Serman and the U.S. programs.
This trend 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
enerqgy is released where it is needed. Combination of
imme rsed electrodes with a refractory-lined melter basin can
virtually eliminate restrictions on vitrification
temperature, if wolybdenum electrodes are used.

Another important potential advantage of this type of
melter is the fact that it can be operated with a "cold
top"; that is, with cold unmelted batch solids floating on
the surface of the melt. Tt is well known in commercial
practice that this configuration quite effectively controls
the evaporation of volatile components of the aglass. The
cold material acts simultaneously as a condenser and filter,
and continuously returns volatile components to the melt.

It is distressing to find, however, that btoth in the
United States and in Germany the design of refractory-1lined
electric melters has apparently been done on an ad-hoc
basis, in spite of the existenc: of a well-developed,
commercial technology that corresponds very closely to the
requirements for vitrifying HLLW. An example of the
commercial technology is the Pocrhet melter (U.S. Patent
numbers 3,143,328; 3,429,972; and 3,580,97€) currently used
by the Ferro Corporation and the Babcock & Wilcox Company,
Refractories Division. The latter organization uses the
Pochet furnace to melt pure kaolin clay, which illustrates
the extraordinary high-temperature capabilities of this
technology. The failure +o draw fuily upon available
commercial technology has delayed to some extent the
development of the refractory-lined melter for use in
radiocactive waste solidification.

Little reference has been made to the use of graphite as
a glass-contact material, a surprising oversight. Grapnite
is chemically so different from the usual glass-contact
materials that its use may seem unthinkable, Fut it bas much
to recommend it: its temperature linmitations are minimal; it
is easy to fabricate; it is electrically ccnductive, cheap,
and nonstrateqic; and it can be disposed of by oxidation.
Another potentially useful characteristic is the fact that a
fully reduced glass does not wet graphite (Swarts 1965).
The reducing effect of graphite on transition-metal cations
will have consequences that ne=d to be examined. 1In the
case of molybdenum and ruthenium, reducticn would tend to
solve existing problems of immiscibility and volatility,
respectively.

The use of ferrous superalloys as glass-contact

materials in a melter is 3 marginal technology at best. The
upper service limit for these materials is akout 1,100°C,
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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 desiralble.

As a general comment on processing technology, it is
disappointinag 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
contractors have not hired experts in the science and
technology of glass, nor have they effectively used
consultants in the field. Even the professional societies
remained essentially unaware of these activities until
recently. Waste 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 retween 1966 and 1970; yet the Nuclear
Division of the American Ceramic Society did not hold its
first half-day session on Management of Nuclear Wastes until
1974.

Quality Control

In ordinary manufacturing 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
container. 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. 1Indeed,
the desire of the process operator to increase throughput
and minimize operating temperatures is an incentive that can
be depended on to lead frequently to the production of poor-
quality glass if inspection is absent.

On the ot.er hand, processes that use a separate melting
cnhnamber inherenrtly provide a verification that the molten
state has been achieved; otherwise, the contents of the
melter could not he tapped off. The viscosity can be
roughly estimated from the time necessary to cast a certain
mass of glass. 1If 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 probubly 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 mechanically sheared 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 necessary, because the shears must
constantly be lubricated in a critical way, and they must
frequently be removed and resharpened (Richard Hunter, Johns
Manville Corporation, personal communication, 1977; william
Shuler, PPG Industries, personal 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 from the data reported in
connection witn 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 expcsed to flowing water. Under these
conditions it is obviously desirable that the rate of
dissipation of radionuclides into the water ke as low as
practical. A solution rate of 10-7 g/cm2/day seems to be
regarded as acceptable, apparently because it is comparable
+o the solution rate of chemical Pyrex (Corning Glass works,
Code 7740) under the same conditions.

