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PREFAQE
The International Symposium on (eramics in Nuclear WaMc Management was held April 30 May 2,,

ll>"?9. in ('incinnati. Ohio. The symposium was held in conjunction with the *lst annual'meeting of jhe
-American Ceramic Society and was cosponspred by tlie Nuclear Division of the American Ceramic Society
and the I'. S. Department of Energy. c

The interest in the materials aspects of nuclear wastr management and the timeliness of the symposium
arc evidenced by the large number of registrants, appioximately 350. The syigposium participants included
international representatives from industry, national laboratories, universities, and government agencies^
Seventy-four papers were presented in eight technical sessions. Thirteen countries were represented,
including Australia. Austria, Belgium. Canada, England, France, Germany, Italy. Japan, Russia, Scotland.
Sweden, and the United States.

The scope of the meeting included invited reviews of the materials aspects of national programs in six
different countries. Technical sessions were devoted to glass processing, ceramic processing, waste form
stability and characterization, leaching, waste form properties, and immobilization of special wastes. Recent
developments'and research highlights were described for many processes and waste form types. The
informal technicaldiscussidns and the opportunities to, make new acquaintances and renew old ones were a
valuable part of the meeting. Hopefully a continuing exchange of technical information; both on a formal
and informal basis, will take place as a result of contacts made'at this symposium.

This proceedings will provide a permanent record of the state of the techriology iji ceramic materials for
nuclear waste management as of the spring of 1979. Many people., contributed to the success of the
symposium and the issuance of the proceedings. We should like to acknowledge the contributions of the
session chairmen, A. M. Platt. J. Kelley. C. Sombret. W. Lutze. R. D. Walton, H. W. Godbee. A. Marples.
and M. J. Smith, iniirunning a smooth meeting,, A large effort was put forth in a short time period by the
technical review committee. J. L. McElroy, J. Plodinec, D. M. Strachan, G. Strathdee. W: J. Weber, G. L.
McVay, L. R. Bunnell, and J. M. Berreth. which has contributed-greatly toward the quality and timeliness
of the proceedings. The publications group at the Technical Information Center did an excellent job in
typesetting the proceedings and arranging for printing. We are grateful for the assistance of Mr. J .L.
Harrison qf the Babcock and Wilcox Company and Mr. Clarence Seeley of the American Ceramic Society in
the program and meeting arrangements and to the U. S. Department of Energy for financial assistance in
publication. Finally, the dedicated efforts of Carol Parks from day one of the symposium planning through
the symposium proper and the issuance of this proceedings are gratefully acknowledged.

;:

T. D. Chik«lla{,
J.E.Mendel
Symposium Cochairmen

Pacific Northwest Laboratory
Richland, Washington
May 1979
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I. NATIONAL PROGRAMS FOR THE DISPOSAL
OF RADIOACTIVE WASTES

DOE MATERIALS PROGRAM SUPPORTING
IMMOBILIZATION OF RADIOACTIVE WASTES

GOETZ K. OERTEL and WALTER S. SCHEIB, JR.
Division of Waste Products, U. S. Department of Energy, Washington, DC

ABSTRACT

A summary is presented of the DOE program for developing
waste-form criteria, immobilization processes, and generation and
evaluation of performance characterization data. Interrelationships
are discussed among repository design, materials requirements,
immobilization process definition, quality assurance, and risk
analysis as part of the National Environmental Policy Act and
regulatory processes.

The ultimate objective of radioactive waste manage-
ment is the isolation of waste to prevent its dispersal into
the biosphere. DOE is pursuing a number of alternative
means of accomplishing this objective in compliance with
the procedures of the National Environmental Policy Act.
A summary of these options is presented in the Draft
Report of the Interagency Review Group on Nuclear Waste
Management and in the reports of IRG Subgroups on Waste
Disposal Alternatives and on DOE Waste Management. With
respect to high-level waste, the options for Savannah River's
waste management are detailed in the Report on Alterna-
tives for Long-Term Management of Defense High-Level
Radioactive Waste, ERDA 7742. Many of the options
in- Ive a system of barriers—stable geologic matrix,
remote location, capsule overpacking, engineered contain-
ment, and the immobilized waste form. A successful system
is one in which the combination of barriers prevents
dispersal of radioactive materials into the biosphere in
accordance with criteria reflecting specified exposure levels
and reliability against specified risks.

Because one of the barriers is the waste form itself,
waste-form performance under a range of repository and
transport conditions must be predictable and reliable. As
summarized in Table 1, the features of a materials-
development program to provide performance data include

statistically planned experiments covering the, full spectrum
of interactions between material capability and imposed
requirements; certification and categorization of data in
accordance with the quality and relevance of the tests; test
results in a form amenable to risk and reliability analyses;
support of repository transport and immobilization process
engineering design; and development of production stan-
dards and quality-control procedures.

Several candidate waste forms have been advocated for
further characterization and process development (glass,
supercalcine, cement, cermets and crystalline materials).
Although repository waste-acceptance criteria are still
under development, the expected repository environments
are understood sufficiently well to define preliminary
materials-performance experiments, and a great deal of
valuable data has already been published. The source of test
samples has ranged from materials prepared in laboratory
scoping studies to materials from operation of cold and hot
engineering components. Attributes which should be mea-
sured to characterize waste forms fully were proposed
several years ago by Battelle Pacific Northwest Laboratories

TABLE 1

Features of Waste-Materials Characterization Program

• Support selection and development of immobilization processes
• Support selection and development of repository options
• Provide repository engineering design with reliable materials data
• Piovide risk and reliability data to DOE, NRC, EPA
• Identify quality-control sampling, inspection, measurement tech-

niques
• Foster new initiatives and product/process improvement
• Support DOE decisions in NEPA and regu!a-.ory proceedings
• Provide basis for materials codes and standards
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in "A, Program lor CompiehoiiMve ('haiaclen/atiun ol
Soiid'iftcd High-l.cve! Wastes," UNWL-I'Mi), Dccembei
1975. Most-recent data describe the pcdoimaijtc nl vitto-
ous lornis, ol waste. (Greater emplias;? will be placed on
measuring the performance and p r o l ^ m g ot alleinatjve
forms 'I lie variety ol papers which are to be piesented in
this symposium reflect the wide-ranging interests ot the
U. S. program.

Looking ahead, we e-xpect ,.lhe materials development
program to continue to mature through additiojial cold and -
hot engineering component development,, prototype dem-
or/stration, and design,, o f product ion-scale immobili/ation
processes and components'. While this work is proceeding,
repository engineering will continue to define the require-
ments ancfcTitcria which must be met by the waste forms,
up to and including capsule and in-situxsystem tests. To the
extent that licensing is required, the regulatory safety am!
environmental-analyses will be, a source of further defini-
tion, of materials performance requirements.

As repository development, engineering, and design;
mature, the interplay among repository requirements and
materials property and performance data will be a major
objective of the waste-management program. Figure i
expresses this interplay schematically. The end point is a
compatible set of repository designs, waste-acceptance
criteria, materials specifications, waste-immobilization pro-
cesses, and product quality-control techniques. Although
this interplay is evident upon a little reflection, it is

important tir> .isMire its ,pn>pci i m p l e m e n t a t i o n . Ideally

tentative it m.vosNai>. i» swiilc the de\«.>lupmci}t program.
A\, earK .is^puwsblc. tciitattvc ^n .̂•tllll:Jtlon^ should be
documented .ind picliminary iclticncc prijce\<e\ estah-
hshed. with kk-nliticd tiade-olts a:id i»ptions. The puiposc
ol the lest piogiam LS to verit> =lhat the design ,md
development choices aic wild in k-nm oi demonstrated
p i o d u c t p e i l i H i n a n c c . ••:••..'• ;

We are piesently emphasi/ing the role ot systematic
materials development and data evaluation <m. waste-
manajsement systems detinition. Although considerable
maledals data have been published, the variety ol presumed
requirements have led lo a situation where lew data points
have been evaluated systematically lor their value in
repository and process design. Test conditions and proce-
dures often haye no firm basis in engineering nee'lls. and
documentation is frequently incomplete in terms (ol lest
conditions, sample characterization, and experimentiiil plan-
ning. A degree ot program maturity has been reached where
tests of a standardized nature should be applied to all
candidate waste forms lo allow valid evaluations and
conclusions. Preferably, the .-standard test should he con-
ducted under the fjirection of a single competent tenter,
with the objective of fair and even-handed evaluation of all
waste-form candidates. For high-level waste, we have
developed functional needs for acquisition of data and
release into a data bank for controlled engineering appiica-
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iioa. I-itiuic 2 sliT>w ~̂riTc" ;icin>ns ljuiii establishment ot
rei|uir«?mcnt-N arid specitkauons. ihrtuigh to detinition ot
(esis. itiiiduct nt te:it(i. release ol Jala, and independent
overview, all laid <>uf by the >>i)_Mni/atioii;:l elements
perlorminj: each tunctioti. l*!ease note that the procedure
ako provides !oi evaluatumol'daia generated independently
of the nfatenaN cJiiitacieri/alioticenter and Outside ot IX)h
spoasoislup.

This concept is being discussed with LX')E: Held oln\)S
organizations involved in preparation tor final agreement
and identification'ot all participants in the organization. We

will then define test activities, review and categorize
existing data, and establish a data bank fw engineering
application. Continuing interaction witn the Environmental
Piotection Administration and Nuclear Regulatory Com-
niissjon wil! he emphasized to determine needs for statisti-
cally based data for risk analyses and reliability evaluations.
Jsr As .the technical papers are presented in these sessions. I

/S?jpe ;thato|he audience wiJJ bear in raind the need for a
strong^ weil|pianned, systematic materials program which
HgcefJts and fosters new ideas and concepts in meeting, the
evolving waste-management system requirements. , -^ =
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INTRODUCTION

The Canadian program for lilt" managt-CSent ol high-
level radioactive waste is directed, primarily, to vhe concept
of disposal in a vault>excavated deep Withif! a hard-rock
body located in the I'nVvince of Ontario. The I'recambr.jan
Shield area of ^this province contains many igiie«j;,iS,
intrusive geological formations, knrfwn as plufons. which
we believe will be found to.be suitable for this purpose. A
general outline of the current and projected waste disposal
program has recently heen published.1 *

It is assumed thaU water will be present in the rock
formation. ./Therefore dissolution and transport is the
principal mechanism whereby radi6activity might reach the
biosphere from such a disposal vault. To counteract this.a
multiple-barrier approach is b*ing: adopted to pr6Vide»
isolation of the waste and retardation of transport pf any
material which mights be dissolved if containment should
break down. The barriers in the disposal scheme are: a low
solubility waste form, an engineered barrier built around
the waste, buffer and backfill materials to retard migration,
the massive geological formation and, finally, the surround-
ing geosphere. Fig. I shows schematically one example of
how the waste might be emplaned in the disposal vault. The

approach is very similar f̂  that adopted in the conceptual
study o f waste disposal in Sweden, described in the KBS

' series <>t reports.2 °l .Studies of similar hard-rock disposal
concepts have been in progress in Canada since l'*74.

Of 'hi: h-jfiors present, the waste form, the engineered
containment, and the fjuffer-gand backfill materials are
mail-made and thus wider the control of tlie materials
scientist and engineer^ The challenge for us is to develop
these man-made barriers into a sysiersi which, together with
the geologic barriers, best meets the objective of nuclear
waste isolation. The use of thi1 word'^'system"" is deliberate.
The individual components cannot be developed indepen-
dently, since it is necessary to consider the effect of one
barrier on the performance of another. For example, some
buffer materials, with desirable permeability and ion-
exchange properties, might lead to water chemistry condi-
tions conducive^to corrosion of the engineered barrier or
an accelerated dissolution rate of the waste form. Con-
versely, if" the engineered barrier is subject to <•»*<•»•••'
corrosion, even at a slow rate, the corrosion products may
substantially reduce the ion-exchange capacity of the buffer
material. , ^

A major target in the Canadian program is to put into0

operation a demonstration waste disposal vault by 1989.
This target has a significant impact on the selection of
waste forms and development activities concerned with the
engineered barrier.

THE WASTE FORM

Currently no decision has been made concerning fuel
recycle iii Canada. It is, therefore, the mandate of AECL to
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develop the technology In which to immobilize and isolate
both separated fission product wastes and irradiated fuel.
(liven the lime scales {\( the waste management program,
the demonstration vault will be loaded, predominantly,
with irradiated fuel. This is because there are no streams ol
fission--product waste available in Canada which would
allow the development of waste immobilisation on a large
scale for this disposal demonstration program. Several
containers of fission pioduct waste will be included in the
demonstration vault, but the major heat and radiation
source will be supplied (?y upe to 500 containers of
immobilized luel. each coniaininu approximately"O.h to 1.4

Mcol'UO-. (l
\ \ . : •

Fuel Waste

The geometry of the C'ANDl * fuel bundle. 100 mm
diametet^y 495 mm long, is a potential;) advantage if
irradiated fuel is to be considered as waste. The bundles can
be handled relatively easily and will fit conveniently into a
number of packing arrangements. In view of this, a major
consideration in fuel immobilization is whether to treat the
intact, irradiated bundle itself as the waste form or whether
the fuel should be mechanically reduced, or even dissolved,
as a prelude to making an alternative product.
•- This decision is not viewed as a materials science

judgment on whether a more dissolution-resistant waste
product than U0 2 can be made from the fuel. We must
consider the impact of this approach on the total environ-
mental and safety assessment. It is possible that adoption of
an alternate waste form could lead to a small improvement

•C/IA'ada Deuterium t'ranium.

m an already large safcU IJCIOI lor future generations and
add to the potential hazard incurred by the current
generation, due to the selection of more complex process
technology and the generation of secondary waste streams.

To date, the major emphasis of the work on fuel
immobilization is concerned with taking intact fuel bundles
and building packaging containment around them. How-
ever, the potential benefits of altering the form of fuel
waste will be assessed. Mechanical reduction of the fuel
may allow it to be incorporated heterogeneously into a
matrix of metal, glass or ceramic or, if the fuel is dissolved
or reduced to a line powder; it could perhaps be aicorpo-
rated homogeneously into a vitreous or ceramic product.

U02 fuel is a complex waste form. Penetration of the
Zircaloy fuel sheath exposes three main sources of activity:
a portion of the fission product gases which have been
released during irradiation, small amounts of compounds of
relatively volatile fission products which migrate to the fuel
pellet/cladding interface, and the U0 2 matrix which still
contains the majority of fission and transmutation
products.

About I K of the fission product Kr and Xe gases,
perhaps 20^ of I and Cs, and about 17c of the Sr may be
released from the fuel matrix during the irradiation of
CANDU fuel.4 Cubicciotti et al.s have found these fission
products, together with Te and a range of others in smaller
concentrations, on the inside of the sheath of light-water-
reactor fuel. Evidence was presented that some of the Cs
and I coexist as Csl, a>< readily teachable source of two
important fission products.

The majority of the fission products and actinides will
still be bound up in the UO2 matrix. Some, including Zr,



the rate earths, and the aciimdes."should exist as oxides
which lonn dilute solid solutions with I O2. Others sucjli as
Ba and Sr may form separate oxide phases, while l'd>Ru,
Kh and Te ar<:;expecled to be present in their reduced fiiirm
under the conditions of oxygen potential which exist jp' the
fuel. These will still be incorporated in the U()2 matrix but
perhaps heterogeneously. ^ '

Release of fission and transmutation products from the
l ; 0 2 will depend on the dissolution rale of the UO2 miitrix.
The dissolution of l'()2 was revicjved recently, by Holla'njJ/1

In essence, l.'O2 is a low-solubility waste form ijjnder
i educing conditions but is significantly morft soluble in art
oxidizing environment.'It is expected that the natdirally
occurring groundwaters in a deep, hard-rock formation of r

the type which interests us will have a very low oxygen
content.

There is need for data on the dissolution of irradiated
VI) 2 at elevated temperatures to aid the assessment of this
material as a waste form. Such measurements, as well as
more basic electrochemical studies of dissolution kinetics in
unirradiated liO,, have commenced"in the W .̂'Rh labora-
tories. , ;; ;,

Fission Product Waste Forms J

Tlie initial specifications for; the reference package of
high-level waste are shown in Table I .Note that the glass ,

TABLE 1 °

Initial Specifications for Reference Immobilized Waste

Container dimensions

Waste glass

Decay heat at 10 years,,

diameter o ,
length ,i
volume "
mass - '
fission product content
IK), fuel waste " '
r|i()2 fuel waste

0.4f> m
3.03 in
0.43 m3

1 .OS Mg
1 to 3'V

a 0.2 kW/Mg
0.3 k\V/Mg

product is expected to incorporate a relatively small
amount of fission product waste from either natural UO2

or ThO2 -based fuels. This dilute-waste composition has
been selected for two reasons: first, to keep the tempera-
ture increase in the waste.and vault relatively low and,
second, to minimize the number of different solidified
waste., types which may be produced at a fuel recycle ̂
facility. This can be done by combining the medium- and
high-level waste streams.

By fabricating a dilute waste glass and emplacing the
containers in the floor of a hard-rock vault in boreholes
spaced with centers about 1.5 m apart, we intend to limit
waste package surface temperatures to 150°C and volume-
average vault temperatures to 100°C. Under these condi-
tions, our reference container centerlin«Ttemperatures will
remain below 200°C, and the thermal stability of the glass
will greatly reduce the possibility of anhydrous devitrifica-
tion processes in that disposal environment. If the waste is

exposed to groundwatcr as a result of corrosion of the steel
container, hydrolhermal alteration of. the glass product
would occur. However, the comparatively low temperature
of the waste, form in the disposal zone is expected to
minimize the extent of chemical reaction! If necessary, an
additional engineered barrier or an overpack will be
provided to prevent groundwater corrosion of the primary
waste package during the thermal period of the vault.

The dilute-waste reference waste package which, has
been adopted is the result of our decision to evaluate the
merits of combining^the high- and medium-level liquid
Waste; streams prior U> solidification at a fuele recycle
facility. A significant fraction of the radionuclides which
create the potential long-term waste hazard will be present
in the medium-level waste stream. In particular, this waste
stream will contain a major fraction of the plutonium
which is not extracted^ We believe that this should be

^immobilized- in a,i waste form of comparable integrity to
that used for high>levei waste. Combination of high- and
medium-level waste necessarily means ,that waste-glass

) forrritilation is constrained by the concentration of sodium
arising from the medium-level waste stream, and the fission
product/sodium ratio of the11 combined waste streimc To
maintain acceptable durability of the final high-level waste-
glass product, it is essential to limit the Na2O content to 20
wt%. For "our case this means that fission-produgt loading
will be • 3 -wf/r. Up to 1 Mg of^waste-containing,glass will
be produced per Mg of irradiated fuel recycled.,

Although the early«development work in Canada
between 1955 and 1960Dwas concentrated upon nepheline
syenite-based glass of the type: ,, _ ° =

Waste ( N a ° K ) 2 O C a O - A l j 0 1 - S i d 2 o . , <

current product research has been focussed upon borosili-
cate glasses, particularly of the classes:

Waste-Na2O-B2O3 SiO2 0

Waste-Na2O^ZnO-B2O3 SiO2

Waste- Nii2O-CaO^B2O3-SiO2
! ' - o o

o1 ^

Jhe borosilicate glasses are of particular împortance be-
cause they form the basis of technology being developed in
most other countries. ,

Initial laboratory materials studies have dealt primarily
with the thermal stability and the mechanisms of ion-
exchange and dissolution of dilute-waste glasses. For
example, ZnO substitution for Na2O has been shown to
markedly influence the extent of liquid-liquid phase separa-
tion, and the type of alteration products of hydrothermal
reaction of Na2O-ZnO-B2Oj,-SO2 glasses. These studies
are related closely to the expected environment within a
hard-rock vault for high-level waste. Some details of this
research are reported in another piper at this conference by
G. G. Strathdee and co-workers.c



TAILE 2

Approximate Timescales for Some
Potential Targets of Engineered Containment

Containment target

Storage and transportation
package after immobilization

1 lovattd temperature pluse
<>t repositon operation

Period o!'high fission
product tovicity

Wry long-term isolation

Fitcion
product
waste

~5 yrs =

-100 yrs
300

1 1.000 yrs
^K0s yrs

Irradiated
fuel

--5 yrs -1

-5.000 "
10.000 yrs

300 '
10.000 yrs

>10* yrs

t

ENGINEERED CONTAINMENT

All our work on .engineered containment,, is being
performed as part of the fuel immobilization program for
handling intact bundles. The majority of this technology,*
will be equally applicable to devising engineered contain-
ment for fission product waste forms.

There are .several potential targets for engineered-
containment, as has been pointed out by Braithwaite and
Molecke.7 Our estimates of these targets for the two types
of waste are shown in Table 2. These numbers are approxi-
mate but do illustrate some'important differences between"
fission product waste and fuel. A vault containing^fuct will
be hot for a longer period than one containing fission
product waste. Also, there are order-of-magnitude, differ-
ences in relative toxicity in the period 500 to 104 years,'
although it_ should be noted that after 300 years the
toxicity, of both forms is quite low (see reference 1 for a
more detailed discussion of relative toxicities). A significant
observation is that any engineered containment which
meets realistic objectives for fuel isolation should be
adequate for the disposal of processed, fission product
waste. -• '""' .