Before making further comments on the leachability
concept, some background information 1s needed on the nature
of the interaction of glasses with agqueous solutions. The
issue is not one of simple solubility. A great deal of
published information ic available on this subiject, 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-0-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 fully 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
ronomolecular.
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when oxiaes of low-valency cations are dissolved in
silica in the glass-making process, 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 effect on hydrolytic susceptibility. Moderate
addi+ ions of these oxides along with oxides of the
monovalent cations can provide compositions that combine
relatively low melting temperature with acceptable chemical
durability. Commercial glasses are designed in this general
way. Useful compositions in the soda-lime-silica system
have the approximate formila Na,0eCaCe6Si0,. Commercial
compositions usually contain about 70 percent silica by
weight.

The presence of these low-valency cations in a glass
com. .1cates the chemistry 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 enowh to make the glass "durable" Ly
commercial standards, the three-dimensional silica network
remains in place. The exposed surface thus becomes covered
with a thin layer of hydrated silica so impermeable that the
effective rate of hydrolysis soon drops essentially to zero.

As the silica content of the glass is reduced below 70
percent, 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 sjaringly-solukle pure
compound. Some of the fission-pryduct glasses apparently
behave in this manner. Glasses with less than 50 percent
silica are usually found to be soluble in dilute acids; that
is, at pd of 4.0 and relow.

1f +he agueous environment is stationary, the chemical
a*tack tends to become autocatalytic, owing to the
accumulation of the intensely alkaline hydrolysis products.
The film of hydrated silica cannot withstand the corrocive
effects of strong alkali, so leachability may increase th
time under these conditions.

The use of moderate amounts of BR,05 in a silicate glass
composition introduces still another significant
consideration; namely, phase separation. Borosilicate
glasses are unstable; they are known to separate intc
silica-rich and borate-rich glassy phases. The familiar
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process for making high-silica laboratory glassware is based
on this fact. Not so well-known is the fact that
borosilicates as a class are 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 to0o high a temperature, the
texture of the phase separation coarsens and the chemical

durability rating drops from excellent to useless (Volf
1961) .

Enough has been written to demonstrate that the
interaction of glasses with water and agueous 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 forms;
it is customary to use only distilled water, frequently
renewed. With selected compositions, more elabtorate testing
is done (Mendel et al. 1977).

Little effort has been made under the current
radioactive waste management program t0 assess the
performance of glasses in the presence of steanm at high
pressure and temperature (i.e., under hydrothermal
conditions). Nevertheless, the literature contains ample
evidence that glasses even of a much stabler "Lasaltic"
composition deteriorate rather completely at about 300°C and
1 kbar in a matter of days. Under the same conditions,
crystallized glass shows no change at all (Hawkins and Roy
1963) . 1In the actual storajye 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 after geologic disposal. Sealed
burial under several hundred meters of earth may provide the
high pressure (approximately 1 psi per foot of depth), and
nuclear self-heating may provide the high temperature,
depending on the power density employed in the repository
and *he thermal conductivity of the surroundings. Water
will be present in a shale or salt environment, and may be
present even in an igneous formation, given fissures
penetrated by grouncd water. Under hydrothermal conditions
even commercial glasses are rapidly converted to a friable
mass of crystalline and amorphous hydrates. Charles (1958)
fcund that soda-lime glass rods 0.1 inch in diameter
completely deteriorated after exposure to saturated steam at
250°9C for seven hours. During this decomposition, much of
the sodium and part of the calcium was no doutt 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 undergo 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 25°C or 100°C. The me t amor phosed
glass will be an assemblage of hydrated (and possibly
anhydrous) crystalline phases with a very different
leachability than the parent glass. It follows that if
hydrothermal conditions are encountered, little has been
gained by vitrifying wastes rather than incorgorating them
in cement.

The composition of waste-fixation glasses can be
designed with the possibility of a future hydrothermal
reaction in mind. If composition is appropriately chosen,
it should be possible to ensure that hydrothermal
metamorphosis will produce a mixture of phases that includes
enough clays and zeolites to retain the fission-product ions
in an immobile state. This Jdimension of the vitrification
option deserves attention.