For the disposal of fuel it has been proposed in the K.BS
study3 that massive copper containers be used to meet the
objective of indefinite isolation, while, for fission product
waste, a 100-mm thick layer of lead and a 6-mni thick outer
skin of titanium has been suggested for containment
through the high-toxicity phase;2

 ;

We expect to start, next year, the detailed design of a
pilot plant to produce up to 5,00 containers of immobilized
fuel for the vault demonstration phase. Isolation for the
duration of the high-tpxicity phase has beenochosen as the
target for this containment. The final form of this
containmentJhas not been defined, but it is expected that -
the major barrier will be provided by a shell of corrosion-
resistant metal. The three major candidate materials which
have been selected8 for intensive study are: 316L stainless
steel, Inconel 625, and titanium grade 2.. The stainless steel
would only be suitable for very benign: vault environments
and has been included primarily to facilitate the develop-

ment ;and testing programs inconel <>25 should resist
corrosion by the gioundwalei generally found in „ the
Precambrian Shield whicit contains 10 to 400 ppin of

, chloride ion. Howevei. during expicVrinory drilling into the
pjuton on which our research center is located, water with
very high salinity. 5600 ppni of chloride ion, was encoun* '
tered.9 which may be characteristic of dispusa^/one .
grouii£lw.atei. Titiinium would piovide the maximum corro-
sion^ resistance in this environment'/ o

The pjjssibiliiy.ol" adding additional barriers, perhaps by*
coating, casting lead or another low-melting point metal
within the container, or by packing (he container with a

;i medium such as clay or MgO which swell on contact with
moisture, is also being investigated. The packed\naterials
will providesa diffusion ba/rK&r which could also provide^
additional retardation rby sorption; If needed, other mate-^
rials" could be included which, would react with certain
nuclides to form new stable compounds. All,of these
alternatives arje under investigation. .. * "] '

For very long-term containment, copper has ocftisider- u

able merit as do some ceramic materials; including the hot
isostatic pressed alumina containers developed in the
Swedish program.1 ° o Currently, our approach to very
long-term containment is to review the potential of a
variety of materials fqr this purpose,' with relatively little
emphasis on how they may be employed. For example,
alumina has very good resistance f*> dissolution, but can ,
display°slow crack propagation phenomena1 ' which might
.impose stringent inspection requircnitiils on an aitimina
container. Clearly theo effect of envhonment on „ crack
propagation is of concern. Another ceramic'material which
interests us is graphite. Graphiteiias the advantage that it is
very resistant tooxidation in water at the temperatures "of
interest and can be fabricated in rather large sizeV.̂ On the0

negative side there rjis the problem of permeability. \Ve
expect to spend the next year reviewing rWaterials before
selecting a concept for very long-term containment: we will
then initiate a program to demonstrate a feasible^system.

BUFFER AND BACKFILL MATERIALS

The buffer material lias <a relatively low volume com- ,,
pared to the total amount of backfill and is emplaced
immediately around the waste form. It should have a very
low permeability, be plastic, and swell when wetted so that
fissures will close, yet be, sufficiently load bearing to
maintain the waste in a fixed position, and also, have good
sorption and retention properties for the nuclides which
may be leached, eventually, from the waste. An additional ,
functibn which might be desirable is that of water
chemistry control. In particular,, the beneficial effects of
maintaining reducing conditions to control UO2 dissolution
and the corrosion°of potential containment materials, such
as copper, and lead, are°m6st significant. Reducing agents
may be incorporated into the buffer (and backfill materials)
to react with the oxygen and other oxidizing species which
will be trapped in the vault at the time of sealing.



There are many natural materials which act as cation
sorters, including some clays which might be used m a
buffer material. lioweveri anions are not as easily retarded,
and some of the more problematic species such as iodine,
techhetium,.and plutonium could be released in an anionic
form. We are evaluating materials which might be incorpo-
rate^ in the buffer and/or backfill to selectively retard
anions if required. Tf " : °n

, The buffer material could be formed as prefabricated
blocks to be emplaced in the vault.-The selection, develop-
ment, cand fabrication of this material with good dry
strength, adequate load bearing and rheological properties,
together with high.density and low permeability, will likely
draw heavily on the science and technology developed in
the ceramics industry. °

Thei backfill material will be used to fill the excavated
chambers and tunnels within the repository and will be
required in much larger volumes. Many of,the required
properties of the backfill will be similar to those of the
buffer material. Ideally, the backfill should contain a high
percentage u,f crushed rock excavated in forming the vaults,
but other components will be required. One of these will
probably have some swelling capability on contact with"
water to counteract any tendency for the backfill to slump
after emplacement. ^

SUMMARY AND CONCLUSIONS

The nature of the Canadian program for disposal of
high-level nuclear waste in a deep geological vault dictates
that many of the technological problems to be explored,
identified, and solved are those of ceramic materials. At
every step of our system of multibarrier containment there
is considerable scope, not only for imaginative application
of existing ceramics technology, but also for creative
research into basic processes which limit the physical and
chemical durability of synthetic and natural materials/

All our preliminary evidence suggests that the concept
of disposal of nuclear waste in a hard-rock vault is realistic
and achievable. It will now.require a major effort to prove
the; validity of the concept both to ourselves,as scientists

and to the general public. The elements of technology exist
today by which we can process either high-level fuel recycle
waste or irradiated nuclear fuel for disposal, construct^a
hard-rock vault, modify it to accept the waste packages, asid
close, and seal it. All the components for success are
available. With our final goal clearly defined, we expect that „
the supporting research and development programs will
verify in a detailed manner that the coneept of deep
underground disposal is safe.
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ABSTRACT ° ° j

In order H> reduce the dependence of energ\ . the I rench nuclear
policy consists ot reproccssmsT'irradiated iuels discharged from
PWR's which iire in operation, under construction and plaimcd. and
in rcusir.i; tlie ic|)aidted plutonium' in l.MI HR. The transuranum!
solid 'wastes which will arise from HWR and l.MI UK reprocessing
and fabrication plants and amnnji them the vitrified reprocessing
tirst cycle raffinates - will be disposed ot in ideological formations.
In order to improve the disposal safen, several processes lune been
developed in I ranee, e.g.. vitrification tor III.W. It seems that it will

•_- be: possible to use this prpcess also for embedding ' " I and also for
embedding claddin;.1 hulls. Development ot a ceramic container as a

''second barrier is in progress. . >

FRENCH NUCLEAR ENERGY PROGRAM

The specific properties of glasses and ceramics have
been regarded by French experts as very interesting for
solving some; problems of radioactive waste management.
The choice of glass as a matrix for high-level wastes hrjs
been made for twenty years. Such a choice is part of the
French waste management policy and. more generally
speaking, a part of the French nuclear energy policy., . '

The French nuclear energy program has experienced a
rapid, growth since 1 970 because nuclear power plants are
economically competitive as a source of electricity and
begause of the French government's decision to reduce
progressively the share of France's energy balance held by
imported fossil fuels. This program began with construction
of some gas graphite reactors (2300 MW(e) are now in
operation), and since 1970 all reactor orders but one have
been pressurized water realtors. Total orders and program
authorization currently represent about 35.000 MW(e). By
1985 electricity generated by nuclear power plants will

represent nearly 207' of France's total energy consumption
and nearly 509 of electricity production.

Uranium resources are available in France (about°4% of
free world resources) but taking intd account the excellent
performance of the Phenix breeder reactor and the evident
interest of breeder reactors 4p decrease uranium consump-
tion, the3 French 'nuclear "program foresees an important
development of breeder reactors through the end o t the
century.,;T!ie firsrbreeder reactor of industrial scale. [1200 ,
MW(e)j is now under construction with start-up scheduled

Dfor 1983. ° " « -°
Such a policy implies, as a consequence, jhe need for

reprocessing. Two, reprocessing piants are in operation. The
Marcoule plant specializes in the processing of natural
uranium fuels. The La Hague plant, which has been

0 modified to process oxide fuels including Phenix fuelsyhas
been working for two years on an experimental program
with irradiated oxide fuels from light water reactors. More
than 100 T have been reprocessed, and the capacity of the
plant Will be increased gradually to 800 T/yr. it is
important to point out that: we consider reprocessing as
having another advantage: it decreases substantially the

, plutonium content in the wastes, roughly by a factor of 50.

FRENCH WASTE MANAGEMENT POLICY

v. The choice of the reprocessing option leads to the
production of several categories of wastes sueTi as high-level
waste and.) cladding hulls. The general safety and environ-
mental objectives of the French waste management policy
are quite similar to those defined in the O.E.C.D. Nuclear
Energy Agency's report "Objectives, Concepts and Strat-



egies for the Management of Radioactive Wastes,"
September 1977, which are: , • =• d

• to comply with general radiological protection objec-
tives and principles, notably to keep radiation expo-
sure from waste management activities, including
disposal, as low as is reasonably achievable.

• to minimize, to the greatest extent practicable, any
fa.J~Uiigact on future generations.

• to avoid preerriptmg; present or future exploitation of
natural resources. i i : - . - , * „

In order to implement csuch objectives, we conside:Uhat it is
necessary: ;i ' *>,.

•4o dispose of all radioactive wastes except low-leVel
waste without long-lived emitters in geological forma-

.. tions.
• to follow, for such disposal schemes, the concept of

miiitibarrier isolation. "

The first barrier is the matrix in which the waste is
embedded (e.g., glass or bitumen). The second is the
container. The third is an artificial barrier, made with
materials having good sorption properties for radionuclides.
The fourth isthe geological formation itself in which wastes
will be deposited. Two different modes of action are
possible for the last two barriers': either providing total
isolation (it will be the case /or salt formations) or
providing an important factor for retardation and retention
of waste substances (the case for soine rocks like granite
and shale). In^France, we think it is important, at least in
•the fiist analysis, t(> consider each barriei as such dud, for
that reason, to make each barrier as efficient aPpos.sible
independently of the others. It is especially important to
have efficient barriers for high activity and t'ransuranic
wastes. "'••

For disposal of radioactive wastes in geological forma-
tions, the main risk which we have to take into account is
migration of radionuclides due to the circulation of
groundwater. And, consequently, one of the most impor-
tant properties^ for the first barrier, if not the most
important, is its leaching rate, which should be as low as
possible. For the second barrier, an important property is
to have a high degree of corrosion resistance. In both cases,
the use of ceramic or glass materials makes it possible to
offer a good solution.

USE OF GLASSES IN THE FIRST BARRIER

Vitrification of HLW

Research for solidification of raffinates of the first
extraction cycle on reprocessing plants began in France in
1957. As a matter of fact; we never thought that storage of
high-active waste as a liquid was desirable, though we
consider that storage made with double wall stainless steel
tanks, as is actually the case, is entirely safe for several
decades.

From the beginning, we concentrated our efforts on
borosilicate glass. The atoms in this glass alre not arranged in
an orderly fashion as in crystalline substances, since a toms '
of a certain size can be incorporated in a crystalline
structure., Glass, on the other hand, is able to embed tlie
different atoms of varying size whi£h occur in high-level
waste. In addition, the structure of glass can adjust to the

~ radioactive disintegration which takes, place in the fission
products and actinidesand which results in their conversion
to new elements. The first radioactiryepglasses were made in
1959 and were then ^compared with synthetic materials
such as micas, which already had "been prepared'at that

^ time. Similar leaching rates, the ease o | theglassmaking
pfo<.u;ss,sand-the more flexible use ol the product led to the ;

definitivifc^choiceNfQr vitrification. Borosilicate glass is
composed ot^sHicon dioxide, sodium dioxfde, and boron
oxide. The advantag%s-qf borbsilicate glass are: ..."'

• good chemical resistance to leaching in water /
•°good "mechanical resistance^ to rapid temperature

fluctuations ^ , *. ~~"C;;-* ,̂ '•
• low crystallization rate " " ^ . v
• little increase of leaching rate if the glass'crysiallizes
• good resistance to radiation damage , \ i ^ .

The first glass blocks weighing 5 to 15 kg and,, having
specific activities of about' 1000 Ci/I were madeJin 1963 by
a gel technique in a graphite crucible. Glasses scored since
then have been retrieved after 15 years for examination -
no changes have occurred. 7 , ;

A pot vitrificatiorj technique hasi been developed in the ?
Piver pilot plant at Marcoule, In this process a poit made of
Inconel, heated by induct ion, was fed with the fission-
product solution and, a slurry containing glassmaklng
,£lemicals. Drying and calcination were continued until the -
pot was 80% full. The material cwas then melted by
increasing the temperature to 1180°Cand the glass poured,
after refining, through avdrain tube heated by induction.
The empty pot jyas used^again for another run. In 196?, the
Piver pilot plant, usinffthis process, was operated under
active conditions. Its:operation was continued until 1973,
processing waste solutions from spent natural uranium
fuels. Twelve metrjdtons of glasswith a maximum activity
of 3000 Ci/1 were/produced in this plant. During each run,

, using a 250-mm^diameter pot, 200 liters of solution could
be vitrified to p|6duce 90 kg of glass. \

An experimental area was built, to store the Piver
glasses. It consists of 32 pits, 1 0 m deep, enclosed in a,
concrete structure equipped with forced-air cooling. A total
of 164 containers and 8 used pots are stored in the facility.

Because of the successful operation "of Piver, it was
decided/in 1972 to build an industrial vitrification plant at
Marcoule, and economic studies were carried out to com-
pare the pot process with a more advanced continuous
vitrification technique that had been developed in the
meantime. The continuous process was chosen in prefer-
ence to the pot process for the Marcoule vitrification plant
because it was found to be more flexible, it had lower

10



„ ,

investment and operating costs, and it was easier to scale Up
for higher throughputs. This plant started up in active
operation in June 1978, and results obtained until now are,,
quite satisfactory. A plant, using the same technique, will
be built in La Hague and will be capable of processing 500"
m/Vyr of waste solutions. The start-up is scheduled for
1984 to 1985. •;

Vitrification of Iodine

It is not possible to use the borosilicate glass technique
for immobilization" of ' 2 9 I , owing to the volatility of this
element. But. taking into account thf! ver> interesting
characteristics of glass products we tried to incorporate
iodine in a glass network." ' //

Two different methods have been sti die'1/
• The first is incuse" of oxide glass' with a low melting

point, such as PbO B2O, Si\)2 QI PbO Na2O "
SiO2. As iodine is trapped u< tin rep1 "cessing plant as
l*bl2, some lead is brought in b,, thi=, compound itself.
The first results show it is possible to incorporate 10
wl.'.'r of iodine in glass. But at the, present time, the
retention of iodine is onlv 509! und icsearch con-
tinues to increase this propoition '

• The second is the use of glass with,fluorides without
oxygen. This study is made under contract with the
Commission of Ifuropean Communities and is in its
early stage. The first results seem to show that it is
possible to incorporate about 3" of iodine.

,,) - • ' •

; /

. /

Embedding of Hulls with Glass

One of the most interesting aspects of vitrification is
that" radionuclides constitute a part of the lattice; thus the
process is not an embedding but a vitrification one.

With the very good characteristics of glass, especially in
the conditions for geologic disposal, interesting uses of glass
as an embedding material for other categories of wastes are
possible: In France, we began, studies in this direction ;-for
cladding hulls. Several goals have been defined:

• voids completely filled with glass ~
• complete elimination ,of air trapped in the chopped
••• h u l l s ""' • „• • • < ,;

• avoiding glass fracture after cooling ,
• enamel the Zircaloy surfaces with glass » ,,

The technology employed is simple: A perforated basket is
filled with hulls and introduced into a steel container with a
2-cni gap between the container and the basket. The1

container is heated to 800°Cty a furnace'Vthe temperature
of the hulls being about 750°C. The basket is fitted with a
central chimney into which a melted glass frit (55% silica,
1150°C) is poured. The first tests indicate that in all cases
the glass does not crack after cooling. If the glass is poured
at atmospheric pressure, small air bubbles are trapped in the
glass block. In order to completely eliminate the presence

of small air bubbles on an industrial scale, tests will be
performedrwhil| pouring the melted glass under negative
pressure.

USE OF CERAMICS FOR THE SECOND
BARRIER

Glass eonstitujte.s a first barrier which gives high
performance,£SuchSas*very low leaching rate (1CT7 to 10"8

g/cm* • d for Ce,, Ru, actinides) and very high corrosion
resistance to groundwater. .ijbwever, the results can be less
favorable if? the tejnperature increases and for some values
of pH. For these reasons, it is desirable to have,:inoa
geological repository, a secpnd barrier which will be able to c

delay leaching of glass blocks by groundwater, especially
during the period in which the temperature will be
relatively high. It is important for such,a barrier to use
materials offering good conductivity, buffer characteristics,
and of course very high water resistance. Some ceramics are
capable of providing these "characteristics. -

The French program is in its first phase but there is no
hurry because we do not plan to dispose of glass blocks in a
geologic repository until after 30 years of cooling.

In evaluating materials for the second barrier, we began
with a general review of ceramics and selected some
materials for further studies among them: electromelt
refractjpries and vitroceramics. We have had goodexperi-^
ence with some clectromeli refractories for the realization
of some furnaces, especially a product named Z-A—C. Its
composition is abbut 50% A12O3, 32% ZrO2. 16% SiO2,
with some c^antities of Na2O, Fe 2 O 3 , TiO2?, etc. Its
porosity is very low (less than 3%) and its permeability is
zero. This,,product also has .very good mechanical proper-

1 ties. A first container will be made this year with this
product. : .. '•

For vitroceramics, we considered the possibility of*,:
using a ^by-product from the steel industry somewhat

, similar to basalt with a composition? of 45% SiO2, 18%
' Fe2O3 , 24% CaO, with some quantities of A12O3, Na2O,
MgO. This product has very good mechanical and thermal
properties, and its cost is low. We plan to continue research
under this program for the next few years and especially to
develop a welding technique for the container lid.

CONCLUSION

An important consequence of the French nuclear
program, including breeder reactors, yields to the produc-
tion of several categories ; of wastes. For all categories,
except LLW, geologic disposal will be used; safety being
achieved by the multibarrier concept.

We have developed adequate conditioning processes for
different categories of wastes, especially vitrification for-

,HLW. However, the development of the geologic repository
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is less advanced. But we are notin a hurry, and we prefer to
study very carefully the possibilities offered by different
geologic formations. As we now have very good condi-
tioning suitable for engineered surface stoiage it is possible
to store the wastes without creating any hazard for many
decades. n

The developfhcht of.ceramic containers, which will
provide a second barrier and f.educe the0 possibility of
migration of radionuclides from a geological repository, will
ensure adequate long-term safety after disposal and make
the'' French nuclear and waste management program per-
fectly coherent. = *

/ •

- (?
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THE CONCEPT FOR TH£ TREATMENT
AND DISPOSAL OF RADIOACTIVE WASTES
IN THE GERMAN ENTSORGUNGSZENTRUNT

° C. SALANDER and ZUHLKE
Deutsche Gesellschaft fur Wiederaufarbeitung von Kernbrennstoffen mbH (DWK),

" Biinteweg 2, D-300 Hannover 71 .Federal Republic of Germany -

ABSTRACT

The concept for treatment and disposal of radioactive wastes in
the planned German LrUsorgungszentrum is presented. HLLW will
be converted to borosilicate glass. Medium- and low-level-liquid
waste concentrates will be fixed by cementation. The products will
be finally disposed of in a salt dome' just below the Entsorgurigs-
zehtrum. a

INTRODUCTION

According to the concept of the German Federal
Government for closing of the nuclear^ fuel cycle, the
electricity generating utilities have accepted responsibility
for waste management of the German nuclear power plants
within the framework of the "polluter pays principle"; the
ultimate storage of radioactive waste remains a responsi-
bility "of' the government,. The duties of industry mainly
include planning, construction,, and operation of the facili-
ties for fuele element storage, reprocessing, and waste
treatment, and. for refabricating the recovered fissile mate-
rial. The German* ijtilities operating arid planning nuclear
power plants have set up the Deutsche Gesellschaft fur
Wiederaufarbeitung von Kernbrerinstoffen mbH (DWK),
which is to build and operate the Entsorgungszentrum. One
of the main characteristics of the concept is that all
facilities will be co-located at one area. Thus, the distances
for ; transport of radioactive materials are minimized, and
the protection as well as the surveillance of fissile materials
is largely facilitated.1

RADIOACTIVE WASTE TREATMENT I

The overall principle is that all radioactive wastes
generated within the Entsorgungszentrum will be trans3

formed on site to products suitable for final disposal.

High Level Waste ° ° o '!

!

From the first extraction cycle of the Purex~ process,
high-level-liquid waste (HLLW) is obtained by condensa-
tion of the HAW-stream. Some data of this waste are given,
in Table 1. Per ton of spent fuel, a volume of about 450 lof
HLLW is finally generated. That meanso that for the

"Entsorgungszentrum, with its capacity of reprocessing
1,400 T U of spent fuel per year, 600 m3 of HLLW have to
be conditioned annually for subsequent final0disposal. It is
planned to solidify the HLLW by vitrification six years
after reactor discharge of the fuel. As the reference process "
for vitrification, DWK plans to acquire and adopt the
French continuous vitrification process known as AVM2

because of its advanced stage of development. As a back-up
solution the PAMELA process3 is under advanced develop-
ment in Germany and Belgium. Both processes shall be
tested and demonstrated before their possible use in
demonstration plants in the Entsorgungszentrum. At=Karls-
ruhe, Federal Republic of Germany, ademonstrationjplant 0

called "HOVA"t using the AVM process is planned to be
realized at the earliest possible, date under a licensing
agreement with the French CEA. This plant shall work up
the HLLW of the German reprocessing plant (WAK).»A '
PAMELA demonstration plant shall be built at Mql/

•Center for the reprocessing of spent nuclear fuel including
treatment and disposal of the generated radioactive waste. fHochaktiv-Verglasungsanlage= HLLW Vitrification Plant.
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Some Data of 7ne High-Level-Liquid
Waste (H LLW) To Be Processed

Origin: spent I.Wfcfuel, rm'rnup
Volujjie prior to solidification,,
Acidity '
Salt/ton (en i f,..

l^i&ion-prodiicl nil rafts o
Gd-hitrate

(if l\oini>)!t'iifuiis poisoning is in lie used)
Corrosion products ( l e , Co, Ni)
Solids „ :

Plutonium ^
Uranium n l! °
Specific activity . ^ "

* (;it time ol solidification) °
Specifi^heat generation

(at time of solidification) ° „

36,000 MWd/TU1

450 1/TU
2 5 m UNO:,1'

., 200 ..250 B/1
160.

50 n/1

8 g/l
r ]2 0

o ; 85 g/m3

° 4.5 kg/rn\

~IO8 Ci/m3

4.2 x H)3 W/ma

Belgium to solidify the liurochemic LWR- HLLW. Botho
plants have a similancapacity of 30 l/hr liquid feed, and the
scale-up factor for the facility needed at the Entsorgungs-••-.
/.entfum is less than five. The HLLW-solidification plant of

" the Fntsorgungszentruin" shall have two independent lines
with a capacity of 600 ni'Vyr. iThe solidification" process,
comprises four main steps: " d

• lILLW.pretreatment ,, " " •• ";f " - •>
• Vitrification
• Block handling
• Off-gas treat men t

Three of the steps are similar for both the AVM and the
PAMELA process. The main difference lies (n., the egirip^
ment for the vit/iHcation step.

1. HLLW Pretreatment

The HLLW shall first undergo a chemicaljdenitration with
formaldehyde. However, the, need for this process sfepois
still under investigation. The denitrafion is aimed* 1}t
minimizing rutlienium v,platilization=during the melting step
(formation of volatile R11O4 by oxidation)! The denifratioh
is carried out batchwise. ' .. '''"

2t> Vitrification " o
 3

a. AVM. ' ., • ' , "

L' The pretreated HLLW is first calcined in a tilted rotary
kiln. The calcine together with borosilicate glass frit then is
fed into a metallic melter which is heated by induction. The
glass is drained periodically into stainless steel canisters.

b. PAMELA '

The pretreated HLLW is mixed with borosilicate glass
frit and vitrified in a liquid fed Joule heated ceramic mejter.
The melt either is drained periodically to manufacture ..-•;,..,
borosilicate glass blocks or it is drained continuously in the
form of droplets which solidify to glass beads. These beads

1 4 ' - " ,.. • ••• „ -.

then will be incorporated in a bad matrix (Vitromet- ,
product). „ r;o ,.

3. Block-Handling *

Tlie* stainless steel canisters will have the following "
dimensions: =open diameter = 0.3 m, Jieight = 1:2 m, net

f volume = 701. tFour to five canisters per day will be ̂
manufactured. Tlie canisters are clpsed by welding a cap on
top of each of them. After controlled cooling and subse-
quent" decontamination, the blocks are transferred to an
intermediate storage facility (air-cooled ^vaults). In total,

, about 1,800 blocks will, be produced per year.
-"•• ' o '• o .• " •.. * ''

4. Off-Gas Treatment «J* ,/ b

After a pretreatment (sieve grid column for the denitra-
4or and wet scrubber for the melter) the off-gases pass a
main off4gas system where a decontamination level isD

reached which allows sending the remaining off-gas to the .,
^stack.

, Low and Medium Level Liquid Waste

It' ,is the aim to recycle low- and medium-active liquid
effluents to the maximum extent possible after adequate
pretreatment. For the remaining reduced/quantity "of waste,
DWK recently decided upon the fixation by cementation in
the Kntsoigungszentrum after a 'thorough study of the
experiences with ^bituminization and cernentation. The
main reasons are that cement is not inflammable^ has better
radiation resistance and higher thermal stability than
bitumen. A further point is the simplicity of the cementa- A

tion process. After concentration by evaporation, solidifica-
tion is carried out in the following steps: r.\

• Filling of a 400-1 drum, with a definite amount of
^ c e m e n t ,.;

, ^» Mixing of cement and liquid waste
• Setting of the mixt'ure ^ •» , '
• Closing of the drum - o =

Trie fixation of organic medium-level waste (mainly TBP) is
actually proposed to be used, although development is
underway for processes whiclr avoid; organic material as
final waste product. : ' D

Solid Wastes >">

Solid radioactive wastes will be treated by adequate
mechanical mearts such as compacting followed by cemen-
tation. A survey of the amounts of radioactive wastes
conditioned for final disposal per year in total is given in
Table 2. ,. " ^

DISPOSAL OF RADIOACTIVE WASTES

^Techniques which shall be used« for the disposal of
radioactive wastes generated within the Entsorgungszen-
trum are based, on procedures which have been developed



TABLE 2

Throughput of Treated Radioactive Waste
in the German Entsorgungszentriini

Low-level waste?
Liquid LLW solidified In
Solid LLW after cementation

IntiT/iiediate-leyifwastc' „
Liquid MLW ioiidilied by cementation
Liquid MLW fixed in PMC"
Solid MLW after cementation #

High-level waste
il "Liquid hi^Movel waste after

, vitrification

2.4(11) druins/yr (4(10 IY
7.85(fdrums/yr(40()l)

11.150 drums/yr (4001)
500 drunis/yr (400 1)

5,000 drmns/yr (400 I)

1.750,.Wocks/yr<.j701)

and tested, at the Asse te§t disposal 1Sfacility since l%7
(Ref. 4). The disposal shall be carried out in a salt dome
just below the site? „ „_ ,.• o

The repository itself will be located in the Gorleben salt
dome at a depth'of about 800 to 1,000 m in* the older
halite deep in the core of the salt dome. Before operation
starts, the whole area of the future repository, will be ®
investigated by drilling actions and with the help of
geophysical methods. This is to assure that there is enough „
homogeneous halite to dispose of all wastes generated

.during the lifetime of the F.ntsoYgungs/enlrtinOiln the «
present state of site-independent planning of the reposing,
the following techniques for the disposal of all kinds of
radioactive waste generated within the Hntsorguhgs'zentrum l;?

are foreseen.

1. Low-Level Radioactive Waste (LLW)

The*400-I drums with solidified^ LLW.-wjII be dumped
on'a salt ramp from the ceiling of a chamber and then
covered with crushed csalt (Fig. 1). When the end of.the
chamber is reached, a seeondslayer will be brought itr, back
to the entrance. The free volume of die chamber is then
filled with crushed"salt which is blown in. The 400-1 drums
of different kinds of low-level radipactive waste are inserted'
into so-called "lost concrete shielding containers" (Fig. 2)
in order to reduce the dose rate at the surface. These lost
concrete shielding containers will be piled up in large rooms
and covered with crushed salt:" The open space-left wilLbc
refilled in the same way as described earlier,

2. Intermediate-Level Radioactive Waste (MLW) ;" -•-'.,

<•-' Using a technique "proven at the A'sse test facility sinceo

1972, the 4004 drums with "the solidified MLW will be
lowered from a shielding container at a gallery through a
horizontal shaft into the disposal chamber, thus providing
full radiation protection during the whole operation. ..
Following the present concept of waste conditioning and
disposal, part of the solidified intermediate-level radioactive
waste, for instance solidified sludge from the feed clarifica-
tion step, produces minor amounts of cheat at the time it
is to be disposed of. Because of the short-time heat

Fig. 1 Dumping of LLW-driiin î in the Asse salt mtae,

Fig. 2 Lost concrete shielding! container.

production, a borehole technique shall be applied for the
disposals of the wastes. From a shielding container the
wastes contained in 400-1 drums will be-lowered into
boreholes, each about 50 m deep. The arrangement of the
boreholes is chosen in such a way as not "to affect the
disposal medium by the generated heat.
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3. High-Level Radioactive Waste

Vitrified high-level radioactive waste canned in stainless
steel canisters with an effective volume of 701 will be
disposed of in boreholes following the same technique as
described above. The arrangement of the boreholes with a
depth of 50 m is chosen in a way that a good dissipation of
the released heat is guaranteed. A maximum temperature of
200"C (in the center of the disposal area) will not be
exceeded. Tests at the Asse test facility using electrical
heaters show that this requirement can be fulfilled by \\K
present disposal concept.

Generally, it hys to be stated that in the repository,
only areas in which disposal actions take place will be kept
open. Thus, after finishing disposal operations in a chamber«
or gallery these will be refilled at once leaving the waste
within an almost homogeneous arid compact rock salt mass.
After finishing operations in the repository, all open space
within the repository and also the shafts will be rejllled
with suitable material leaving me radioactive wastes dis-

posed of in a stable geologic medium lar from ihe
biosphere. x
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THE UK PROGRAM-GLASSES AND CERAMICS
FOR IMMOBILIZATION OF RADIOACTIVE

WASTES FOR DISPOSAL
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ABSTRACT

I lie I K Rcseartifi 1'roi.T.ini on Radioactive Waste Management
inchules the development o! processes tor tile conversion ol
hii'li-levt.'l-liquid-repriliv.ossiiii; wastes trom theim.il .Uld 'jsl reactor1; ,
to borosilicate dashes. I he properties V\t these -.'lasses and their
beh.tv.ioi under storage jrul disposal condkiotis have been e\amined.
Methods lor immohiiuinti activity from other wastes bj conversion-,,
to ylass or cejamic forms are described. Ihu;l K philosttphy«o! final
solutions to waste management and disposal is presenteg;

EARLY WORK

The earliest studies were commenced ijj 1 c)48 and the""
use of civilian nuclear power on a large scale was looked
forward to. Disposal onto ice caps, rocket ejection into
space, and total disposal to the enviroment was rejected and*
the advantages of putting the radioactivity, into small bulk
to save shielding-were identified*: The problems appeared to
be soluble, and a salt-free fuel reprocessing flow1 .sheet was
adopted so that most of the fission product radioactivity
could be evaporated down to a small bulk.

The early experimental work identified metliods of
packaging low-level wastes in cement for disposal to the
seafloor but began to concentrate upon the fixation of the
expected high-level wastes. This early work identified
adsorption upon clays, or waste mixed with clays and fired
at 1OOOCC (Refs. 1 and 2). The products were friable and
had to be melted3'4 at about 1500°C to produced
bubble-free glass. Adding fluxes,1'2 such as NaNO3,
Na2CO3, Na2HPO4 or borax, lowered the founding tem-
perature to 1000°C. Consideration of the potential indus-
trial technology and long-term storage brought the work in ,

to a search lor glass compositions witii high-llssi^n
ctiMtcnt.s (to.save'plant and stoiage si/e>. prepara-

tion iemperatures below 1 iOO'C (to ensure plant reliability
and to coritiol volatilization}, and,good leach resistance
(because the potential routes .biWk to man were seen to he
by waterborne routes). lcJ V

; These principles were applied first to wastes from
Materials Testing Reactors and» defense wastes5 and in-
volved glasses based upon the CfiO SiO; B : O ( (WO),
system or the Na2O SiO: B :OV (WO) system, where
jAVO) is a waste oxide mixture which was high in alumina in
thif first case and high in uranium, iron^ahd alumitrum
oxides in the second case... . .-• •-

Man>' other glass systems have been examined6 in the
I'lvat one lime or another. The\poinclude: J, \?

^ Neplieline syenite ;CaO B :Oj (WO)

NajPOa Cap SiO:' (WO) , ' , "

" 'PbO,B ;O., SiO: (\VD)" ' ;/

Na.,T04 -PbO,B :O., (WO) I'

Na3PO4- PhO SiO: (WO) „ t r

Na3PO4 SiO, (WO> -2 i ;:

• Na.,PO4-NajSiO3-(WO> ..//- %

BPO 4 - \ a 2 O-SiO2-(WO)

All the phosphate glasses are very* corrosive to steel, had
no other real advantagesbver borosilicate glasses, and were
rejected during the 1960s.
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FINGAL

These studies confirmed the technological concept we
called FINGAL, which involved the evaporation, denitra-
tion, and melting in a single process vessel which became
ihe disposal vessel. The concept included internal filters so
that there was virtually no effluent of any kind (Fig. I).
This has been .described in detail elsewhere.6 The "glasses"
produced have the properties usually associated with glasses
but are very dark in color and contain separate crystalline
material in dispersion in a glassy matrix. The coordinated
program insupport of that concept included,glass composi-
tion studies, highly active pilot-plant studies, the effect of
irradiation and heat on glasses, volatilization of! active
species during formation and storage, compatibility of

.glasses with metals/safety analyses of process operations
and storage operations compared to tank storage of liquid,
and leaching studies. It culminated,!during 1966 in the
production; of blocks of vitfrlied waste made from the
highest specific activity reprocessing waste then produced
in the UK. It was soon paralleled by similar studies
overseas, particularly in the USA and France. International
cooperation was very close.

DURABILITY OF FINGAL GLASSES

The preferred glass compositions were of borosilicate
glasses made at 1050°C. They were optimized for a waste
composition which consisted of 45.8% of fission product
mixed oxides, 20% Fe 2O 3 , 19% Al2'(yv;\13% U3O8 , 1%
MgO, 0.5% Cr2 O3 , and 0.4% NiO. The glasses were tolerant

of variations in waste composition in the sense that mixes
of a range of compositions arouriil the selected optimum
had durabilities almost the same as the optimum. Thjs~fs
extremely important from the practical plant operator's
point of view and from the point of view of confidence
analysis of storage; and disposal; schemes. The principal
conclusions from this work7' wefs as follows.

Leaching

There was virtually no difference in leaching at ambient
° temperatures by distilled water or seawater. The actual

leach rates were of the same ordeT as those of domestic -
glass bvenware. " ^ *•"* :

Leached Species

The leachability of different atoms varied' in the
sequence Na, > Si > B > Cs > Sr > Ce > Tb. In some cases
strontium was rather more labile than cesium. This was

;;generally consistent with the explanation that lower valen-
cies and smaller ion sizes are more'''easily exchangeable with
protons.

Radiation Effects

Gamma irradiations to a total dose of 1011 rads at°
ambient ternperature had no discernable effect on FINGAL
glasses. Earlier work with other glasses had shown that the
effect of high doses of radiation upon all the glasses had
generally been small.8 In some cases irradiation improved
leach resistance; in no case did it fall dramatically.
Irradiations were of two kinds, y irradiation adjacent to
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fresh spent fuel elements'* and reactor irradiation using
reactions such us Btn.aU.i reaction. The latter technique
had lit ken doses up to 5.7 x 10" rads or , l . ? x l "
alphas1 e m \ ' /

These latter levels of irradiation were comparable to
about ! 0.000 years storage of Magnox-type wasie. oi 1.000
\ejis of l.WR-type waste. One effect was to reduce the
discemable crystallinity ol the glasses'somewhat.

Heating Effects

For the FINCiAl. glasses the effects of heat treatments
were widely studied. Long periods above ambient tempera-
ture 'might be expected lo increase crystallinity and
devitrification. In a waste fixation strategy based on
vitrification, the "glass" will in tact remain at elevated
temperatures for many years, particularly on the centerline
\i( tlie proposed cylindrical vessels, due to the decay heat
which must be released. This might be expected to produce
a de vitrified crystalline solid rather than a supercooled
liquid. Various heat treatments were applied.

a. Vox borosilicate glasses, various annealing 'treat-
ments lor periods ol up to !6 weeks at various tempera-
tures in the range950 C 400 (' produced no effect on
durability. Slow cooling treatments, for example, dining
NO days from 1000Y to 200''C. produced either no
change or up to a fivefold improvement in durability.10

b. For phosphate-based glasses, a deterioration of
about a factor of 10 arose from several weeks heat
treatment at 550°C(Ref. 9).

Combined Effects of Heat and Radiation

Radiation tends to cause disorder, heat treatment to
cause order. In storage these trends conflict. A largeo series
of empirical trials were carried out on borosilicate glasses
irradiated at fixed temperatures between 350°Cand 780°C
to doses up to 101 ' rads over a period of a year. Again
there was very little effect on durability,11 such small
effects as were observed being generally related to the
effectofheat alone. " '

Variation of Leach Factor with Time

TJie prediction of leaching or dissolution by ground-
water over very long periods of time is very complex. Does
the surface area change due to devitrification or fracture of
massive glass blocks? Do ions migrate to the leach'water
through a silica-based network which dissolves only very
slowly or does the network dissolve with the radioactive
cations? What is the effect of dissolved ions and pH in
groundwater, and if it is saturated with silicates does that
protect the glass? What predictive models art best to be
used in confidence analyses of the long-term future?

Work in the 1960s examined the leach rate variation
with time. One clear conclusion1 2 was that the rates fall
from their initial values during the first 80 days (the
duration of the experiments). ;,.-

Volatilization

Storage at too high a temperature can lead to cesium
volatilization to she inner upper walls of the steel container.
If this is breached, the solubility of part of the total cesium
load could^be high. I'xpenments showed12 that, provided
the surface tenipcratine did not exceed 400"C. the volatil-
ization effect would be inrgreater than leaching of the bulk
glass. , ••'?

Physical Properties
\ \
ii
\ \ /

Thermal conductivity14 and Interaction rates with
steels at high temperatures were measured with sufficient

.accuracy tor use in-predictive modelling of safety and
storage, conditions. • <• • '

RECENT STUDIES OF GLASSES

bleven years after its production, one of the high-level^
waste blocks prepared in the I-INGAL pilot plant was
trepanned.15 The glass block has apparently not fractured
appreciably. The glass produced under industrial conditions
and aged in storage had the same leach properties as an
inactive freshly prepared material of the same chemical
composition and lias apparently not deteriorated.

The higher burnup of modern nuclear fuels gives rise to
higher G-active transuranic element contents in fuel r e p ^
cessing wastes. The radiation dose involved has been
modeled by incorporating 2 3 t iPuin borosilicate glasses.16

Those materials have so far accumulated the accelerated
dose equivalent to ^100.000 years storage of Magnox
reactor waste, 100,000 years storage of;>AGR reactor Waste,
anil 50,000 years storage of PWR reactor waste." In making
this estimate, the essential assumptions were that vitrifica-
tion occurs two years after fuel removal from the reacton
about 0.5T? of the plulonium and O.25T of the uranium
goes to highly active waste. Fuel, burnup reaches 3.500
MWd/T for Magnox, 18.000 MWd/t for AGR. and 33.000
MWd/T for PWR, and 12 wt.1^ of fission product elements
arc incorporated in the glass. There are no serious effects
upon durability so far.

Lithium additions to replace half the sodium in
borosilicate glasses reduce the formation temperature from
1050°C to 900?C. Glasses with some added lithium are
currently^favored in the UK.,Leach rates of these better
glasses are low,1 7- ranging from about 5 x 10 s g/cm*1* &'
at 100°C to 10"'7 g/cm2 • d at 0°C. o

UK STRATEGY FOR HIGHLY ACTIVE
WASTES

After the success of FINGAL, the UK Highly Active
Waste Vitrification Program was abandoned 'for about five
years. Meanwhile British Nuclear Fuels Limited and the
United Kingdom Atomic Energy Authority have relied

,,quite safely on tank storage for fuel processing wastes.
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The UK vitrification program began again in \')12
under the name of HARVF.S1. Die chief diileienccs Irym
FISCAL are:

a. The scale, ll Was clear that with the expanded size
of the reprocessing program and' seveial years' liquid
storage before vitr'i-fic.6l,|''ii the waste cylinder diameter
should be increased liiiai,25 to 45 or 60 cm. t-or very.,
young wastes on a large scale, annular vessels a/e
advantageous to dissipate heat, but this is in the future.

b. Waste composition. With- higher lucl buinup
fthough still modest by LWR standards) the waste
composition has changed partly because a more efficient
uranium extraction is being achieved, and partly becaus
Magnox can material is "imperfectly separated from the
fuel VA comparison follows:

I'lNGAI.,'/ Current wasle,'/,,

An alternative strategy would be to adopt tlie French'
AVM° technology. We also have longer term research

• programs on alternative vitrification technologies, all based
on borosiheate svstems. m ' .

AI 2O,

MtfO

l-c,O3

i:,o.
NiO

0,0,

I-K)x

ZnO

1 9.2

O.S

20.0

13.3

(1.4

0.5

45.8

20.0

24.8

10.6

0.2

1.4

2.2

•- 39.1

1.7

c. Filter. The internal filter in the "next" cylinder of
FINGAL was abandoned in favor of more conventional
scrubbers. . ,

An almost full-scale nonactive HARVliST pilot plant
has been running at Harwell, using simulated waste, for the
past three years. It makes about 1 ton per batch of glass.
This is being used to investigate the chemical engineering
parameters of the system: feed rates, evaporation carry-
over, the depth of the working zone in which the glass
forms, ruthenium behavior and the like. It is designed to
study large annular vessels at a later stage of the program.

At Windscale, four HARVEST plants are in operation
or are being considered, two active and two nonactive. A
small-scale (5 kg) nonactive plant has been in operation for
about a year as a prototype for a similar active plant which
it is intended to commission in 1981. These will be
followed by nonactive and active demonstration plants at
full-scale to be commissioned in about 198,3 and 1988 at
Windscale. Although this latter plant will vitrify a wortli-
while amount of waste, it will not be sufficient to deal with
the anticipated waste projections. We will need in the late
1980s, using 50 cm vessels:

• Three operating lines to deal with anticipated Magnox -
arisings

• Two operating lines to catch up on the backlog
• Six operating lines for THORP, the new reprocessing

plant due in the 1980s

DISPOSAL STRATEGY1 *
C , -•':

Ill 'thti 1060s we designe'd.ipng-lerm stores for construc-
tion in hard rock oi above ground.19 They were to be
air-cooled but were not built.oMost of the recent UK work i :

is do i t ed to assessing the p'roblerrfs of hard-rocK disposal,
disposal in clay-' is also cdisidered. Salt disposal is

notj favored, largely because the salt deposits^found in the
UK/are of industrial significance. Much of the disposal R&D -
is'Hindertaken in very close conjunction with other coun-
tries of the European cF.eonomie Community-.*'

Two possible scheme's for a repository are of particular
interest. The first conceives of bored blind holes below a
system of galleries. The second conceives of raise-bored
holes joining two galleries to form a pattern of vertical
deposition holes: In the latter case the system could taKe
relatively short-cooled waste and be air-cooled for a few
decades (with surveillance) before, backfilling and sealing
the hoL For backfilling, the extavated granite mixed with
a more bsorbant clay material or magnesium oxide is
preferred.

One of ti.e critical parameters in repository design is the
permissible rock temperature. Air cooling in early years can
reduce the temperature'which the repository must with-
stand. Once the repository is closed, whether it bexarly or
late, heat dissipation by conduction is relatively poor. One
area deserving more study is the effect of temperature upon
rocks and the associated moisture in them, and the
prediction of the host environment around e-mpLaced waste
in terms germane to the desired longevity of the waste.

Many of us feel; therefore, that air-cooled storage of
vitrified waste for some decades is advisable whether it be
in a separate store or a repository intended to beoseaied off
at a later stage. Others advocate water-cooled storage.
Either will work well. The UK also favors research on the
possibility of disposal of all levels of waste into the deep
ocean floor.