The rate of transport of ions from a solid into a
solution is strongly dependent on temperature, E , pH, and
whether or not the system is open or closed. Unless these
parameters are 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 guantity that often has little relevance
to conditions that will be encountered in a repository. Not
only are the typical temperatures used in the tests
unrealistically low, but the tests themselves do not take
into account hydrothermal conversion, devitrification, and
+he interaction of the solid waste with the host rock, which
is a major variable in the system. The release of ions from
the crystalline phases formed after 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
t+raneportation and temporary storage steps of the waste-
management system. For example, if the solid wastes were
inadvertently dumped into a river during a tramsportation
accident, the typical leachability measurements would give a
good indication of the rate of dissolution of the wastes.
After solidified waste nas been emplaced in a properly
chosen geological disposal site, leachability as currently
defined has little importance. To be relevant to this step
of the system, leachability studies should characterize the
material that remains after hydrothermal conversion of the
glass into the phase assemblage (including the solution
phase) formed by the waste/rock interaction.
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NOTE

1 A Canadian field test in a cool flowing aquifer was
started in 1958. The glass was made of 85 percent
nepneline syenite and 15 percent lime with tracer
quantities of fission products. Their blocks of glass
were buried in an alluvial soil, below t+he water table. ;
Periodic monitoring of 99Sr release showed that the
release rates dropped very steeply the first few years, ‘

reaching a jegligibie level within ten years (Merritt
1976) .
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CEMENT AND_CONCRETE COMPOSITES
INTRODUCTION

Concrete, the most widely used building material,
consists of sand, gravel, crushed rock, or other aggregates
held together by a hardened paste made of hydraulic! cement
and water. 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
atmospheric weathering, chemical attack), watertightness,
and dimensional stability (shrinkage and/or expansion after
setting) .

The relevant properties of concrete that make 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, durakility,
strength, and shrinkage--depend strongly ¢n the porosity of
the cement paste matrix, which in turn depends on the amount
of water used in processing. This amount is usually
expressed as water-to-cement ratio (w/c). Generally, a
lower w/c gives a product of higher quality.

DEFINITIONS AND BACKGROUND
Two different 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.

g~y -y -
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Portland Cements

Portland cements are inorganic materials consisting
primarily of tricalcium silicate (Ca;SiOg), dicalcium
silicate (pCa,Si0,), tricalcium aluminate (CajzAl,04), and a
calcium aluminoferrite solid solution. The ratio of these
components, by definition, must lie within a certain range.
Cement clinker, containing the above phases, is interground
to higher surface areas (€e.9., 3,500 cm2/g) with a defined
amount of gypsum (CaSCO4,¢2H,0) to form cements.

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., fly-ash, blast-furnace slags) and
admixtures (e.g., water-reducing and air-entraining
compounds) can be added to the mix to influence the
previously identified engineering properties of the product.
Table 9.1 shows typical values for the basic properties
concretes with portland cement bases.

jigh-Alunina Cement

High-alumina cement is composed predominantly of
monocalcium aluminate (CaAl,O,). Its rate of strength
deve lopment 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 soluticns, and high-alkali
soils.

At ordinary concreting temperatures, the main products
of hydration are metastable calcium aluminate hydrates. At
temperatures above 259 and high humidity, the conversion to
stable hydrates results in an increase in density from less
than 2.0 to more than 2.5 y/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 sulfate
waters and other media will follow. A low w/c is desirable
in portland cements as well as in other mixes designed for
chemical resistance.