CONFIDENCE ANALYSIS OF PROPOSED
SYSTEMS

A preliminary assessment (albeit 75 pages long) of the
health aspects of disposal into geological formations has
been made by the National Radiological Protection
Board.20 The study included the,effects of unlikely events
such as meteoric impact, but the study particularly ex-
amined the effect of water entering the repository, leaching
radionuclides out of the glass, and transporting them to a
source of drinking water. This is the most significant
potential route back to future man. The assumptions used
were essentially:
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Fig. 2 Doses to individuals from drinking water.

• First groundwater ingress to glass begins after 1000 y
• :Glass will be in lumps of average diameter 10 cm
• A leach rate of 10 5 g/cm2 day
• The flow path is one-dimensional
• The path length is 10 km to potable water
• Groundwater velocity 0.3 m per day
• Dispersion coefficient 10 m2 per day
• Surface stream 0.3 m3/sec flow rate

The frastions of the maximum permissible level for
radioactivity in drinking water "for members of the public
that result from these assumptions are given in Fig. 2.
Interestingly, the critical isotope is 9 9 Tc because it is
poorly absorbed on rocks. The radioactivity level of this
isotope is particularly "sensitive to the assumption that no
leaching takes place for the first 1000 years.

An interesting point is that the toxic potential of the
uranium (and daughters) in the granite over a 300-,m deep
repository is higher than that which the waste will have in
10,000 years' time. Thus any radiological hazard likely to
arise from glaciation will be from the increased rate of
uranium release from the granite.

Two isotopes that may require more careful manage-
ment in the future are 1 2 9 I and 8 s Kr. These are presently
released to the environment at the nuclear fuel dissolution

stage. If reprocessing increases worldwide, something more
positive may have to be done next century. Iodine-129 has
a very Ion|> half-life (1.6 X LO7 years) and is difficult to iix
permanently. Dilution seems to be the best ultimate
solution in this case by localizing the isotope temporarily in
concrete to ensure a slow release and to achieve a
reasonably even dilution to negligible levels in the world's
oceans. Krypton-85 has a half-life of 11 years and work is
in- progress to fix it into a metallic dijatrix by an ion
bombardment technique. ~" f^x

INTERMEDIATE-LEVEL WASTES

Waste'Types

Many other wastes besides the highly active fission
product wastes arise in a fully developed civil nuclear power
program. Figure 3 indicates both types of radioactive
material which arise in the UK and ouro current policy on
disposal form of the conditioned waste.

Low-Level Disposal „ '

„ The UK disposes of low-level solidified waste, set in
concrete or cement, to the deep ocean floortof the North
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Fig. 3 Radioactive waste categori/.ed by type.

Atlantic Ocean. This is done annually to the agreed package
designs, package specifications, and radioactivity limits
under the eyes of internationally appointed observers, and
within a mile or two of an internationally specified spot.
One of our development programs concerns the possible
disposal of larger packages than our current 40-gallon drum
packages. We think in terms of. international ^freight
container dimensions of an 8-ft cube. The 1 -ft thickness of
concrete containment is much more economicaUyz/achieved
on large packages. This appears to us to be a possible route
also for disposal of low-level activity reactor components
from dismantled nuclear reactors, but much willxdepend
upon international political attitudes.

Plutonium Contaminated Wastes

Plutonium contaminated waste from reprocessing plants
can also be converted to solid "conditioned" waste forms.
In the UK, we have tried pyrolysis, acid digestion, and
incineration of organic materials. The ashes produced from

1/

incineration can be leached to recover the low levels of
plutonium present, and the ash can be converted to
ceramic. For example, we know that:

a. Recovery of plutonium frpm ash is sharply reduced
if the incineration temperature goes above 700°C.

b. Three and four valent metals, if present, reduce :
plutonium recovery.

c. Multiple teaching is more efficient than single
leaching. '

d. Hydrochloric acid' leachant is more effective than
nitric acid, but the latter is preferred for industrial plants.

e. Adding fluoride, as CaF2 , assists the release of
plutonium.

fj 50 wt.% incinerator ash with 40% high-alumina
cement and 10% clay, mixed with 40 vol.% water is cast,
dried, and fired at 1000°C. The briquette is glazed and
fired again at 1020?Cf

g. The leach rate of plutonium through the glaze is
excellent at 5 x 10"8 g/cm2 day at 40°C. The leach rate
of a sectioned briquette face is, itself quite good at
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Waste

HAW

ZrOi (+3% fuel)

MgO (+3% fuel)

Tritium

He

8 5 K r

129, I

2 2 Na

Isotope/Halflife

Various (90sr/137csl

Various (UO, /PuOj /FPs) (6)

Various (UO : /PuO, /FPs) (6)

1 2v ,

5736y "'

10.8y

1.6 x 107y

2.6y

Form

Glass

Concrete/Glass

Concrete/Glass

PITC (4)/Polyacetylene/ZrH,

CaCOj (concrete)

Kr/Cu

Solid solution

Glass (7) .,

Bulk teachability
(25° C)

(g/em'/day) (8)

10* (1)

3 x 1j0>4 (2)

3 x 10-4 (2)

1.7 x 10"
1.8 x 1 0 '

•» ?

5 x 10-* (3)

(5) ?

10*

1. Extrapolated value.

2. Polymer-impregnated cement is x 10 better.

3. A worst value; control of water pn in the environment improves the figure, more refractory metal improves
the figure and the cost.

4. Polymer-impregnated tritiated concrete. "̂

5. Prediction over such long periods very difficult.'

6. ZrO? glass or cement will probably incorporate 3% Uo, or PuO] by substitution solid solution. There
should be less than 1 %. Zirconium glasses tend to be rather high-melting.

7. Probably quite unnecessary.

8. Data are for pure water at room temperature, and imply continued leaching by a replenished water flow.

Fig. 4" 1-ixatjun media.

6 x 1 0 s g/cm2 day at 60°C. These briquettes them-
selves may be set in large blocks of cement for disposal.

OtherWastes

The UK has, at various stages of development, methods
for the conditioning of all gaseous, liquid, or solid wastes to
solids. This can be done if society requires it, though we do
not recommend extremes which go far beyond the safety of
other human activities. Our general specification is that
such materials should be:

a. Chemically and biologically stable and resistant to
heat and radiation •• '• '•'

b . Insoluble
c. Massive
d. Of small volume
e. Involve no toxic dust hazard
f. Have no surface contamination which is easily

, disturbed
g. Non-inflammable and heat-resistant in fires
h. Free of criticality risk

Ceramics are the obvious candidates. The leach properties
of these solids (Fig. 4) are generally sufficient to be
comparable, in terms of environmental significance, to the
more highly active, but more resistant, borosilicate glasses
developed for FINGAL and HARVEST.

AREAS OF FUTURE RESEARCH

The areas which, in my judgment, would benefit from
further study by ceramicists are:

a. The search for geologically stable solids whose
properties meet the specifications above, but which can
also be manufactured very reliably iira'high-activity plant
with no subsidiary effluents. •

b. A good fixation medium for l29l (half-life
1.6 X 107 years) which will probably' be a solid solution
ceramic form.

c. Understanding of chemical and physicaloeffects of
heat on geological materials likely to be encountered in
repositories.

d. Better understanding of ,the chromatpgraphic
movement of each radioisotope species in geological
media, and particularly the implication of nonlinear
movement paths.

e. Better understanding of the leaching or dissolution
mechanisms for glasses over very:long periods,of time in
geological environments. =\

FOOTNOTE

My final conclusion is a personal judgment. I have no
doubt that adequate management of radioactive waste has
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been possible for many years. No one in the UK has

suffered any radiological injury from radioactive waste,

ever. Their emplacement in respositories where they will do

no harm is certainly possible. Adequate techniques already

exist. The current standards of safety are already far higher

than almost all other human industrial enterprises and, in

particular, are higher than the standards of management of

other nondecaying toxic materials of "infinite half-life."

However, that is another subject.

Data pertinent to this paper were too extensive for
inclusion. They will be included in the form of about 25
tables and figures in AERE R-9417 of the same title and
authorship for those who need detail. I acknowledge
gratefully the assistance of J. A. C. Marples.
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PRINCIPAL TRENDS OF INVESTIGATIONS CARRIED ON
IN THE USSR ON INCORPORATION OF HIGHLY ACTIVE
WASTES INTO GLASS AND CERAMIC TYPE MATERIALS

A. S. POLYAKOV
State Committee for the Utilization of Atomic Energy, Moscow. USSR

ABSTRACT

Studies in the USSR on incorporation of high level waste into
glass anu=cerarmc materials are described.~'~"""" '

INVESTIGATIONS

Reprocessing one ton of spent fuel from APP results in
3 to 5 in3 of highly active wastes which, after concen-
tration by evaporation; may be reduced to one m3 or less.
In this state wastes must be transported to special sites for
temporary storage and reprocessed to solids for safe burial
for ages. The most documented and mastered technical
solution of such reprocessing is solidification of highly
active liquid waste with conversion to glass-like products in
which radionuclides are bound in compounds of low
solubility. Based on these principal propositions as well as
on the solution of a problem of safe burial of solidified
highly active wastes, a program of work has been developed
by scientific research and development organizations in the
Soviet Union engaged in solidification and burial bf highly
active wastes in geological formations. ••£'

In the USSR, investigations are being carried out and
different materials are being developed suitable for the
incorporation of highly active wastes. Along with phos-
phate and borosilicate glasses, glass-like materials with
different contents of the most thermodynamically stable
crystalline phases and major radionuclides included in these
phases are being studied. In addition to this, research work
is being carried out to produce ceramic compositions
incorporating highly active wastes and to estimate the
suitability of materials produced for long-term and safe
storage under different conditions. Investigations are also
being performed on the preparation of glass-like granules

containing highly active wastes and their incorporation into
metallic, ceramic-metal, and other solid compositions.,,
; >'To solidify highly active-wastes frofffTeproBelsirffTa'sr
reacfor fuel elements, study is made of basalt-like compo-
sitions having high chemical and thermal stabilities. Work
associated fvith the search for optimum forms of solidified
wastes involves the study of thermal, chemical, and
irradiation stability of solid wastes of different types. It
also involves the determination of phase separation and
devitrification on storage^ thermal conductivity and thermal
expansion, homogeneity of wastes in the process of stqrage,
variation of mechanical strength, and delocalization of
radionuclides in the process of storage, on contact, or
without contact of the solidified wastes with water. Special
attention is paid to the influence of radiation emitters on
the variation of properties of solidified wastes.

In the Soviet Union the following process is carefully
checked using simulators. It is carried out in one unit - a
ceramic direct electrical furnace. Concentrated highly active
solutions with 50% phosphoric acid as a flux and 10 to 15ch
molasses as a reducing agent to retain ruthenium in a glass
mass are fed directly to the surface pf a melt in this
furnace. In parallel--with the above process borosilicate
glasses are being developed. Compared to phosphate glasses
the borosilicate glasses have a higher thermal endurance but
require a higher temperature to carry out the process. The
work is performed on an enlarged laboratory scale and in
pilot plants using simulants. In addition to this, work is -
performed to improve corrosion resistance of structural
furnace materials, to find materials for electrodes of higher
corrosion resistance, to improve the furnace design and the
remote filling of the containers with glass that are intended
for burial. Some other problems associated with the remote
contror process are also studied. Vitrified wastes produced
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by plants are assumed to be temporarily stored in surface
storage with arranged air cooling.

Pilot-plant work is planned to1 be carried out in two
stages:

Stage I -the process of natural waste solidification to
produce phosphate glasses., This solution sis dictated by
milder temperature conditions under which the process is
carried out and a more simple solution of a flux supply
control.

Stage 2 - the process of natural waste solidification to
produce borosilicate glasses.

Apart from this, work is continued to study and master
a two-stage process of vitrification of highly active wastes.
At the first stage calcination is performed. At the second
stage vitrification is accomplished which can substantially':,
reduce the size of an,electric melting furnace or permit the
use of other methods of,heating, in particular, induction
heating required for high-temperature processes (I2OO°C
and higher). This work is conducted on an enlarged
laboratory plant scale and in pilot plants having a capacity
up to 100 1/hr of feed solution.

So far as the safety of final burial of solidified active
wastes is concerned, the lithosphere is most promising. Of
particular interest are its regions of low permeability that
permit the localization of wastes within a fixed contour. It
is essential to investigate regions of this kind to determine
Die main conditions for underground burial of solidified
wastes, i.e., mine-geological and mine-engineering problems
should be studied. Apart from this, it is necessary to solve
questions of the hydrogeology of possible geochemical'and
physicochemical transformations of various rocks under
high pressure, high temperature, and a high radiation load
on contact with highly active wastes. A number of
questions arise associated with * the development of a
construction design for storage under various mine-
geological and mine-engineering conditions for different
types of wastes to be buried. These and a number of other
problems that arise in connection with the underground
burial >'.:.of solidified highly active wastes in geological
formations made it necessary to develop a complex
program of scientific research and development work
involving theoretical investigation and laboratory simu-
lation of large-scale bench and field tests.

In summary this program can be reduced to the
following:

• Development of criteria for estimating geological
structures suited for burial of solidified active wastes in salt
deposits, clays, and rocks.

• Study of mechanical, thermophysical, and filtration
properties of a mountain mass intended for burial of
solidified active wastes.

• Development of scientifically, grounded requirements
for propeities of solidified wastes ('specific activity, melting
temperature, type of packing, etc.) and radiationdoad on
underground storage of different designs for various types
of accommodating rocks.

• Development of mine-technical bases for underground
storage of solidified active wastes in different geological
formations, reasonabJe schematics and designs of instal-
lations, and methods of their calculation and substantiation.

• Development of equipment and automated control
systems at storage sites and areas in the region of waste
burial.

• Development of sanitary, hygienic bases for arrange-
ment of final burial of solidified active and alpha active
wastes in deep geological' formations. ,

• Study of the interaction between solidified wastes
and different rocks at high temperatures and pressures and
in the presence 6f humidity1.

• DevelopineaLp,f=rnethodicaLbase-s=t>-ttiies#endiii0ns=of=====
stability of solidified wastes in the form of glass blocks and
crystalline alloys in different geological formations.

Investigations" are planned with the aim of finding,
accommodating rocks which, after melting with giass-like
wastes (due to the heat resulting from radiation-induced
decay), would form chemically stable materials that could
be stored for many hundreds of years without any change.
One must not neglect the chemical stability of wastes as a
barrier to the pathway of radionuclide propagation as it is
practically0impossible to ensure absolute hydro-isolation for
hundreds of years.

The main characteristic feature of the program is that it
does not prefer a certain flow sheet for burial or its
modification, since at present there is no basis for any
choice to be made; neither is it possible to choose any
geological formation (rock salt, clay, rocks). For shipping
wastes to possible sites of burial into geological formations,
designs are^being developed of shipping containers for,
solidified wastes.
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II. WASTE FORM STABILITY AND
CHARACTERIZATION

THE INFLUENCE OF SYSTEM CONSIDERATIONS
ON WASTE FORM DESIGN

A. A, BAUER. S.C. MATTHEWS, and R.W.PETERSON
Bundle's Project>Mana«ement Division, Office of Nuclear Waste Isolation, Columbus, Ohio

ABSTRACT

system Considerations imposed during generation, treatment, pack-
aging, transportation, sloiage. and isolation. In the isolation phase,
the waste form provides one of the barriers to release in a
multibarrier system that includes the natural geologic and hydro-
lo^ic barriers as well as other engineered barriers.

INTRODUCTION

The objective of -he U.S. Waste Management Program
is the disposal of radioactive waste in a manner that
provides an acceptable risk to man. Often it is overlooked
that this includes current as well as future generations and
operational personnel as well as the general public. Conse-
quently, in evaluating the risk to man one must consider
the total systenrwhich encompasses the generation, trans-,
portation, treatment, packaging, storage, and, finally, isola-"
tion of the waste. Since various options exist for each of
these elements, the risk will be determined by the particular
path selected to define the system. Cost, while of secondary
importance, exhibits the same dependence.

From the viewpoint of waste form design, the system
objective is to produce the form, place it in a canister,
transport it to a storage or disposal site, and there emplace
it for isolation. There are specific functional steps which
must be taken to meet this objective, and each step may
impact and constrain the waste form design in some
manner. Nevertheless, it must be recognized that the
method selected for ultimate disposal and isolation entails
several unique and dominating considerations. First, as a
result of the hazards associated with the waste and the'
persistence of these hazards over extended periods of time,
virtually all isolation concepts, including geologic, rely on

nature for assistance. Consequently, isolation options
largely deal with existing natural systems, and the con-
straints imposed by these systems are generally fixed and
unchangeable by man. Secondhand as a corollary to the
first consideration, the isolation element is a complex
subsystem of the waste management3 system with which it
must interact. Since the isolation elen jnt is primarily
natural, the basic problem becomes one of determining if
requirements imposed by the remainder of the system
match the isolation requirements. Thus the preisoiation
part of the waste management system must accommodate
constraints imposed By the isolation element of the sf stem.
That is not to say, however, that the limitingtconlt!^int
may not occur at some point in the system other than"
isolation.

o The isolation element, as noted above, is a complex
subsystem that includes the repository set in a system of
geologic, geochemical, and hydrolbgic barriers to inhibit or
prevent release of radionuclid.es to the biosphere. While it
appears probable that the selection of a repository site will
require that the natural barriers alone exhibit the potential
for accomplishing the waste isolation function, these,
natural barriers will be supplemented by engineered bar-
riers. The choice of these engineered barriers, one of which

,-is waste form, is widely recognized as being site dependent,
tailored to the needs" of the disposal system, and acting, if
required, to overcome potential deficiencies inherent in a
particular geosystem,

WASTE MANAGEMENT SYSTEM

The basic elements of the waste management system
are illustrated in Fig. 1. The waste, following generation at
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Fig. I Schematic of waste management system.

either a reactor or fuel processing planU is packaged and
thsin emplaced in a repository, either rctriovably or perma-
nently. This involves transportation to and handling at
various facilities in the system.1 Optional operations in the
system are treatment, either for resource recovery or to
produce a more stable waste form, and storage, eilher prior
to or following treatment.1

Al each step1 in the system there is-a potential
environmental impact, and associated cost, that is ca

^function of the particular waste form.'Conversely, each step
involves>operations that may impose requirements on the
waste form design. Since there are a number of paths by
which the, ultimate goal of isolation may be reached, the
overall system impact, in terms of risk and cost, is the sum
from all the steps over the particular path chosen.

This is illustrated by the relationships shown in Fig. 2.
ThuSyAl each step there is a change either in the form of the
waste, its position, or environment from Wj to Wj'+i
requiring an input, Pj,'and with a resultant environmental
impact, Ej, and cost, Cj. The environmental impact and cost
for each step are functions of the input waste characteristic,
with cost further dependent on the operational require-
ments associated with the particular step.

P r o c e s s I n p u t , P . ~

Input _Waj>t_e__
'Cha"racteri"stic, WV" Process

Output Wajte
Character! s'tjcV V.~

Environmental Impact, E.

Cast, Ci

Wi+1 • f, (VI,)

;

C, '-\ ( W ^

Total System Environment Impacts E = X g- (W.)

ii Total Economic Cost, C = 5 h. (W.,P.)
•••• , i = 1 '

i

Fig. 2 System impact and cost relationship to processing step
options. i

WASTE SOURCES

* Waste form design begins with definition of the

generated waste that must be considered for disposal.

Current policy calls for the indefinite deferral of reprocess-

ing spent fuel from commercial reactors. Under this policy,

the major types of waste that must be considered in the

waste management system are:

Commercial waste

• LWR spent fuel

Defense waste

• High-level waste \i- =

• Low- and intermediate-level TRU wasfe

Other wastes that must be considered for disposal include

HTGR and FBR fuel and wastes from decommissioning and

decontaminating operations.

In the event a policy change occurs and commercial

fuels are reprocessed, the following types-of commercial

wastes will be generated:

• High-level waste •* ===•

• Low- and intermediate-level TRU waste

• Cladding waste

• .paseous fission products

The TRU wastes can be generally characterized' as

transuranic-contaminated trash and process waste. The

cladding waste includes the fuel rod cladding and assembly

hardware - grids, channels and end fittings.

Current programming is aimed at providing the required

capability for the disposal of spent fuel while at the same

time proceeding withEthe technology development required

for disposal of waste from reprocessed fuel in the event

reprocessing policy is changed. Consequently, waste form

development is proceeding in response UWhlFcTiikacteristics

of all the waste types mentioned above.

DESIGN CHARACTERISTICS

librae

The objective of waste form design is to produce a
combination of characteristics that, jn combination with
other elements of the waste management system, satisfy the
objective of waste isolation at an acceptable level of risk to
man. A number of characteristics are important for this
purpose, although their level of significance may vary at
different stages in the waste management system.

Perhaps the mqst pervasive characteristics with respect
to the system are the waste composition (fissile and
fission-product concentration) and the resultant waste font?
heat content and radiation level. The fissile composition
and concentration will determine criticality control, while
radiation levels; due to the fission products will dictate
essential shielding requirements at various points in the

' system. The heat content may have to be tailored, in
combination with the design of the waste container and
repository spacing, to provide repository thermal loadings
that are compatible with the thermophysical properties of



specific geologic media. Such temperature-dependent char-
acteristics as teachability, volatility, thermal stability, and
compatibility are also influenced by heat content and waste
form conductivity. =

Radiation stability and leachability are of particular
importance in the isolation phase as are waste rock and
waste container compatibility. However, possible waste-
container reactions at the treatment/packaging stage also
require evaluation.

Characteristics such as combustibility, dispersibility,
and volatility assume particular1 importance during transpor-
tation and handling because of the potential for accidents
and the necessity to consider fire in connection with them.
Volatility is also a consideration during waste processing
because of the potential for loss of radioactive species from
the waste. r

WASTE FORMS

A wide variety of waste forms are being developed and ^
evaluated for potential use. A number of these are shown in
Table I along with an indication of their relative advantages
and disadvantages. This listing should not be considered as
complete. - ' ' z -

In general, specific waste forms are considered for
specific waste types, although there is considerable overlap.
The trend is to place the more radioactive waste in the
more stable waste forms. Thus, high-level waste forms
include glasses, ceramics, cermets, coated particles, and
synthetic minerals. In the case 0/ defense high-level wastes,* 5
because of their lower specific activity level as compared ---
with commercial high-level waste, principal emphasis is on
glass as a waste form.

At the other end of the activity scale, cement is the
principal waste form receiving consideration, along with
bitumen, for the immobilization of low-level transuranic
wastes. Both glasses and cement are considered in connec-
tion with intermediate-level TRU waste.

A major point to be made in presenting Table 1 is that,
while each waste form exhibits certain advantages, there are
also notable disadvantages. For some of the forms, the
disadvantages may not be readily apparent because of an
inadequate data base. It is quite;>normal for the advantages
to be emphasized by early research, while problems are
discovered only as a result of detailed study. Also,
depending upon the system in which the waste is employed,
some of the advantages and disadvantages may lose weight
or significance. These require evaluation within the context
of a specific system.

SYSTEM CONSIDERATIONS

G e n e r a t i o n •••i_-=-5='

The waste form characteristics are subject to constraints
imposed by the waste history. This is particularly true of

spent fuel and high-level waste where the heat content and
radiation level are functions of operating parameters and
the decay period. Operating parameters of importance are
specific power of operation and fuel burnup. Increases in
either of these parameters' will lead to a relative increase in ...
heat content and radiation level for any specific period of
decay, with burnup playing a dominant role.2 Jn this
connection it might be noted that high-level defense waste
exhibits a significantly lower heat content and "radiation
level than would waste from commercially reprocessed
LWR fuel because of the difference in operating parame-
ters; . , '".

r Additional constraints may arise as a result of changing
fuel-cycle considerations." Current waste form concepts
assume the disposal of either spent fuel or of uranium-
plutonium fuel-cycle -generated reprocessing waste. How-
ever, the thorium-uranium cycle is one of the optionsn

being examined in cthe INFCE studies. Changes in fission
product spectrum haye a relatively minor effect on near-
term heat generation and radiation levels. The major effect
of a change in fuel cycle will be seen in the actinide content
of the waste. Although effects related to actinide content
are expected to be minor,3 their influence on waste form
design and long-term waste performance will require evalua-
tion. " j ;

Treatment and Packaging * J "..

An important consideration in waste form selection ât
the waste treatment stage is the effluent and by-product
waste stream associated with the particular waste treatment
process. A criterion of any treatment is that the impact due
to processing not result in a greater risk, to the public than
if the waste were left untreated. From a practical viewpoint
it is desirable that the processing not resulfin large volumes
and a great variety of by-product waste because of the
added cost and complexity that would result to the waste
management system. t

In general, processing technologies that emplpy=Iow
temperatures are preferable to those involving elevated
temperatures. Simpler processes also are preferable for '
adaptation to remote operation and for increased reliabil-
ity. Elevated temperature operations generally impose more
stringent materials equipment requirements and result in
higher energy costs and the need for increased maintenance.
In addition, volatilization of several radioactive species
becomes increasingly probable as the processing tempera-
ture is increased. Species subject to potential volatilisation
include cesium, iodine, and ruthenium in the case of fuel
waste, and tritium in the case of cladding waste. Ruthenium
and iodine may be evolved during calcination, a preliminary1

step for most waste forms derived from fuel. » -
In those cases where treatment and packaging opera- -\,

tions are combined, the potential for waste-container u

reactions must be considered. In-can melting of glass" and
in-can solidification of cement are operations that require
controls to limit such reactions.
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TABLE I

Waste Form Considerations

Waste type

S|uvnl I'.icl

III W

Claddini; waste

TRU

Wash; fofm

\sst;mhh • He

^svinhlv • Hv-

( Ik'Mlk ll dissolution
:nttl rcsuliditicalion

Calcine

Itorosdlcate jdass

I'hosphatc idass

dlass ; frumiif<

Supcri .IICIIK- < ^~?

Synthetic mineral

Coatccr particles

Met.il matrix •

As is

Compaction

Melliiif

(Mass matrix

Solid, as: is

Incineration

Advantages

'Simplicity

NU'L lianii al support :

( nln.iliiy ccintrul
( iirnision harrier

Waste form control '
I'ntentidl volume recluctiim
I lutliru1 ll'.'xilnlity

Simple prinessiny

lh>'li waste loading

Well developed technology
Moderate' waste loading
ImproyetHejch resistance

Increased soluhilily ioi
some waste constituents

Improved llicrin.il sl.ilnlitv
llierm.il shock resistant
Improved leach resistance

Increased thermal si.ibiht>
llh'1' waste loading

Hotenlially excellent leach
resistance

In leased thermal st.ihilit\

I \cellent leai ll resistance
Atlded harrier

Ilipli thermal conductivity
IIIKII waste Itucime
(mod impact resistance

Simplicity

Simple processing
Reduced volume

^Reduced volume ;
ieach resistant
Possible / r recycle

Combine with WAV or II.W
Reduce leachability

Simplicity
Low" dose rale

Chemically stable
Reduced volume

Disadvantages

f added barrier

-Resource use
losicity _

Cladding breached
Added waste streams
Cos:!

rij!.oss ot idenl|)ication

I o\y leach resistance
I ase ol dispersibility

cl o » thermal conductivity

I hermal instability

Ili^'li-temperature priKCssinp

lltvriiy corrosive melt
Decreased thermal stability
IIIKII-temperature processing

More complex processing
( .isf"
Ilighlemperature processing

More complex processini!
I'ncertjin radiation stability
High-temperature processini?

Hifji-temperature processinj:

Reduced waste loading
(OS, ^

Complex processini!
Reduced waste loadint
Cost

Complex processing
( Ost

leachable
I itjes ifinMable
Mavimum volume

I cichable
Presorting! nuv be necessary

Complex processing

Tritium release

Complex processini:

L.ime volume
Combustible

' liispersible
Leachable
Chemical instability

Secondary waste streams
Dispersible ^
Radionuclide concentration

(Table continues on the next page.)
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TABLE 1 (Continued)

Waste type Waste form Advantages Disadvantages

Cement iniroobiJi/jtion Simple prui/essini:
-^Provides sliu'ldmi:

Bitumen immobilization Improved Ic.nii res

('las-, and sl,i>; Improved llsjii h rcxi-uiu
Kadutioii si.ihilii)s>

I'lierm.il !i ujlcriiii!
R.id. IKIK ir.i>. evolution

I in.' pro
K.idioK I

iii-' risk

In general-: it-is.__considered desirable to reduce the

volume of waste that mMsViie~4«HiUltfd^...Mowevei. tlie.,

increased specific activity and heat content associated with

the more concentrated wasle form may have undesirable

side effects from the viewpoint of shielding and heal

dissipation requirements. If the waste loim is subject to

decomposition, concentrating lite wasle increases the

amount nl gas generated pei unit volume of waste,

incieasing any container or leposiloiy piessun/alion prob-

lems. Volume leduetion may also change the waste cate-

gory. Consequently, volume reduction must be evaluated

by considering its impact at .1 liuniher of points in I he total

system. : l

Transportation and Handling

The current locus ot state and local ollkials and the
public in general is on the perceived ha/aids associaleii with
transportation <>f ladioactive mateiials.* A burden is
theietore placed on both the waste lorm and the Hanspoi-
tatiori equipment designers to respond to llns concern.

Studies ol accident iepoits show that coniainei "vehicle
systems must withstand seveie vihiation. impact, piercing.
and dynamic crushing and shearing loads along with severe
lire and water immersion conditions eithei separately or in
various sequential orders. To maintain containment integ-
rity the transportation system designer lequires a dry.
stable, noncombustible solid waste lorm in a container that
will withstand, shock, vibration, and impact loads and
exposure to a wide range of temperatures without decom-
posing, hurning. generating internal pressure, or releasing
any gases, particularly explosive or flammable gases. While
it is quite possible that a safe transportation system could
be provided for wasle forms that do not have the above
desirable characteristics, the design complexity, licensing.
construction, and operational problems might become
prohibitive.

These same considerations apply to handling operations-
at the various facilities where the possibility of accidents,
which could lead to personnel exposure and facility
contamination, dictates the desirability of a waste form
that is noncombustible. nondispersible. nonvolatile, and
thermally stable.

lig. 5 Schematic i.t isolation s\stem.

Isolation

Isolation ol nuclear wasle from the biosphere will be
provided r>y tf system of engineered and natural baniersc

that are judged to be required lo achieve that objective.
This multibarrier concept is illustrated in Fig. 3. As shown-
the waste form is one element ihat mighi be designated to
lorm an engineered barrier system.

In such a system, ah impoitanl concern in selecting'
barriers is that they be compatible, i.e.. one barriei does not
have a detrimental effect on the performance of another.-'
Thus it is desirable that jive waste form Ivave a low
solubility in water, a low leach rate, and be stable both
thermally and with respect to 'irradiation. As noted in the
introduction, however,, the natural barrier system will bev

expected 10 provide the primary line of defense in isolating
the wasle:. Consequently, it is imperative that the waste
form not impair this function. Thus, the waste form should
not include additives that might adversely affect the
absorption characteristics of the host geologic medium.
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Ak<>, excessive thermal loadings iliat could damage the
mechanical mlegi i ty ol ihe ieposf*;iry must be avoided.
Suni ia i lv . t he et teel ol tenipeiaVure on waste rock
conta iner in te rac t ions and on tiller material !unc t ions must
he evaluated bo th in design ol the wasle lo rm and in
select ion ot these oi l ier hairier mater ia ls . I hesc considera-
tions' will vary significantly will; change in I hi'!! geologic
m e d i u m selected lor isolat ion. T h e i e l o r e . a caretuli tai loring

. o l i w a s l e lo rm to Ihe ^p^cil ic ' jicuJo^iij host Ijind any
c o n t a m e d liquid, as well' as a malc lnng of the engineered

. bair ie is us ' o p t i m i z e ihcii per formance , is necessarVjin order
to op t imize the waste isolation system,, '; ' ||

SUMMARY !

Ihe IRfi report tu the ('resident ?)Sl!ites "a systems

appfoacli should be used to select Ihe. geologic environ-

ment, icposiloiy sile; aiid;;wasle form. Oi systems approach

. iC'COgnizes that, ovei a. thousand yeais. the late ol ihe

ladio'iiiiclides in a lepusiUnv, will be determined by the

natui.il geologic eriviiy.'iJi.Kiil, the physical 'and chemical

propel lies ol Ihe medium chosen loi,waste emplacement,

theii waste loim itself. ,and other engineered barriers. II

caitiiully selected. •• these laclors can atnl should p rov ide

uniiliple. and to some extent independent, natural and

eugjneeied bainers to the release ol radionuelides to the

biosphere." While this passage provides an adequate state-
ment ot the benefits to be realized from application of the

_iv^lem approach to the isolation system, it does not speak
to the eqyally important need to extend the systems
approach to Ihe complete waste managemeat system. There
are multiple paths that can be followed in the waste
management system. The waste torm must be responsive to
constraints introduced at various points alpng these paths in
order to arrive at the final goal ot nuclear waste disposal in
a'manner that provides an acceptable risk to man. both.
today and in the future. - .
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ON THE EVALUATION OF SOLIDIFIED HIGH-LEVEL

RADIOACTIVE WASTE PRODUCTS
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ABSTRACT
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r R e s u l t s . intl L o i i s i t l c K i t i i i n s t o d a l e a r c p r e s e n t e d .

INTRODUCTION

The long-term management of the high-level wastes
Ironi the reprocessing of irradiated nuclear'fuel is receiving
world-wide attention. While the majority of the aqueous
high-level waste solutions from the reprocessing of com-
mercial fuels are currently being stored in stainless steel
tanks, increasing e/fort is being devoted to the development
of the technology -Jor the conversion of these wastes into
stable1 solids. In October 1977. the International Atomic
Energy'-Agency (IAEA, or the Agency.) issued a technical
report' which surveyed the international state of tlje art of
the many solidification processes beingdeveloped.

Many solidified product^ forms are being investigated.
Because of the long half-lives of some of the radioactive
isotopes, it is essential that the solidified products have
certain desirable properties initially and that they retain
desirable properties for the necessary periods of time (in
the order of centuries or perhaps longer). If there are major
undesirable changes in these properties with time, they

•Present address: Atomic Knergy Research Establishment, Har-
well. Oxon. UK.

tin this report, a solidified product is defined as the final solid
form of the waste ready for disposal (e.g., class, ceramic, etc.). . ;

must be understood and shown not to lead to a premature
detenoiation of the solid product. .

This development work .on solidified waste forms is
taking place in many laboratories around the world. The
IAEA's program and budget provide for [he placing of
research contracts or agreements with laboratories, research
center^, and other institutions in member states'on prob-
lems of diiect interest to the Agency's work.5 In 1976, the
Agency initiated a coordinated research program to bring
together the workers in these laboratories to analyze and
compare their results and. where possible, to coordinate
future plans and actions in this field. The overall objective,
oi' the program is to integrate research and prepare 'a
comprehensive data bank of the solidified product's of
interest together with their properties. This will ^provide
Important background information necessary for |lie future
preparation by the Agency of codes of, practice and
standards for the management'of high-level wastes.

Participation in the program was incited from the ;

following countries and institutes: Canada. Federal Re-
public of Germany (Karlsruhe arid Hahh-Meitner-lnstitute),
France (Marccmle), India, Japan, Sweden, UK (Harwell),
USA (Battelie,., Pacific Northw/st Laboratories), Euro-
chemic, Commission of European Communities^observer),
and Nuclear Energy Agency (observer).

The first meeting of the representatives from the
various institutes was held at the Battelle Memorial Insti-
tute, Pacific Northwest Laboratories, ^ Richland, Wash-—
ington, USA, from June 20-24, ,1977. All aspects of
possible solid waste forms and their properties were
discussed. The information presented at that meeting was
compiled by J. R. Grover into an IAEA technical report
which was recently published by the Agency.3
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Further meetings of Ilie participants in this program
will he held periodically to exchange current informalkjn to
attempt to compare results (mm standardized test proce-
dures. An updated technical repurt'iiwy be issued as the
program progresses.

The rest of this 'paper .summarizes the information
derived from that program to dale and indicates the future
trends in the overall coordinated research, program. In
general, the format in the existing IAHA technical report^
is followed.

0 (I
BACKGROUND

The desirable p rope r t i e s and factors to be assessed in
the choice of a solidified waste p r o d u c t are considered
individual ly. The t ime scale of interest for the waste forms
is divided into.five general pe r iods : •.: ..••

1. During the manufacturing process of the solid waste
product and transfer to storage; at this time the effects, due
to high temperatures from self-heating will be at their
greatest.

2. During the first ten years or so of interim storage;
during this period, about 'XVA of the fission products ?vill
decay and maximum temperatures will drop significantly,
but stability at high temperature will still be essential:

3. From about 10 to I (X) years; during this time the
solid wastes will cool somewhat and the accumulated
radiation dose will build up;stability to radiation and in the
storage disposal environment becomes important; resis-
tance to high temperature is still important.

4. From about 100 to 1000 years; during this period,
most of the remaining fission products will decay, further
effects from high temperatures and from beta and gamma
radiation will become insignificant, but' chemical Tand
mechanical stability will remain important.

5. From about 1000 to 100,000 years; during this
period, the waste should be stable to the important amount
of integrated alpha decay and to chemical degradation in
order to minimize releases of wastes to the environment.

'!
TYPES AND COMPOSITIONS OF
WASTE PRODUCTS

There are three generic considerations in this field.
First, the wide variety of aqueous waste compositions are
examined together with the influence of the various
constituents that can affect the choice of final solid waste
form. Second, the various types of solid waste forms are
examined with illustrations of the range of compositions.
These alternative solid waste for'his include calcines, glasses
(e.g., phosphate and borosilicate systems), glass-ceramics,
ceramics, supercalcines, coated particles, metal matrix
forms, and other miscellaneous forms. The data from the
coordinated research program include an appendix with the
detailed compositions of the currently preferred forms
from some of;the laboratories. Third, the flexibility of the
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various waste forms for incorporating different waste
compositions is considered. .-

PHYSICAL STATE OF THE PRODUCTS
AND THERMAL EFFECTS

After reviewing the physical state of the various gioups"
of products, the phenomenon of phase separation is
considered particularly during the initial formation of the
product. The -long-term siability rio thermal effects is
.examined, specifically with respect to glasses and their
potential foi; crystallization and devitrification as the glasses
cool: V^

PHYSICAL AND MECHANICAL PROPERTIES

Many physical and mechanical properties of the prod-
ucts must be measured in order to understand and control
the production process of the final waste form and to
define preferred conditions for storage and disposal.

During the actual, production of t'he final waste form,
it is necessary to know the influence of the composition of
the product and the additives to be used on the formation
temperature. It' is also necessary to understand the effect of
temperature on viscosity, particularly in tluise processes in
which glass is poured into a final.container. Selected typical
viscosity values have .been collected, together with tech-
niques for measurement.

A knowledge of electrical conductivity is required for
the design and operation^Of Joule-heated meiters. This is
very temperature dependent and can also be influenced by
the1 chemical composition. Density, tlfermal conductivity,
and* thermal expansion "coefficient are all important in
defining container and storage conditions, and typical
values are given in the report. • ' „

In general, physical property measurements are compar-
atively easy, to make and present few surprises^ However,
the measurement of mechanical properties is difficult to
carry out due to the nature of many of the products.
Attempts have been made to study both the impact
behavior and thermal fracture behavior of containers of
glass and to develop a crack test.- While such tests give
relative information for a series of products, no one has
produced a satisfactory method of interpreting the results
relative to the actual conditions that may prevail in
practice. Homogeneity is another important property for
which no routine test is currently available. In the majority
of processes it is not clear what action could be taken if
inhomogeneity is suspected or found.

RELEASE OF RADIOACTIVITY

This work is devoted primarily to leaching by water,
which represents die main mechanism whereby radio-
activity can be released to the environment over long
periods of time. The techniques for the measurement of



leach rate are considered in the program. The current leach
tests employed in member states 'are described together
with the proposed IAEA test" published in 1971 and the-
ISO draft standard leach testsS-* proposed in 1977, which
are based on the earlier IAEA tests mentioned above but
take into account the working experience and shortcomings
of the IAEA test. It is hoped that the final ISO test
procedures might become the accepted world standard
leach tests to enable leach results to be comparable between
organizations'.

Currently, the comparison of leach results obtained; by
different groups of workers must be done with caution.
However, the program reviews the leaching ^'udies carried
out and has summarized the mechanism of lchching.

Finally, the release of radioactive ma-ttrials by vola-
tilization is considered. This effect requires consideration

* only, if temperatures rise to above approximately 400<JC.

EFFECTS OF RADIATION

Solidified .waste products will be subjected to intense
alpha, beta, and gamma radiation as well as to lesser
amounts of neutron radiation. In addition, the radioactive
isotopes will decay to different stable elements, in many
cases with a change in chemical valence,,.J{Tie program
concentrates on the study of the effect of alp'h.a radiation
and "ways of simulating and accelerating the "effects°by.
incorporating up to 5 wt.9Lof actinide elementsv^Pbssible
deleterious effects that the alpha decay might c.aus^include
volume changes, an accumulation of stored energy),.which
could be spontaneously released later (giving a significant
temperature rise), helium generation, increases in leach rate,
and cracking of the solid waste form. Each effect is
considered in turn. Measurements of the effects of beta
and gamma radiation are also considered and summarized in
die program. Tests;of the effects of radiation fake into
account a draft standard test being developed by ISO.7

FUTURE CONSIDERATIONS OF THE
COORDINATED RESEARCH PROGRAM

The IAEA's coordinated research program will continue
to study those aspects described above as well as some new

ones. The future activities will generally lie in the following
areas:

1. Regular exchanges of results between participants,
with further compilations of da!a into one or more
technical reports.,, o &

2. The use of the ISO standard leach test universally so
that leach results ;(re more comparable between different
laboratories.-More recently, the ISO is now considering a
draft Soxhlet test for accelerated leachsrate measurements.

3. The development of suitable tests for mechanical
strength and homogeneity of solid waste1 forms.

4. The use ui' round robin test*, for intercomparisons of
' samples. ;

5. The preparation.and evaluation of fully radioactive
samples and their comparison with nonradioactive sim-
ulated samples. • ~ _ •• ' * '-'

6. The development of means of evaluating and pre-
dicting the long-term stability of solid waste products from
accelerated tests.

,1. The"°deve!opment of tests to simulate more accu:

lately the possible conditions in different disposal envi-
ronments: " r

Jt is believed that IAEA's Coordina'i-d Research^ Pro-
gram has contributed significantly to the worldwide
dissemination of technology regarding evaluation of high-
level waste forms. It is expected .that the program will
continue that function in the future as well as coordinate
the related developments on an international basis.
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DEVELOPMENT OF COMPREHENSIVE
WASTE ACCEPTANCE CRITERIA
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ABSTRACT

l i ,
A detailed methodology is,'presented for the identification of

the characteristics of commercial nuclear waste which may require
criteria. This methodology is analyzed as a six-step process which
begins with identification of waste operations and proceeds until the
waste characteristics affecting the potential release of.radionuclides
are determined. All waste types and operations were analyzed using "
the methodology presented. Several illustrative examples are in-
cluded. It is found that thirty-three characteristics can he identified
as possibly requiring criteria.

INTRODUCTION

Waste management planning has as its objective "to
provide assurances that existing and future nuclear waste
from military and civilian activities (including discarded
spent fuel from the once-through nuclear power cycle) can
be isolated from the biosphere and poses no significant
threat to public health and safety."1 Waste management
criteria are useful in obtaining this objective. These criteria
comprise a hierarchy of criteria, consisting of system,
performance, acceptance, and design criteria. This hierarchy
describes a sequential response by which the waste manage-
ment system meets the waste management objectives.2

The waste acceptance criteria, as a subset of the criteria
hierarchy, are the limits on "the measurable indicators of
the waste package performance for acceptability in the
waste management system."2 These acceptance criteria
serve as a means of assuring that the wastes are prepared,
treated, transported to the repository, and disposed of in a

•Department of Mechanical and Nuclear Engineering, The Ohio
State University, Columbus, Ohio.

geologic formation in such a manner that the risk to
workers and the general public will be minimized before
and after placement in the disposal medium. The waste
acceptance criteria will generally be determined by the most
restrictive of the waste management operations. Two steps
underlie the development of all waste acceptance criteria.
They are the definition of the characteristics of the waste
which may require criteria and' the definition of the limits
to be placed on these characteristics. This paper presents in
a detailed fashion the methodology involved in the first
step of the development of waste acceptance criteria.
Examples are given to illustrate the methodology.