Aggregates

Depending on structural, environmental, and economic
requirements, many types of natural and artificial rocks are
added to cement paste to form concrete. A dense, compact
aggregate is believed desirable for any structure in which
low permeability and high durability are required. 1In all
HLSW applications, including grouting, the solidified waste
will act as the "aggregate." In other waste disposal

121 at613%7




TABLE 9.1

Typical Concrete Properties‘

Density 2,200 - 2,300 kg/m3
Compressive Strength 150 - 1,000 kg/cm?
Tensile Strength 15 - 100 kg/em?
Modulus of Elasticity 250,000 - 400,000 kg/cm?
Average Thermal Coefficient of Expansion A
Cement paste 0.000013 §°c§°1
Limestone agyregate 0.000006 O¢ .
Quartz aggregate 0.000097 (°C)'1
Concrete 0.0000056-0.0000104 (%)
Thermal Conductivity 1.2 - 1.6 kcal/m hroC
Drying Shrinkage 0.06 - 0.08% over
1-year period for
w/c = 0,45

2 411 values are dependent on the materials 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 PEVIEW

Considering the advantages of low-temperature cement
processing, experimental work on this waste form is
surprisingly scarce. 1In the Panel's view, cement products,
solely on the basis of their alleged high leachability
(compared with metal matrix forms and some glasses), are
cften unjustifiably excluded from consideration as a medium
for incorporating HLW.

United States Experience
Existing Commercial High-Level Wastes

At present, the only commercial radioactive wastes
existing 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. ERDA 1976k, U.S. NPC
1976) for solidifying this waste are three that use cement
and concrete: (1) conversion to cement and residual salt.
(2) shale fracturing, 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 centrifuge. The
sludge would be exposed to a series of drying and washing
steps before being finally incorporated as the aggregate
into a cement and placed in steel containers. Liquid
discharged from the centrifuge would be treated by ion
exchange to remove Cs. The Cs-bearing, ion-exchange zeolite
would be periodically combined with the dried sludge and
incorporated into a cement matrix. Alternatively, 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 foirmation. The shale is first
fractured by pressure from a small volume of water, and the
grout is then injected into the initial fracture. As the
crack propagates, it is filled with grout. Injection
continues until the batch of waste-grout is degpleted. The
grout sets a few hours after injection, permanently fixing
the radioactive waste in a rock-like sheet of concrete
within the shale formation. Subsequent injectinns ideally
form sheets parailel to and a few feet above the first.
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The shale fracturing technique is illustrated ia Figure
9.1. The shale fracturing 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.

Shale cement process. This process is an outgrowth of
the shale fracturing alternmative. The process is carried
out at ambient temperature and entails combining the liquid
wastes with an appropriate mixture of cement and solid
mineral additives, including Conasauga shale, to form a
grout. The grout is then pumped into drums where it
solidifies, and the drums are stored in a retrievable
manner. At present, the shale cement option is only a
laboratory tested process. Each of the alternatives has its
advantages and disadvantages (see Table 9.2), and all
require further research and development.

In a recently published report (U.S. ERDA 1977c) on the
alternat ives for long-term management of defense HLW at the
Savannah River Plant, 9 of the 23 alternative plans
discussed consider the use of concrete as a waste matrix.
{The average chemical composition of fresh HLW from the
Savannah River Plant is shown in Table 9.3.) In all nine
cases, the cement, Cs-zeolite, and dried sludge will be
combined in a concrete mixer with water, and poured into
carbon steel containers 2 ft in diameter by 10 ft high. The
welded, inspected, and decontaminated canisters will be
deposited at onsite or offsite disposal localities. Each
canister would consist of 200 gal of concrete containing
36.4 kCi of 990Sr-137Cs with a heat output of 209 wacts. The
conceptial waste solidification process is shown in Figure
9. s

Cak Ridge National Laboratory

Two Jdifferent processes of immobilization of radiocactive
waste solutions have been pursued at ORNL: (1) the shale
fracturing 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 fracturing process consists of fracturing 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 ot portland cement, ILW sclution, and
various additives. 1In this particular case the additives
are fly-ash, Attapulgite-150 (a palygorskite-type clay
mineral product), Grundite (an illite-type clay mineral
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TABLE 9.2