Methodology 0

The methodology for the identification of the waste
characteristics which may require criteria is a six-step
process., In general, each step of the process is aimed at
either a qualitative or quantitative delineation of properties,
characteristics, or transport mechanisms associated with a
given waste type in one or more waste management
operations. These steps are:

1. Identify the operations of the waste management
system.

2. Identify the waste types to be considered.
3. Identify potential release mechanisms.
4. Determine radiation release scenarios/paths.
5. Determine rate-limiting step for radiation transport.
6. Determine waste characteristics that influence the

release mechanism.

These steps are explained and expanded in the, following
sections. Examples are presented which illustrate steps 4, 5,
and 6.
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WASTE GENERATION

TRANSPORTATION

TRANSPORTATION

PACKAGING

—-"-I INITERIM STORAGE

HECEIPT AND HANDLING

EMPLACEMENT

PRE CLOSURE ISOLATION

POST CLOSURE ISOLATION

Fig. 1 Waste management operations.

WASTE MANAGEMENT OPERATIONS

The waste acceptance criteria must govern the waste
types during all the waste management operations shown in
Fig. !. It should be noted that transportation is a waste
management operation that can take place between almost
every other waste management operation shown.

WASTE TYPES

The wastes considered in this study are those wastes
generated .in the closed and once-through commercial
nuclear fuel cycles. The waste types are the following.

Remote-Handled Waste

• Spent Fuel Waste (SF). SF consists of assemblies bf
fuel rods discharged from light-water reactors that have not
been processed.

• High-Level Waste (HLW). HLW includes waste result-
ing from first-stage solvent-extraction and concentrated
waste from subsequent extraction cycles in a spent fuel
reprocessing plant. *~"

• Cladding Waste (CW). CW consists of solid pieces of
Zircaloy or stainless steel cladding and other rod and
structural materials which remain in the dissolving vessel
after the fuel has been dissolved.

• Remote-Handled Transuranic (RHT) Waste. RHT
waste is defined as those materials, generally solids, that

contain alpha-emitting actinides at a concentration of 10
nCi/g and whose surface dose rate prohibits safe, direct
handling.

Contact-Handled Waste

• Contact-Handled Transuranic. (CUT) Waste. CHT
waste is materials, usually solids, containing alpha-emitting
actinides at a concentration of 10 nCi/g whose surface dose
rate is sufficiently low to permit direct handling.

The following could be either Contact-Handled or
Remote-Handled TRU waste:

• Fission Product Caseous Waste (FP). FP includes the
noble-gas fission products, especially krypton and xenon,
the fission products, iodine and tritium, and carbon-14.

• Contaminated h'qiiipment (CF.) Waste. CE waste is
obsolete, failed, or unwanted equipment or machinery and
dismantled structures that result from maintenance or
decommissioning of reactors, reprocessing plants, and re-
fabricated plants which are contaminated with TRU mate-
rials.

RELEASE MECHANISMS

Several mechanisms that lead to a release of radio-
activity haveibeen identified. These are:

• Combustion of the waste

• Volatilization of the-waste

• Leaching of the waste into ground water

• Chemical interactions of the wastejwith the surround-
ings ;j

• Loss of physical integrity of the waste kl

• ' • Attaining a critical configuration by the waste

• Direct exposure to the waste

Each of these mechanisms may be the, first step in a
succession of events that lead to radiation dose to man and,
hence, risk to man. In order to limit the risk to man, one
must limit the rate of release of radioactive materials,,that
occur through these mechanisms.

PATHWAYS TO THE ENVIRONMENT

Limiting the rate of release of radioactive materials to
the environment requires a knowledge of the possible
sequence of eventsthat leads to radiation dose to man. This
sequence of events was outlined for each of the seven
release mechanisms for all waste management operations.
Two of the outlines presented are leaching of the waste into
the groundwater in Fig. 2 and volatilization of the waste in
Fig. 3. Both of these outlines deal with preclosure and
postclosure isolation. For the outlines to be applicable to
other waste management operations, modifications would
need to be made.
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IDENTIFICATION OF RATE-LIMITING STEPS

In genera!, the most restrictive step in the succession of
events leading to a breach of the repository determines the
rate of tolerable radioactivity release. The examples
picsentcd above are used to identify the rate-limiting steps.
The first of these deals with the leaching of the waste by
groundwater. As stated previously, Fig. 2 indicates the
succession of events that starts with leaching of the waste
into the groundwater and eventually results in dose to man.
Several of these events could be the rate-limiting step: fl)
the leaching of radioactivity to the groundwater, (2) the
groundwater transport of the radioactivity to the aquifer,
or (3) the rate of ingestion of radioactivity by man. Since
the acceptance criteria apply only to the waste package
performance, leaching of radioactivity into the^roundwa'er
is the only restrictive step associated with the waste form.

The second example is that of ^volatilization of the
waste form. The succession of events in this case is
illustrated in Fig. 3; It should be noted that path A, the
overpressure path, can only occur after the repository has
been backfilled and sealed. The explosive mixture path,
path B, and the flammable mixture path, path C, are paths
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Fig. 3 Waste from volatilization.
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tliat could only occur before the shaft is backfilled and
plugged. If an explosion were to occur after the mine was
backfilled and the borehole plugged, the explosion would
result in an overpressure, which would then revert back to
path A. Further examination of Fig. 3 will reveal that the
rate-limiting steps are the waste form volatilization and the
leaching of the waste form activity to the aquifer. The
many steps that take place between the leaching of the
radioactivity in the groundwater and the dose to man are
not duplicated in Fig. 3.

IDENTIFICATION OF CONTROLLING
CHARACTERISTICS

The rate for the most restrictive step (i.e., the rate-
limiting step) is determined by the characteristics of the
waste (either derived or fundamental) that can control or
influence the rate of the release mechanism. One must
therefore determine what properties of the waste control or
influence these release mechanisms. This procedure is illus-
trated by using the volatilization of the waste during the
postclosure isolation. As can be seen in Fig. 4, the rate of
the volatilization of the waste, or the gas generation rate, is
controlled by the rate of thermal decomposition and the
rate of corrosive decomposition. In this example, we choose
to determine which waste properties control the rate of
radiolytic decomposition; however, it should be noted that
the rates of thermal decomposition, bacterial decomposi-
tion, and corrosive decomposition would be expanded in
the same way that radiolytic decomposition is expanded.

As can be seen in Fig. 4, the rate of radiolytic
decomposition is a function of the radiation intensity and
type, the G value (molecules of gas that are generated per
100 electron volts of radiation that is absorbed in the

material), the pressure, and the initial atmosphere composi-
tion. The radiation intensity and type are determined by
the amount of self-shielding contained in the waste form,
the specific activity of the wastcTorm. the waste form
package geometry, and flic nuclide concentration. Of these
four, only the nuclide concentration and the-package
geometry are fundamental characteristics. Self-shielding and
specific activity are characteristics that can be derived from
other fundamental characteristics of theBwaste.

It is also interesting to note that the G value is a
function v;of chemical composition and chemical form;
however, it is also\a function of radiation type arid pressure,
ipiemieal composition and chemical form are fundamental
properties, whereas, radiation type and pressure are de-
pendent properties that are functions of die other proper-
ties, both fundamental and derived, that are listed in Fig. 4.
Pressure is dependent on so many variables that we,have
chosen not to show that dependency. However, several
characteristics are of interest: the "canister^ pressure, the
repository room pressure, the hydrostatic pressure, and the
lithostatic pressure. The initial atmospheric composition is
only a function of two properties, chemical composition
and chemical form, which are fundamental properties.

The fundamental and derived properties that determine
the release mechanisms are categorized as to whether they
are chemical, mechanical, nuclear, or thermal in nature.
These are given in Table 1, which is a compilation of all
characteristics that may require criteria.3 We have included
both derived properties and fundamental properties in this^
listing of characteristics. In some cases, it may be easier to
set a limit on a derived property than to set a limit on a
fundamental property. In other cases, however, it may be
easier to set a limit on a fundamental property than it
would be to set a limit on a derived characteristic.
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TABLE I

Fundamental and Derived Characteristics Which May
Require Criteria

Nuclear characteristics..
Fundamental characteristics

Nuclide concentration
Fissile concentration
Specific activity
Lattice geometry

Derived chaiaciiiristics
Fissile load
Surface contamination
Surface dose rate
Shielding
Radiation damage

Chemical characteristics
fundamental cliaracteristics

Chemical composition
and form

Atmospheric composition
Derived characteristics

das gene ration, rate
Flash point
Ignition temperature
Corrosion rale
Phase change
Leach rale

Physical/mechanical elm racier istics
Fundamental characteristics

Canister material properties
Package geometry
Void volume
F.mplacemenl configuration

Derived characteristics
Structural integrity
Weight-
Surface area
Internal pressure and

overpressure
Leak rate

* .Stress cracking"
Particle size
Dispcrsibility

Thermal characteristics
Fundamental characteristics

Thermal conductance
Derived characteristics

Surface temperature
Hulk temperature
Thermal load

All of the factors noted in Table 1 have been classified
as characteristics of the waste. Although we realize that, in
essence, temperature is not a characteristic of the waste,
but it is an effect of the heat generation and dissipation
within the package. There are other characteristics of the
waste that appear in other release mechanisms which fall
into this same category, for example, surface dose rate.
Surface dose rate is not a property of the waste, but it is a

manifestation of the specific activity of the waste, the
isotopic composition of the waste, the self-shielding.' and
other factors. However, we classify it as a derived character-
istic, and, therefore., we have included it in our final
tabulation as a nuclear characteristic of the waste.

SUMMARY '

AUjelcase mechanisms that lead to, radiation dose to
man during any of theVwaste management operations for all
waste types were analyzed using the methodology
presented. The final result is shown in Table I. These
thirty-three characteristics are those characteristics of the
waste that may require criteria in order to limit the rate of
release of radioactive and chemically toxic substances to
the environment and, hence, to man. • '
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ABSTRACT

An experimental method for predicting long-term stability of...
nuclear waste cncapsulants uses various ratios of surface area to the
solution volume exposed to the encapsulant. A graphical technique,
involving leaching indices and exposure times, illustrates how
predictions can be made based on laboratory experiments, field
trials, arid museum artifacts.

INTRODUCTION f

Evaluation of the corrpsion kinetics and mechanisms of
complex glasses, i.e., ternary systems or greater, is not a"
simple matter nor is the interpretation of leach rates. The
problem is further aggravated by the inability to do
real-time experiments to understand long-term storage
behavior. It therefore becomes necessary to use data
obtained from short-terrn laboratory experiments to make
predictions concerning the long-term storage stability of
glasses. Predictions of this kind are essential for glasses
which have been proposed as encapsulants for "nuclear
wastes. The validity and usefulness of such extrapolations
are, of course, heavily dependent on accurate data and even
more on their accurate interpretation.

Two types of accelerated tests are used in the study of „
glass durability. A high-temperature tgst is one means by
which glass corrosion kinetics may be hastened. For this
test, long exposure times at low temperatures are simulated
in trie laboratory by studying the system for short times at
high temperatures. High-temperature tests (>100°C) re-
quire autoclave conditions which often change the mecha-

nisms from those known to occur at the lower temperature
conditions being modelled.

A second type of accelerated glass durability test uses a
high ratio of surface area of glass (SA) tp volume of
leaching medium (V). The high SA/V accelerates the°rate at
which ions tlfat are leached from the glass accumulate in
solution, thus reducing the time needed for characterizing
glass durability. This method also has the advantage that it
does not affect the corrosion kinetics unless the concentra-
tion of leached species in solution exceeds their solubility

limits or the pH of the solution increases^ to a value which
alters the corrosion mechanisms.2 >3

The experimental parameter, SA/V, is one that has been
generally ignored in the past. The work of El-Shamy4 and
others5 have shown that SA/V has a significant effect on
glass corrosion kinetics. However, only recently has a
systematic evaluation of this important corrosion parameter
been developed by Ethridge et al.6

The major objective of this report is to present an
approach for predicting the long-term stability of nuclear
waste forms. We propose to use information derived from
observing the effect of varying SA/V values on corrosion
kinetics and mechanisms as an aid in this prediction.
Preliminary studies are conducted with simple binary alkali
silicate glasses so> that a thorough understanding may first
be developed. An extension to more complicated boro-
silicate systems containing simulated nuclear wastes isalso
presented. The results reported are acquired from studies of
glasses, but if the same or similar assumptions can be made
for other nuclear waste forms (NWF), then corresponding
conclusions can be drawn for these.
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THEORETICAL CONSIDERATIONS

Jn th(' initial stages of surface attack by an aqueous
solution,/'glass constituents are selectively leached into
solution. This diffusion controlled ion exchange process
results in' an increase in the pi 1 of the leaehingjnedium due
to the depletion of H+ from the solution.-Jn high pi I
solutions .a second corrosion -process which causes the
attack of glass network formers'^become's more important.
Both modes of corrosion can be expressed with the kinetic
equation ,.;

0 )

where Q = quantity of glass constituent extracted or pi I of
the solution

lc~ reaction rate constant
t = reaction lime.

At short corrosion times in acidic and neutral solutions, the
exponent, a, has a value of approximately 015 for both
selective leaching-and for the extraction of silica indicating
diffusion controlled mechanisms for all species at short
times.2 '7 After somejime, the corrosion process eventually
becomes linearly dependent with time, i.e., $ - * ! . This
change in kinetics is attributed to the increased solubility of
silica in solutions of higher pH values.2 '3 '8 The time at
\Chich t'he predominant mode of corrosion changes from a
diffusion controlled mechanism to network dissolution is
designated, tc , the changeover time, and the corresponding
pi I is labelled pHc.

The term relating the surface area of theglassio volume
of leachant (SA/V) is usually incorporated in either Q or k
in Eq. 1. However, as shown in detail in a recent publica-
tion,6 by assuming a constant flux of leaching glass
constituents into solution per unit surface1 area, the kinetics
equation can be written as" , *?;,

constituent In solution/' a specific pH of the solution., of a
maximum thickness of surface reaction layer.

C.j = (SA/V) kt a (2)

wherejCi is the concentration of the leached species i in the
solution i|ir pH of the solution. The constant k in this'
equation is assumed to be inilependenj^of SA/V.

Equation 2 can be simplified In twoJ ways. If the
corrosign time is held constant, it can be shown6 that ^ °

» i; log C t = log (SA/V) + c, ,. • (3)4

where Ct = concentrations of glass constituent in solution
at the given time, t

Ci = a'&onstant equal to (log k + a log t)

Equation 3 indicates that a logarithmic plot- of the
concentration of a specific glass constituent in solution
after a given corrosion time versus SA/V should give a
straight line with1 a slope of unity,. .,

The second simplification of Eq.2 is derived from the
time, t c , required to reach a specific concentration of glass

•»). < 4 1

where c2 is a constant equal to (log k log (').
According to l:q. 4 a logarithmic plot of t t versus SA/V

should theoretically6 yieldj straight line with a s!ope.,equal
to the negative,_reci|)rocal of the reaction rate,exponent,
a. Both tqs. 3 and 4 are based on the assumption that
the reaction rate constant, k, is riot changed by varying
SA/V,"i.e., the net flux of glass constituents from a unit

•area of surface is independent of the effective SA/V.

METHODS OF ANALYSIS

It is obvious that the quantities of substances leached, ,
as well as the effect of corrosion on the surface of
materials,^'are required to determine the extent of corro-
sion. Solution ion concentrations are determined using
atomic absorption and emission spectroscopy, and UV-
visible absorption spectrophotometry. The pi I of the
solution i | also monitored to determine the pH at which
total dissolution of the glass occurs. Surface information is
acquired using Auger electron spectroscopy wjtli Ar io(n
beam milling (AliS-IM), infrared reflectance spectroscopy
(IRRS) accompanied with a sequential polishing tech-
nique,9 >and, occasionally,. scanning electron microscopy
(SEM)° " . = ° 'i *"

8 RESULTS .. I "

Binary Alkali Silicate Glasses "

For the 33 mo I % Li2O-67 mol %'SiOg glass:(33L), a
plot of pH values versus log time shows two distinct
portions. In Fig. 1, the slope of the curve at shorter times is
approximately 0.5 .and agrees favorably with the previous^—
theoretical disjeussiqn, i.e., Eq. 1. At longer times the slope
of the curve increases to a value of approximately<:unity.
This also is in agreement with theo(r/. The pH values at
which the slope (kinetic rate) chJnges from 0.J5 to 1 is
between 9.5 and 11.5, and the time'at which this occurs is
designated tc. Generally, for binary alkali silicate glasses the ,.
value of a changes from 015 to 1 when the pH of the
solution is between 9< ando10 (Refs. 2, 7, 8). This change,
tc, is Loften quite sharp-when, determined for bulk glass
surfaces.2 However, as shown in Fig. 1 the tc for glass

^powders varies over a significantrange. • "
J)A curve for the case of a binary 33 mol% Na|,0—67

:mol % Si62 glass analog of 33L is also shown in Fig. X. Note
that^the cor/osion rate, for the3 soda-containing !glass is
sufficiently more rapid thaii the Jithia glass that the
solution temperature must be decreased by 35°C to obtain
trie same pfl versus time behavior. •;> !

" { ; ' *42



pH

-10*20

33L ,60 C
33N ,25*C

10' 10 10 10 10

TIME(min)

I'ig. 1 piJ- nl1 tin1 inrinsjon solution^ UTMIS lm1 lonoMnn lime
(mini t!or 331. ylass t.'j,iins and 33N f.'lav>. ;>

10'

10
10

SA/V (cm-1)

.Mg. 2 Changeover time..tc_,-v;ersus SA/V plots for 33L glass at.50°C,
and for a commercial soda -lime silica plass at 100°C. ;

If a series of tc values are obtained in this manner for
various SA/V conditions for a'particular temperature, the
plot shown in Fig. 2 is obtained. Extrapolation of the curve
for 33L to low SA/V values, e.g ,̂ SA/V = 10~ J , reveals that
it would take approximately 21 days for the glass to be
corroding primarily by total (network) dissolution.

Similar data arc also presented in Fig. 2 for a com- ̂
mercial soda lime -silica container glass corroded at
lOO'C. T.hei,',tc versus SA/V curve'for this glass al Su^fe"
would be shifted to the upper right of the figure and
parallel to the 100 C curve. In this case. lc is the time
necessary to reach a pll of °. By extrapolation, 'he
soda lime glass, which is a much more durable glass, would
not go into a total dissolution mode until alter 23 months
if stored so that SA/V = 10 2 . This method of analyzing
data appears to be a reasonable one for the comparison of
glasses I hat exhibit a ver> wide range of durabilities.

Borosilicate Glasses with Simulated Nuclear Wastes '

Laboratory tests under static corrosion conditions for
several simulated borosilicate-based nuclear waste glasses
(SNWG) give results siniilai to those obtained Tor the binary
alkali silicate glasses. Figure 3 shows an identical' trend for
the changes in pll of the solution with time for the SNWG

.composition 72-6X(PW-4b-7(2.8)73.L) obtained from Pa-
cific Northwest Laboratories (PNL).

In order to determine at which pH range the change in
corrosion mechanism occurs. pHe, AF.S-IM is used to
provide a depth compositional profile of the corroded

~ glasses. The elements calcium, boroti, and potassium are ,
used to monitor surface changes with time. At short
reaction times of 2 to 5 hours, a silica-rich layer 500 to
600 A depleted of calcium, boron, and potassium is
developed as shown in detail in another publication.1 ' The
concentration of the heavy elements is significantly in- =
creased in the leached §urface layer in comparison to the
bulk composition. cAfteW4 hourf^oFlxposure time the
thickness of the depleted layer ,has decreased to 200 A
which is evidence that network dissolution is dominant.
This time closely approaches the t^ extracted from analysis, "
of the reaction solutions and corresponds to pHc = 8 . 5 . In
this case, either solution analysis oi- surface analysis is
sufficient to extract tc information. However,.it is strongly
recommended that both analyses be carried ouLlp a v o j d
any misinterpretation. = , ~ !

An example of the importance of doing both solution
and surface analyses is seen in Fig. 4 for SNWG
[77-260(PW-7c4( k2)77-269) w/o UOj] also1 obtained from

,; PNL. There appears to be no change in the kinetics of the
reaction for the time period studied when only solution
analysis of the change in solution pH is employed.

.However, AES-IM of the surface after various times of
corrosion shows that the surface network begins to break
down and tc occurs when the pH of the solution is
approximately 8.5. .̂

If tc is'chosen as the time when pH = 8.5 for the
nuclear waste glasses examined", a logarithmic plot of tc

versus SA/V gives a straight-line curve as shown in Fig. 5.
For a particular glass composition, increasing the exposure
temperature from 75°C to 135°C reduces the time required
to reach tc for all SA/V-values by a factor of 15. Tfiis type
of graphical representation is extremely valuable for
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predicting tc for very low SA/'V conditions which are
difficult to analyze in the laboratory because of the
prohibitively long times involved.

If storage involves continuous removal of the attacking
medium such as flowing groundwater, this would effec-
tively provide a very low SA/V «\0 3 cm ' ) . Such
conditions would discourage the formation of surroundings
with a high pH and serve to extend t c beyond that observed
under static corrosion conditions. s

Proposed Approach for Long-Ranfc Predictions

of the Stability of Nuclear Waste Form*

ji

Short-term laboratory experiments can be carried out
to provide tc information as discussed previously and as
shown in Figs. I to 5. Graphical representations such as
those shown in Figs. 2 and 5 can be used to predict the
time required for a glass to enter a network dissolution
mode with a fajf degree of reliability. At times below the tc
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veisus SA V plot toi a particular temperature, tho slower
root time diffusion controlled selective leaching is rate
controlling. At greater times, i.e.. times above the line,
linear extraction rates, dominate and network dissolution is
rate controlling. Prevention of network dissolution is
especially important for glass encapsulants because of the
tendency for the radiouclhe heavy elements to be trapped
within surface films that form on the glasses during the
selective leaching, diffusion controlled period of attack.9

l-'iom this type of analysis one can set maximum limits on
SA.'V storage conditions which are critical to prevent
network attack from occurring before radioactivity of the'
nuclear wastes subsides.

In combination with the SA/'V versus tc analysis, we
also present a further consideration for long-range predict-
ability. If it can be ascertained that selective leaching is the
principal mode of attack, a prediction curve such as the one
shown in Fig. 6 may be developed.1 ° '"*••

The thickness, d. of a leached surface or the concentra-
tion. Cj.ot a specific ion leached into solution are examples
of measurable leaching indices. Although weight change is a
widely used leaching index, it is not recommended since
reprecipitation on the surface may yield misleading in-
formation. Also, extensive leaching of radioactive species
may be accompanied by insignificant weight losses.

The use of this graphical method for predicting long-
term leaching behavior of nuclear waste forms is based on
several assumptions: <;

• That materials which are similar or related in com-
position will corrode via similar mechanisms.

• That extrapolations can be made to times longer than
those actually measured assuming no change = in
kinetics. A good guide would involve determining tc

as discussed earlier.
• Laboratory simulations or field trials of varied geo-

logic storage conditions of candidate NWF materials
can be made.

• Leaching indices from short-term studies of the NWF
materials and analog-materials can be compared with

„ the measured indices from the long-term burialof the
.analogsmaterials to obtain "worst case" and "best
case" storage acceleration factors.

If the above assumptions are valid, margins of safety can be
dictated as a result of the kinetic extrapolations and
comparisons with analog materials.

In Figure 6, A and A' represent a range of leach rates
measured on analog materials. Data for leach indices of
analog materials can easily be obtained in the laboratory
over a large range of times up to 10 ' year. For longer
experimental times burial in geologic sites can be conducted.
For the time range from tens of years to W3 years, results
can be obtained from accurately dated museum and
archeological samples assuming certain ranges of tempera-
ture and groundwater pH based upon the local geology.

It is obvious that the environments of the buried analog
materials are by no means equivalent to. those to be
encountered in the long-term storage of NWF materials. If
storage environment simulations are based upon geochem-
istry computer modelling studies, then perhaps the best
case and worst case extremes can lead to B and B' in Fig. 6. *
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As long as reaction mechanisms do not change in the more
severe,environment, the curves B-B' remain parallel lo A-A'
and t tie extrapolations'of B-B' are valid. If there is a
potential for a change in mechanism to occur, it is. assumed
that the changes can be induced during the laboratory range
of experiments and can be derived from tc versus SA/V
graphs or their extrapolations.

Finally, laboratory leaching results of NWF materials. ('
and C', can be extrapolated to long times Mf a valid
comparison is made with the analog materials, it should
then be possible to specify an acceptable safety level1 of
cumulative Ibssof radioactive species from a NWF based on
biological tolerances and other relevant concerns.

Figure (•> can be used to predict the time required for
the chosen safety level to be reached using the intersection
of the appropriate leaching curves. If this results in an
unacceptable storage period, an acceptable extension in
safety storage time can be achieved by addition of a
passivating overpack or could lead to the selection of a
different and more suitable NWF material. ̂
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GLASSY AND CRYSTALLINE HIGH-LEVEL
NUCLE|R WASTE FORMS-AN ATTEMPT

AT CRITICAL EVALUATION '/
. W. Ll>TZE

Hahn-Meitner-Institut fur Kernforschunsi Bs_'jiin GmbH, Department of Nuclear Chemistry and Reactor,
Berlin, Germany

ABSTRACT

Pros and cons of glassy and crystalline nuclear waste forms art-
discussed. An evaluation is given in terms of technological simplicity
and safety-relevant product properties, i.e., thermal, chemical,
mechanical and radiation stability, showing that glasses are the first
choice and alternatives are either the backup solution or second-
generation products.

INTRODUCTION yn
• • ^ • ' r.!

A technology has been developed during the past (wo
decades to solidify HLLW in glass. The potential of
alternative final forms has been considered as well'/but with
less effort. Of these at least one form, a metal-matrix glass
composite, has reached technological maturity. Consoli-
dated, fully ceramic waste forms have also been given
attention, but the technical feasibility, in terms of remote
handling in hot cells, has frequently been questioned.
Ceramic forms, therefore, were ranked as second-generation
final waste forms. The potential increase in the product's
stability has been realized.1

Repository concepts were undeveloped until a few
years ago. Therefore high-level solidified waste (HLSW)
forms could only be tested under the physical and chemical
conditions set by the repository during the last two or three
years. Geologic formations such as shale, granite, basalt,
and salt have been considered and are presently under
investigation. These rocks exhibit very different geologic
and hydrologic properties with respect to containment of
HLW and possible waste-rock interactions, and currently
only glass can be offered as a feasible waste form. Glass
(blocks) cannot be expected to be the universal waste form
compatible with any geologic formation and fitting into all

assumed waste management systems. There may be more
appropriate products, than "glass blocks if, for example,1.
short-cooled, high-burnup waste is to be disposed of shortly
after solidification. In this case, a metal-matrix composite ,
may be highly recommended and salt may not be the best
repository. As yet, a comprehensive evaluation of the
still-growing number of proposed alternatives to glass and u

its variants cannot be performed. This paper, however,
critically discusses the facts and the options set within a
waste management and repository concept when choosing ;

glass as the final was.te form. J :

WASTE FORMS AND TECHNICAL ASPECTS

The short-term storage of HLLW in tanks is today a
mature technique. It is clear, however, that this kind of
storage cannot be prolonged indefinitely. The-1 fission
products in solution must not only be solidified but must
be immobilized by incorporation in a stable host material
suitable for disposal in a geologic formation. For this
reason, a calcined waste is definitely not a final form.
Incorporation of the highly radioactive fission products in a
host material, however, calls for rather sophisticated pro-
cessing at high temperature and/or high pressure, both
being undesirable in terms of remotely handled equipment.
There seems to be no way of processing the w%ste under
boih low temperature and pressure.

Present technology2 provides a high-temperature pro-
cess, vitrification, where a glass frit or glass formers are
added to the waste prior to melting at 1320 to 1470°K.
The waste is dissolved in a glass at concentrations up to 30
wt.%. However, half of this quantity could be more
desirable, so that the glass properties are not determined by
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the waste. Monolithic blocks (both simulated and full-scale
radioactive) of considerable length (up to 3 m) and thick-
ness (40 .cm) as well as small beads (0.5 cm in diameter)
have been produced in pilot plants.

Special glasses have been developed in order to make
glass ceramics as the final waste product in the form of
blocks and beads. In this case, the glass is taken through a
carefully programmed thermal treatment to promote con-
trolled nucleation and crystallization and accommodate
radionuclides of concern in tailor-made host phases.3"5 A
disadvantage of glass ceramics made from borosilicate

•glasses is the low chemical durability of their residual glass
phase. Very recently, glasses and glass ceramics free of
boron and alkali have been developed at the 1IMI which
exhibit increased chemical durability.

In addition to the concept of dissolving the waste in a
glass matrix, the fabrication of fully ceramic materials has
been envisaged/';7 As yet, moderate R&l) efforts have been -
made, and it is already clear that the various product
formulations yield final products which may be as stable as ~
glasses or exhibit even better properties, at least under
laboratory conditions. Processing is characterized by adding
various mineral-forming species to the waste, as in the case
of supercalcine6 and Synroc,* or byadding inorganic ion

\exchangers,as in the Sandia titanate process.9,,-The mixtures
are chemically reacted at low 'or moderate temperatures
(<400°K) yielding precursors that have to be consolidated
in a second step using further additives. Subsequently -1--.
sintering, ho! pressing, and/or other "consolidation tech-
niques are required. Table 1 lists various proposed methods
and materials. As can be seen from the table, the final
product may be fully ceramic, a glass ceramic, or a
metal-matrix composite. y

The HLSW is contained in a canister lor transport
and intermediate storage. This canister is not considered
here because the use of a distiact material is not necessarily
typical of, or dependent on, the production of a distinct
waste form. There seems to be no severe corrosion problem
at the waste> form/canister interface, and the canister has
never been assigned a long-term barrier function in the
repository.

From a review of the literature2'1 ° related to process- ••
ing ofHLW, the following emerged:

• Processing of glass is currently adequate for the '
full-scale demonstration of solidification and disposal.

• It is ratlier unlikely that ceramic (crystalline) waste
forms and/or related composites can be processed
with simple techniques as to maintenance, repair,
off-gas systems, and radiation exposure of personnel.

Glass does not necessarily mean glass blocks. The
large-scale production of|,glass beads has been demon-
strated with phosphate gIasV ' and is also straightforward
with borosilicate glass. A German pilot plant to be built in
Belgium at the EUROCHEMIC site provides for the
production of both glass blocks and metal-matrix-
embedded glass beads. In principle, an additional thermal

cycle would he necessary if the matrix-embedded beads (of
the properly designed glass) were converted into a glass
ceramic. Hence, the options for composites were left open
when a decision was made in favor of glass.

CHARACTERISTICS OF HLSW FORMS

Solidified waste is characterized by some typical prop-
erties in relation to potential hazards which might occur
during transport, stoiage, and emplacement. These are:

a. Long distance transport
and intermediate storage

b. l.mplacement (operation
phase of the repository)

c. I he sealed repository

j fragility, dispersibility,
^solubility

{stability of the insoluble form
in contact with rock and aqueous
solutions under the related
physical and chemical conditions

Long distance transport ol HLSW can be excluded if
PreprocessingT is r performeci on "the repository site; the

respective quality criteria listed above are then irrelevant.
Intermediate storage increases the flexibility of radio-

active waste management by providing for heat decay,
thereby lowering the heat load of the geologic repository.
Great Britain12 presently envisages 50 years of storage
prior to ultimate disposal. This may lead to a drastic
decrease of the maximum temperature (below 370°K) to be
expected after emplacement in the repository.

Attention must be given tcfpossible changes of the final
waste form during the period of interim storage. Storage
conditions may be different from those to^ite met in the -
repository. The temperature of the waste form will prob-
ably be higher unfie'r engineered storage conditions3. This
could conceivably affect the integrity of the HLSW form.
Adverse effects on glasses may be more likely here than.on
ceramic waste forms. Glasses can crystallize when subjected
to elevated temperatures for long periods of time. This
point has been extensively studied as ppiWf a joint EEC
program at the HMI. To date, it has been shown that glasses
can be formulated without influencing their durability13

(within one order of magnitude).

Investigations on a celsian glass ceramic revealed recrys-
lallization,J crystal growth, appearance of new phases, and
some loss of mechanical integrity.5 Similar instabilities
were reported for the Sandia tttanate ceramic.9 These
noiiequilibrium phenomena led, in the case of glass
ceramics, to the formulation of a fresnoite type that shows
no phase instabilities up to 100 days M 1000°K, a
temperature well above any reasonable value for storage.

Another adverse effect of temperature on the waste
form is thermal stress, which may affect the integrity of
glass or fully ceramic products, but affects metal-matrix
composites to a much lesser extent because the temperature
gradients are lower. As yet, little information is available on>
mechanical stability of glass and ceramic HLW forms under
the influence of an internal thermal gradient. It is, however,
rather unlikely that nonreinforced glass blocks of the
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TABLE 1

Glass and Ceramic Nuclear Waste Forms

Precursor

Calcine of 1II.LW

Supercaldne

Calcine

Waste loaded titanate,
zeolite, and sludge

Calcine from low
burnup \vaste

Synroc

Waste forms

Consolidated

Class
Class
Class

Class

Ceramic (sintered
hot pressed)

Calcine/metal matrix

Ceramic

Hoi pressed ceramic

- Composites

Class ceramic
Class beads/metal matri\

Class ceramic beads;
metal matrix

Sintered glass ceramic
and supercalcine/iilass

Coated supercaleine in
a continuous phase

Ceramic 'metal»matrk

Cement and concrete
compositions

State of development

technical
1 ab scale
Pilot plain

scale "hot"
"hot"
t "hot" and "

•-. technical scale "cold"
1 ab scale

1 ab scale '

Lab scale '

l.ab scale '

"cold"

"cold"

Void"

Void"

-

presently designed sizes will remain as unfnictured mono-
liths. An increase of surface by at least a factor of ten has
to be anticipated. Information on large monoliths of fully
ceramic material could not be found inalie literature.

The problems associated with emplacement of the
HLSW form (us received from the interim storagejisite) have
to be identified and carefully assessed. The question is
whether an appropriately designed system ca'n provide
satisfactory conditions in terms of waste/rock interaction,
e.g., salt in West Germany, which is being referred to in
more detail in this context. Such an interaction is inevitable
and independent of the waste form beginning witrT'the.
dissipation of heat and subsequent -rise in temperature and
induced stress in the vicinity of the waste. In; view of
adverse effects on the mechanical stability of therock and.
in the case of salt, on the hydrology beyond the,boundary
of the rock formation, stress and temperature may already
be the limiting performance factors for waste/rock interac-
tion. Peak temperatures of the salt and of- the waste/salt
boundary of <470°K are presently assumed:

During the operation period of the repository, ingress
of water and its contact with the waste form are very
unlikely but cannot be completely excluded. If the con-
tainer fails, the waste form will come into contact with a
salt brine. This solution will presumably be saturated with
"Natl and KC1 • MgCl2 • 6H2O (carnalliie).The brine will be
heated but the temperature will remain well below 470°K.
The local hydrostatic pressure 700 m below sea level may
be on the order of ten bars for a fully flooded repository.

WASTE/ROCK INTERACTION:
EXPERIMENTAL

Simulation of hydrothermal waste/rock interaction is
being performed with autoclave leach tests. Some results

obtained for a series of Kuropean waste glasses and a eelsian
glass ceramic are summarized in Table 2. The samples were
in the form of beads. It is noted that, in the case of
borosilieate glasses, the interaction started with the forma-
tion of a reaction: zone on the glass surface which reached a
njaximum thickness of 50 tcj 100 pin. Thereafter the
incremental weight loss was essentially zero up to 60 days,,
as yet the maximum period of time. This finding is similar
to results repoiied on glass by Westsik and Turcotte14 at
5.iO'K in Nad solution. As seen in Table 2, only phosphate
glas's does not ,<withstand brine attack; i.e., the glass'
disintegrated -and1 crystallized. Long-term experiments are
necessary to further evaluate the reactivity of the boro-
silicate glass and glass ceramic/brine interface. Quantitative
analyses of the crystallized phases and the mobilized
constituents of the glass are under way to proyide a data
base for extrapolation of waste form behavior over 100 to
200 years when the temperatures are at their highest. As
yet. the quantity of immobilized radionuclides cannot be
inferred {"rom the weight loss;data for borosilieate glass and .,
glass ceramic. This will be possible as soon as the results of
ongoing experiments with doped radioactive glasses are
available. ••• . , ..

The results of hydrothermal experiments are also
relevant to characterize the glass/salt interaction after the -
repository has been sealed. This is characterized by the
access of very little or no brine and somewhat higher,
pressures whose effect may be simulated by a slightly
increased temperature in hydrothermal experiments. •-

The typical waste form criteria for fully ceramic
materials, i.e., their chemical, thermal, mechanical and

-radiation stability, have not been characterized as exten-
sively as for glasses. However, it is evident that such
materials can be developed so that they are closer than
glasses to equilibrium in a geochemicaTenvironment, except
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TABLE 2

Leaching Data in Brine (Weight Loss in Percent)

Waste form

European
horosilicale
glasses

Glass ceramic
Phosphate

glass

Number*

I IK-209
DK-IK9
VG-9K/3
(-31-3
(-31-3

78/7

120C,
3d

0.02
o.or,
0.08

ISO'C,
3d

0.3
0.8

3.0

Temperature

3d

1.5
0.8
2.0
2.3
1.5

20

200" f t

15 d 30 d 60<I

2.5 2.3 2.3
l.K 1.5 2.5

Crystallized

90 d

2.6
1.7

•Information from Kef. 15.
!At 200"C: 3 d values measured at 15 to 100 bars and 15 through 90 d

values at 20 hars.

for salt. This is of particular importance if the repository is

susceptible to water which might subsequently find its way

to the biosphere. „

Experiments to evaluate the stability of alternative

ceramic waste forms as related to realistic repository

conditions are still lacking. The evidence of the product's

"stability" under unrealistic conditions, e.g., exceedingly1

high temperatures8 that will not be encountered (longer

periods of interim storage will avoid this), is of little help

for the further development of nonglassy waste forms.

CONCLUSIONS

1. The technical issue of this paper is that up to

repository emplacement none of the ceramic products

listed in Table 1 can be given preference when compared to

glass, either in terms of ease of processing or minimizing the

potential hazards which might arise from remobiiization of

radionuclides.

2. After repository emplacement, the stability of any

waste form is determined by the waste/rock interaction

during the first 200 years, which is typical of any kind of

repository. Silicate glass and/or derived alternatives are

likely to be compatible with salt because maximum salt

temperatures will have to be limited to below 470°K.

3. Fully ceramic waste forms need further characteriza-

tion to demonstrate their effective stability in geomedia

other than salt. R&D should be enhanced to further

develop and evaluate the potential safety increase which

alternative HLSW forms might offer within a given waste

management system.
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A COMPARISON OF GLASS
AND CRYSTALLINE WASTE MATERIALS

W. A. ROSS, R. P. TURCOTTE, J. E. MHNDHL, and J. M. RUSIN .
Pacific Northwest Laboratory, Richland, Washington

ABSTRACT

hither glass or crystalline materials can be shown to have some
advantage when a single property is considered. However, the
differences are small and each material has both assets and liabilities.
With proper design, either type of waste form can almost certainly
be utilized to solidify and contain radioactive waste.

INTRODUCTION

Investigation of methods to convert liquid radioactive
wastes to inert solids began over twenty years ago. The goal
was to increase safety during storage, transportation, and
ultimate disposal. As this investigation has proceeded, a
Targe number of waste forms have been studied in United
States and foreign laboratories. There is general agreement
from these studies that glass is a satisfactory waste form for
first-generation waste solidification plants. In fact, a high-
level waste vitrification plant is operating routinely in
France, and plans are well advanced for such plants to be
operating within the next 5 to 1 5 years in several countries.

However, glass is a metastable material not widely
found in nature, and the possibility exists that, more
thermodynamically stable crystalline waste forms could
provide an improved second-generation waste form, particu-
larly if they qm be tailored to be compatible with the host
rock. This paper examines some of the major considerations
involved in the comparison of glass and crystalline waste
forms.

EASE OF FABRICATION

The ease of fabrication is considered in two parts:
( l ) the flexibility of the waste material and (2)'the com-
plexity of the process.

Flexibility refers to the ability of the waste form to
incorporate the many diverse components characteristic of
a radioactive waste stream and the ability of the waste
solidification process to operate effectively with an ill-
defined, frequently fluctuating waste stream composition.
Glass has the required processing flexibility because it is a
nonstoichiotnetric material that accepts most cations in'a
random atomic network. Relatively large compositional
variations in the waste streams are readily accommodated.

Crystalline materials would appear to have less process
flexibility because of their requirements of certain stoichi-
ometries to achieve the desired properties. Solid solutions
yield some, processing flexibility within given crystals.
Another route to processing flexibility would be to reduce
the waste concentration in the waste form, as in the
proposed Synroc process.1

Process complexity should include consideration of
process cell size and remote mechanical operations, as each
involves major cost impacts. The latter are particularly
important, since remote operations must be carried out
behind five ft of concrete. This remote design requirement
makes it essential that the equipment be reliable, have a
long life expectancy, and be maintainable by remote means.
Clearly, the more complex the equipment, the more
difficult it is to meet design operation and maintenance
requirements. A recent comparison of waste form processes
shows that glass processes are generally less complex than
crystalline waste form options.2

• • • . ^ \

CHEMICAL DURABILITY

The primary mechanism considered for release ,of
radioactivity from waste solids involves water leaching and
then groundwater transport to the biosphere.
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TABLE 1

Leach Rale Comparison of Materials

Material

Al, O3

Supereulcine
U'usie glass
Granite
Soda-lime j;la!>s

99'

1
8
9
1
5

0

X

X

X

X

X

Distilled water.
»'<

HI
10
)0
10
10

:m! d

' (Ref.
' <R<?t".

' (Ref .
5 <Ref.
5 (Ref.

5)
61
S)
5)
51

250"C Salt
g.'cirr

2 x 1 0
1 x 10
7 x 1 0

'•>•• 6 x 1 0

3 x !0

hrine,'
d

4

4

4

- 4 ,/;'

3

Studies of release rates from waste forms have iden-
tified temperature, solution type, time of contact, flow rale
of solution, approach to. solubility limits, surface area and
waste . form type as important variables in determining
release or leaching rates. Temperature is a major considera-
tion, and testing at high temperatures and associated
pressures has demonstrated Unit waste forms can be rapid'y,
attacked.3'" A comparison .of leach rates of p.:i;.;"jf;;al,was'ie
forms and other materials in both high-temperature
(250'C) brine and moderate-temperature (°-9°C) distilled
water is shown in Table. I. These results are based on weight '"
loss and indicate the relative behavior of materials. Note
that the maximum difference at one temperature is a factor
of 50. The comparisons indicate that, while differences
between materials exist, those differences are relatively
small and are not likely to make the difference in
acceptance of a waste management system, ft is recognized
that weight loss measurements such as shown in Table! do
not tell the complete story. For instance, selective displace-
ment of Cs by Na can occur without significant weight loss.
If one waste form were much more susceptible to such
reactions than others, it would modify the preceding
conclusion somewhat.