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

Disadvantages

Current
Technological Status

Alternative Advantages
Conversion to Low-1eaching solid product
Cement

Good retrievability

Easily transported

9Z1

eViIs99

Difficult to change to alternative
fr-n if necessary

Tec:. =»logy has not been
demonstrated

Need to store large volume of
residual salt

Potential for container to
pressurize

Salt product would contain signifi-

cant guantities of water
(up to 20 percent)

Process is under
active laboratory
development, and
conceptual design
of facilities for
application to
U.S. ERDA neutra-
1ized high-level
radioactive wastes



Lzl

evT92g

Shale
Fracturing

Low-leaching solid product
No offsite shipping

Immediate placement in
geologic formation

Process has been field
tested using intermedi-
ate-level radioactive
vaste

Not susceptible to
environmental influences

Shale Cement Low-leaching solid product

Key portions of process
use state-of-the-art
technology

Good retrievability

Easily transported

Full-scale demon-
stration for U.S.
ERDA neutralized
low-level and
intermediate-
level radioactive
wastes at ORNL

Site verification required

Criteria for disposal of long-lived
alpha emitters not established

Waste is not retrievable

Not possible to change to alterna-
tive form

Requires pipeline transport of
liquid high-level waste for dis-
tance of about 1 mile

Technology has not been demonstrated
for NFS waste

Process i3 in the
conceptual stage

Large volume of waste-grout
mixture must be stored

Potential for container to
pressurize

Difficult to change to alternative
form if necessary

Technology has not been demonstrated

Source: U.S. NRC (1976).




TABLE 9.3

Average Chemical Composition of Fresh SRP High-Level Waste

Constituent Molar concentration
NaNo 3 3.3
NaN0 2 €.2
NaA1(0H) 4 0.5
NaOH 1

Na (03 0.1
Naz504 0.3
Fe(OH) 3 0.07
Mn0? 0.02
Hg(OH)2 0.002
Other Solids 0.13

2 Assuming an average molecular weight of 60.

Source: U.S. ERDA (1977¢).
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FIGURE 9.2 Conceptual waste solidification process.

566145

129






techniques remain to be developed, incorporation of ICPP
wastes in concrete appears to be practical.

Brookhaven National Laloratory

The results of several procedures involving the use of
concrete for incorporating radicactive waste have been

reported by the Brookhaven National laboratory (Colombo and
Neilson 1977a, 19" 7b).

First, reinforced concrete casks were built for the
deposition of low-level waste (LLV), contaminated machinery,
and compressed solid combustibles. The liguid radiocactive
wastes, consisting mainly of beta and gamma emitters, are
deposited into these reinforced concrete casks in the forrm

of slurries consisting of portland cement, vermiculite, and
the waste.

Second, the leach rates from cement-kased composites of
simulated SRP wastes have been studied. The composites were
made from combinations of waste sludge, portland cement,
high-alumina cement, and zeolite. Using a modification of
the TAEA leach test method, Sr and Cs bulk leach rates
ranging from 10-3 through 10-% g/cm? day were obtained.

Improved leach rates could bte obtained by impregnation
and subszquent polymerization of cement-waste composites Ly
organic polymers. A comprehensive review on the subject of
polyme - impregnated concrete (PIC) has been published
recently (Clifton and Frohnsdorff 1976). Manowitz and co-
worke:'s (1972-1975) have shown that hardened cement-waste
products, impregnated by styrene monomers containing a
polymerization catalyst and cured by heating at 50 to 70°C,
give an essentially impermeable composite with 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 much as +wo orders of magnitude to
10-7 to 10-® g/cm2/day. A simple flow diagram for
solidification of radioactive waste in polymer-impregnated
cement products is shown in Figure 9. 3.

Polymer-impregnation technology for concrete products in
general and for radioactive waste in particular is still not
sufficiently developed. A significant amount of work is
required to demonstrate and optimize the effects of monomer
impregnation and subsequent polymerization (ty heat or
radioactive treatment) on large-scale concrete products
(U.S. ERDA 1976b).

Brookhaven studies have also demonstrated that the
radiation stability of cement products is excellent
(Manowitz et al. 1972 to 1975). No deterioration in strength
or leachability has been detected at an integrated dose of
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10° rads (using ¢9Co gamma rays) for cement products
containing up to 30 wt% NaNO,.

Savannah Piver Laboratory

Neutralized HLW from the Savannah River plant consists
of a solid component (sludge), containing various metal
hydrous oxides, and an aqueous component (supernate),
composed of various soluble salts, such as sodium nitrate.
Most of the fission products, including 99Sr, are
incorporated in the sludge. However, 177Cs is typically
found in the supernate. To assess the possitility of
incorporating these wastes into cement paste, studies
concerning leachability, thermal stability, radiation
resistance, and handling have heen conducted (Stone 1975,
1977; wWallace et al. 1973). Cement products are considered
attractive candidates because of their relatively low cost,
expected compatibility with SEP wastes, and simple handlina
at low temperatures.

Testing of cement paste containing 40 percent washed
wastes nas shown the product's compressive strength to be
2,000 to 3,000 psi. A strength of 2,000 to 5,000 psi is
considered satisfactory for most commercial applications of
concrete., High-alumina cement gave consistently higher
strengths than portland cement-waste composites. Heating to
100°C did not affect the strength of either of the concrete
types. Prolonaed heating decreased the strength of high-
alumina cement, most probably as a result of the conversion
mentioned earlier. Portland cement was found to be
unaffected up to 300°C; a prolonged curing at S00°cC,
however, caused a 75 percent strength loss.

Generally, most of the concrete formulations were very
resistant to gamma radiation. Reactor shields composed of
portland cement showed only a 50 percent loss of compressive
strength after exposure to 3 x 1018 R (Tipton 1960).

Specific leach tests on poorly specified phase
compositions have shown that the Sr leachability decreases
with leaching time from an initial 10-2g/cm2/day down to
10-Sg/cm2/day at six weeks (Stone 1975). According to
Wallace et al. (1973), the leachability of cement containing
no soluble salts is much lower than that of cement
containing salts. There is some indication that MnO, acts
as a scavenger for Sr. High-alumina cement has shown lower
Sr leachability than portland cement. Strontium
leachability was generally lower after gamma irradiation.
Cesium leachability values ranged between 10-1! initially and
10-¢ gs/cm2/day; plutonium leachability was extremely low in
all cases (10~ initially to 10-% g/cm2/day after 12 weeks).
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In general, 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
contairing pozzolanic additives? were the best because the
decrease in Ca(OH), 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-¢ g/cm?/day
after 119 days.

Gases produced by in situ radiolysis of sealed,
solidified nuclear wastes during long-term storage could
conceivably breach containment. Therefore, candidate waste
forms (matrices containing simulated nuclear wastes) were
irradiated with 89Co-gamma and 244Cm-beta radiation. These
forms wer<: cement containing simulated fission product
sludges, vermiculite containing organic ligquids, and
cellulosics centaminated with alpha-emitting transuranic
isotopes. For cement waste forms exposed to gamma
radiolysis, an equilibrium hydrogen pressure u.f 6 to 7 psi
was reached that was deperndent on dose rate. Based on
limited data, it is assumed that oxygen will ke completely
consumed and nitrogen unaffected (Bibler 1976, BRibler and
Orebaugh 1977).

It has been calculated (Bibler 1976, Bibler and Orebaugh
1977) that alpha radiclysis, which will predominate after
about 200 years, may cause a final hydrogen pressure of as
high as 1,600 psi after approximately 105 years. Oxygen
pressure may 