The effects of flow or solution-to-volume ratio upon
potential leach rates are important to consider. Many
room-temperature tests on glass are being done with an
IAEA-type procedure which calls for replacement of
solutions after set time periods. As a comparison to this, a
set of;tests has been run without changing the solution but
with regular minor withdrawals of solution to analyze
cesium and strontium concentrations. These concentrations
have been converted to a total depletion layer or penetra-
tion depth and are shown in Fig. 1. It can be, noted that
flow and non-flow behave similarly in the early parts of the
test, but after the concentrations build up in the non-flow
or static system, the rate drops to. a much lower value.
Measurements of leach rate for the past two years show
values of 3 to 5 X 1CT9 g/cm2/day, which are 100 times
lower than the average for the first 10 days.

Most autoclave tests have been run in sealed systems at
high enough temperatures that equilibrium concentrations
are approached. Data from Pacific Northwest'Laboratory
(PNL) and Pennsylvania State University on concentrations
of fission product ions in solution after testing are shown in
Table 2. The general agreement is quite good, considering

the differences in testing periods and analysis methods, (t is
important to note that the differences in solthion concen-
tration between glass and supercaleine are not large. Glass is
lower in sonic;, cases and supercalcine in others. This implies
that differences in thetmodynamie stability are not very
important from a solubility point of view. A more
important consideration is the difference in solution types
and the effects of repository material on the allowable
chemical equilibrium. This can be observed by comparison
of the fission product ion concentrations in salt, distilled
water and basalt for glass in Table 2, and the recognition
that ion concentrations decrease in that order. A further
interesting comparison reveals the nearly equal strontium
concentration in the non-flow IAEA test and the distilled
water autoclave tests. Lven though different glass composi-
tions are compared, it suggests that the "approach to
equilibrium may be responsible for the decrease in leach
late observed in these long-lenn tests.

This review indicates that solution flow and the
interactions of solution and surrounding media on waste
form are probably more important than are the differences
between waste forms.

1 t o '

: DV.AMIC CfSIUM

i STATIC CESIUM

I DYNAMIC STRO'.Ti-'.

i STATIC STROM IUM

1000

TIM. days

Fig. 1 Static versus dynamic leaching of a 72-68 wasjtê -. glass
composition. ^

Development of overpacks and engineered barriers is
under way which can reduce the importance of waste form
behavior in hydrothermal environments. This importance
can also be reduced by means of repository design, with
reduced thermal leading resulting in lower storage tempera-
tures.

THERMAL STABILITY

The effects of temperature during processing, storage,
or potential accident conditions on waste forms need to be
evaluated for changes in phases and for volatility. Hydro-
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TABLE 2

Concentration of Fission Products Leached from GJass and Supercalcine Materials (ppm)

Element

Cs
Rb
Sr
Ba
Mn

1'
(WIP

Glass
(76-^8),
7 days

650
87
12

830

Nl.*
l> brine)

Super-
calcine
(SW-4),
3 days

2210
487

53

40

I'cnn
(LSGS

Slate*
NBT-fia

brine)'

Glass
(76-68),
28 days

500
64

1 60

45

Super-
calcine

(SI'C-4),
28 days

1 600
470

1 300

22

Penn Stale*
(distilled
water)

Glass
(76-68),
28 days

49
10

0.64
0.5

1110 '

Super-
calcine

(SP.O4),
28 Jays

22
41
1.4
6.9

540

PNL*
(distilled
water)

Super-
Glasi calcine

(76-68), (SPC-4),
21 days 2f days

37 20
24 11

,-,-. 1.3 4.8
r

» 940 34

I;NL*

(basalt)

LGIBSS

(76-68),
21 days

0.8
0.1 5
0.31

1.6
a

PM.
Long-term *

siatic test"

Glass
(72-68),
3 years

1.30

1.04

* Autoclave tests al 35O''C.
fRnom-tcmperature tests.

thermal reactions have already been considered in this

paper in the discussion of leach behavior.

Phase Stability

For well-designed glasses, effects of anhydrous thermal
treatment upon major properties (e.g., leach rate) have been
shown to be small. A study by Turcotte and Wald has been
presented" that gives details of the approach used, which,
now includes both isothermal and constant' cooling rate
studies and anneal times of up to one year. Other specific
data have been reported in annual reports.'J'' °

Partial crystallization of glasses must be expected at
temperatures near the softening point and up to the melting
temperature. Devitrification, however, can mean formation
of a glass -ceramic-like product without much change in
properties. Because most waste glasses have been formu-
lated to have viscosities of >200 poise at 1050°C, ion
diffusivities are probably not very different in glasses
studied to date. As a result, kinetics of devitrification have
not been found to vary greatly in glass compositions
studied so far. With respect to physical integrity, we find
formation of large crystals can cause microcracking in
either glass or ceramics. This is avoided in glasses by
maintaining temperatures at less than 650°C.

Crystalline waste forms have already been reacted at
high temperatures to give products stable at the preparation
temperatures, which are muclv higher than any likely
storage or accident conditions. Consequently, there have
been fewer studies done, on thermal stability of glass-:
ceramics, supercalcines, or Synrocs than on waste glasses.
Tests on supercalcines have been made at 900cC which
indicate that the phases do not recrystallize or that new
phases do not form even though solid-solution regions are
reduced.6 Grain growth which should be avoided to prevent
microcracking in polycrystalline materials will generally
require temperatures in excess of 1000°C.

Volatility

Volatility studies in our work rely upon thermogravi-
metr'ie methods witl? cold finger collection of vaporized
species (for subsequent chemical analyses). Some results
have already been reported by Gray.' ' As expected, the
mobile alkali elements are major contributors especially
important flecause cesium is a mpjor biitha/ard.' Result M b̂r
cesium are summarized in Fig. 2 for several glassest-Mr a
Purex-type calcine composition (PW-4bi,!, and for several
hot-pressed supercalcine formulations. Also, some single-
point data are shown for CsAlSi;O6 and CsAISiOj. It is
important to recogni/e that the fractional losses shown
reflect the sample size and the time period used in the
experiments. In a comparative sense, the results (dearly
show crystalline forms have volatility losses 1 0 to 1 00 times

TEMPERATURE (°CI

1300 1200 nOO 1000 900 800
1 n 1

0

-1

-2

3 -3
-4I

— -5

-6

-7

-8
6 . 7 8 9

10*/TIHKI

- 1 1 1 I 1 1
~~*:!>^?i^76'1183

- 'V^sc-—-.:_
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IPOLLUCITEI , x \ X . ^ s T ^ - O ^

CsAISiO, \ \ . » ^ \
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Fig. 2 Cesium loss from waste materials in four hr at various
temperatures. •*
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lowei than typical wasie glasses. Hu glasses, iliu presence of

watei has a small effect, and addition nl alumina ii educes

cesium volatility, probably by simple inciease ol the

viscosity. It is of note thai unconsohdated caiciniji PW-lb

shows higli!osses at S00 ('.

For waste glass: •> and for supeicalcmes. vapori/ation

;(,i"~»:jrs to follow ai Arrheiuus teinpeiaiiiie depeiuieaa1

•with activation energies such that volatihl> al ,1100 C

decreases to lowei lates by a factor of 10* or more al

000 C and can be considered negligible at lower lempera-

tures.

RADIATION STABILITY

It is well iccogni/.ed thai the iniense radiation fields1

within solidified nucleai wastes cause measurable properly
changes. yvJI materials under serious consideration -in-
cluding glasses, glass ceramics, supercalcines and cements,
have been or are being studied. Waste, glasses have been the
musi thoroughly studied, with specific reports available
concerning stoied energy.' : helium diffusion.' 3 and rnoie
general discussions. V " •' 4 o

Ahhough experiments aie in piugress to evaluate
gamma field and transmutation effects (Cs * 15a) on both
glasses and crystalline waste forms, the major interest has
been in evaluating damage from alpha decay of the actinide
elements, which is the majrtr scjurcifof atoniTc displacement •
in solid wastes.' 2 Most of the experimental wyrk involves
use of 244('in..or 23XI'u as dopants lo accelerate dose rates
by factors of 1 03 to 1 0"'1. Radiation effects in glasses have
been simulated to > 10s years' for commercial I1LW and to
^\b6 years for lower-activity defense wastes. The work on
supercalcines and on glass- ceramics has been undertaken to
simulate'times of ~10 3 years.

In studies of waste solids, saturation effects are usually
observed at doses in the range of 2 to 5 X 10' K a/cm3'. For
glasses major changes are not expected, since glass is a
structurally disordered material and. in fact, only small
changes have been observed. Depending upon the structure
type, crystalline phases »are expected to become X-ray
amorphous or there may be no loss of structure (especially
for simple, cubic-, csides). In our work with partially
devitrified glasses, glass-ceramics and supercalcines, some
of the actinide-containing phases (silicates, titanates) do, in
fact, become X-ray amorphous.

Figure 3a summarizes the volumetric changes deter-
mined by>density measurement for a variety of waste
glasses (number coded), supercalcine and a glass—ceramic.
In Fig. 3b, results obtained by X-ray diffraction for several
actinide compounds are given, either from our own studies
or from the literature. The deifsity changes for waste solids
are small and can be negative for some glasses. An
individual crystalline material, even when contained within
a waste as for (1 )* RE apatite in supercalcine or (2)* RE

•5 o

A i', A si i sunns

h 10
- SUPlRCAlCINt Hi

-UlSIANGLASS-CfRAMIC 12'
77 260

72 6RDEVIT
• 72-68

I I
10 12 14 16

*Numbcrs correspond to designation in Hg."3.

a-decays/3m3 xH>"18

Fig! J I flouts of rudiuiioi) on the density^ <ft (\i) wustif^olids and
••fl)J crystalline phases.

titanite in glass ceramics,ccan have much larger changes,
which will introduce stress into the solid.

Measurements of stored energy, impact strength, helium
diffusivity, and leach rate have been made on waste glasses,
and they show minpf radiation-induced changes that do not
significantly alter the initial properties. For crystalline
waste forms, much less information is available. It is.cle^ar
that arguments of improved stability for crystalline struc-
tures (i.e., lower free,, energy than in disordered glasses)
must be tempered by a recognition that many structures are
not stable in the presence of the radioactive elements"They
are meant to contain. The importance of structural stability
is still to be established, since it is also recognized that
amorphous (metamicl) zircon is commonly found in
nature—indicating that this radiation-altered crystal retains
a high degree of chemical stability.,, -. >

MECHANICAL BEHAVIOR

The mechanical behavior of waste materials is impor-
tant, since both crystalline and glass forms are brittle at
normal storage temperatures and mechanical impact will
fracture waste forms into particles,of various sizes. Fine
particles are of most concern, since the <10-/jm-size
fraction is respirable. The rate of .radioactive release by
leaching may also increase witli increased surface area. The
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comparison of waste forms indicates that glass forms may
produce a greater fraction (~4*) of,fine particles upon
impact, but will have lower surface areas (~100x) than
will sintered crystalline forms. If crystalline materials are
hot pressed under proper conditions, surface areas will be
similar to those of glass. Massive .forms of glass or
crystalline'materials will be susceptible to thermal-shock
fracturing. Glasses arc only thermal-shocks prone below
550°C; crystalline materials, however, can also be thermally
shocked at much higher temperatures.

CONCLUSIONS 0

Glass waste forms have been under development for
many ycars'and are considered the waste form of choice for.™
near-term utilization. Recently glasshasl'yfeen-, criticized for

-its metastable nature afiU its potentialjor rapid reaction in
a hydrothermal environment. Crystalline forms have been
suggested as being more durable in a repository environ-
ment. A comparison of glass and potential crystalline forms
shows that they have comparable solubilities. A review of
the other factors indicates thai glass waste forms ..offer
advantages in ease of processing and radiation stability, and
that crystalline materials exhibit better thermal stability.,.
To date,' tests have shown that differences between glass
and ceramic Waste form properties are small. With proper :

design^ either glass or crystalline forms-ain almost certainly ,
be utilized to solidifyBandS:ontair1 radioactive waste."^
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GLASSES AS MATERIALS USED IN FRAN ĵE
FOR MANAGEMENT OF HIGH-LEVEL WASTES

R. A. BOW'IAflX N.,R. JACOIJ-T FRANCILLON. I;. L=; LAUDh. and C. C. SOMBRMT
.Commissariat a ITJUTIMI' Atomiquc:. Marcuulc. ]-r;mcc

ABSTRACT

Sodium borosilicate and sodium laluminoborosilicale glasses
have heen selected as tmal materials in the Held of I lie solidilicalion
nl hiuli-level radioactive wastes. 'Ilie properties 'related to lontMenn

- sU)raia-'Tiic™Tev(eVcd. The effects ot alpha emission upon the
structure and ol aqueous leaching upon radioactive release are
emphasi/ed.

HISTORICAL BACKGROUND

The research an,d development of the sqjidiiication of
high-level radioactive wastes have been under investigation
in France for overi.20 years. In the very beginning emphasis
was on the preparation of synthetic minerals:as it was
thought that crystals seemed to be more stable than the
vitreous state and therefore more relevant to the fixation of
radionuclides. As a matter of fact, some micas, mainly
phlogopites, were prepared successfully.112 But it was soon
apparent that the minerals were too specific to fix the
whole spectrum of fission products. A cesium mica which
displayed a good retention of cesium, for instance, had a
rather high waterrleaching rate'with re,g,ard to the other
elements. It would have been necessary to perfect a
multiple mineral that was quite impossible owing to the
large range of nuclides'involved in the wastes. Such a
mineral does not exist in nature. Since the vitreous network
is more suitable to bond the various radioactive ions, glasses
were investigated; moreover, the temperatures needed to
make glasses are generally lower than temperatures used for
the synthesis of minerals.

FRENCH HIGH-LEVEL WASTE SOLUTIONS

The commercial spent fuels presently reprocessed in the
French nuclear plants arp ̂ mainly niadeuoP natural uranium,
(graphite gas reactor sysiem). The subsequent "fission
products solutions are concentrated toa30 1/T according to
the burnrup rate:1 The highly concentrated defense wastes
generated by the reprocessing of the same type of fuel, but
with a lower burn-up "rate, give rise to glass-containing a
maximal amount of fission product oxides of 6.4'T
correspondingtto about 7.5 liters of glass per ton of spent
fuel. The above-mentioned commercial waste solutions are
mixed with defense wastes. Their vitrification generates 11
to 15 liters of glass per ton of spent fuel with a maximum
fission product content of 10.8%. All theseowastes can be "'
vitrified in the A.V.M. vitrification plant at Marcoule.3

Vitrification plants, already under design, will make it c

possible to vitrify solutions coming from the reprocessing
of higher burn-up spent fuel from light water and fast
breeder reactors. The investigations carried out to de-
termine suitable glasses take into account the following:

• The solutions will be vitrified 4 years after the LWR
fuel discharge and at least 2 years after the FBR fuel

T= discharge.0

• The fission products content of the glass will be
assigned an upper "limit in order to decrease the
temperature during storage. L,

• The most alpha-contaminated caustic solutions result-
' a ing from the solvent washing process and the liquids

generated by the decontamination of some equipment
will be added to the fission products solution and
therefore vitrified. :,
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• The content ol the total waste in the (ilass must not

; be in excess of 25 w t / ; .

• The tola! content ol' the network lo imer oxides IKIS
to he higher than M) w t . ' ' .

In addi t ion , the technological investigations wilf he

directed toward a highei. glass melting point . II applied l<>

500 I T concent ra ted I.WR solut ions (see example in

Table •] ); this procedure will p roduce <M liters n\ glass per

EFFECT OF THE CONSTITUENTS
OF THE WASTES

T h e s u i i g c at c u n i p i ' s i l u t i i s m i n u t i n g <>i n o t i n i t i a t i n g

the so-called "yellow phase" has been determined
previously lor waste soluiions tree o! iion.4 The occurrence
ol feme nitrate in the new wastes made it necessary to
repeal thestiuK Im these liquids. It appears that the ellecl

TABLE 1

Characteristics of French High-Level Wastes Generated by
the Reprocessing of Commercial Oxide Fuels

I.WR

1 UK

Approximate chemical composition.

Reactor Type of
system fuel

Kurniip, Concentration Acidity,
MWtliT ran-,I I „ N Al Na l-e Si Cr

lO*/l 'uO
33.000
66.000 IIKIU 2.0

20 2(1 I ! 5
19 15 I „«;., I ,.«

t;d
Acti-
nides I.P.

1 Sl.,r2,?!l 4
I 2^ | .4 S

Reactor
system

1 WR
1 HR

SK).

47.6
46.0

Na,O

1 2.4
15.0

B,O,'

IK.6
17.9

TABLE 2

Exainpk* of Glass Compositions
0

Weight composition,'.'

A I , O , l e . O , lld.li.

6.4
6.3 3.6 , 5.2

1-union products
NKJ + and ac tinkles
Cr, O, oxides

l o » 1 .̂0
U.3 6.0

Volume
reduction

rail-

s.S

4.9

Volume of fiats
per Ion of

spent fuel. 1

94
205

ton of spent fuel with a 27 W I 'specific power. AppliedDto
1000 I/T concentrated f'BR ^solution (see Table 1). 235
liters of* glass-with a 26 W/l specific activity will be made
per ton of fuel. »

COMPOSITION AND PROPERTIES OF
SUITABLE GLASSES

The composition selected for a given radioactive waste
glass is governed by three factors: ( I ) the constituent of
the radioactive waste to be immobilized,, (21 the
vitrification process to be ^sed. and (3) the properties
desired for the immobilized waste product.

Silicates are the most stable glasses and have been
chosen to be the basic products. An example of glass
composition is giygn in Table, 2. The final selection of the
glass composition will not take place before 1984 1985. It
will be a compromise between the technological require-
ments and the needed chemical and physical properties.

ol iron is negligible. It is even possible t<> minimize the
region of yellow-phase-containmg glasses by substitutingc

CaO for a pan of the N a : 0 (fig. 1 I.

PROCESS REQUIREMENTS

must beThe properties of the vitrification p«>cess
jnvestigated with respect to: /

• Corrosion of the vessels /
'-• • Volatility of ruthenium

• Viscosity low enough to allow the glass to be
transferred into canisters

Many investigations of corrosion make iTpossitile to predict
the lifetime of vessels made of various metals. The
volatilization of ruthenium, which could cause a blockage
in the off-gas line due to a RuO : deposit, can be reduced
by the use of sugar.' The maximum viscosity of the glass
which is allowed for the French vitrification process is 600



SEGREGATION AREA

PURE GLASSES AREA

LEACHING RATE
g / c m CJ

Si O2

F D Oxides
r Od Ca+O

fig. 1 ( Mirii'i^iU'Ti I.IDLV i t ]\1I,IM.' sc^ri'tJti^n in 1 WKi w.isU', phis

poises at 1 100 ( . This is easily achieved owing to the boron
conteni of the various compositions. ^ ;?, '

PROPERTIES CONNECTED WITH DISPOSAL

The main proper t ies to be investigated>A\ relation to

long-term glass disposal are:

• Leach rate of the nuclides N%

• I-j'fecl of beta irradiation

*• Behavior of the materials under thermal .conditions"

• Effect of alpha irradiation

The knowledge of these proper t ies is essential to evaluate

the qual i ty of the glasses and to predict their behavior in

the course of t ime. A m a x i m u m chemical inertness coupled

with an adequate mechanical resistance is needed to make

<e and ineffective a possible way hack to man for the

contained radioact ivi ty.

The leach rates measured in a shielded cell from 2 kg

glass blocks conta in ing 100 to 1000 beta gamma curies

activity and leached by tap water at room tempera ture were

found to be 1 to 5 x 10 8 g ' c m 2 > d for ru then ium and

cerium and ~ 5 X 1 0 ~ 7 g e m 2 *d for cesium and s t ron t ium

after an apparent steady slate was reached. 6

Figure 2 shows the leach rate values versus t ime. This

long-term leaching test demons t ra ted an apparent steadiness

of the leach rate after the 4 0 t h day. The leach rate values

do not seem to be affected by the presence of a yel low

— — (3 gross activity
_. Ru106*Rh106 -

\
\

to 20 3O «; e:
OAYS

Fig. 2 1 onii-lime le.uhin)! r:i1c ofa i WR jliaC

TABLE 3 ^

& Compared Leach Rate Values

Cs Sr Ru Ce

20C, B.O3 glass

W i t l i ' M o * 2 x 1 0 1 I x 1 0 " 3 x 1 0 " 9 x 1 0 " ? x 1 0 "
, I r e e o f M o I . 5 x ! 0 7 3 x 1 0 7 3 x 1 0 " I x 111 ' 3 x 1 0 "

iV>S2O3 glass

W i t h M e * 5 x 1 0 B
6 2 x 1 0 5 2 x 1 0 6 I x 1 0 " " 4 x 1 0 "

. I j c c o f M i ) 2 x 1 0 ~ 7 x 1 0 7 2 x 1 0 ' 1 x 1 0 ' 1 x 1 0 '

' P r c s e n e i ; o f a y e l l o w p h a s e . A

phase in a high boron content glass (Table 3). The effect of
temperature upon the leach rates is important with regard
to the more diffusible ions (cesium and strontium). Factors
of the increase are approximately 3 if temperature goes from
25 to 50°C. 10 if temperature goes from 25 to 70°C, 33 if
temperature goes from 25 to IOO°C. and !80 if tempera-
ture goes from 25 to 150°C.



LEACHING »*TE

310

2.MJ-1

110'"
_ j

1.10'

LEACHING RATE g.cm"2.d"1
20 SO M

3 10
. 7

2 10
.7

DAYS

90 100

1.10
190 200 210

DAVS

Pig. 3 IxMchinc curve of 2 \ " Pu.

The leach rate of, plutonium increases slightly with
time. If the leaching process is interrupted and resumed
months later, the starting value is lower than the previous
one (Fig. 3), but the rate is still increasing. Nevertheless, the
increment does not make up for the loss due to the
radioactive decay. The effect of beta irradiation is of no
importance.7 However, alteration of the gijss structure may
occur after heat treatments. The results of tests in which
glass samples were kept at a constant temperature of 700
and 800°C confirmed the results of previous tests made at
500 and 600°C (Ref. 8); namely, the glasses containing
more than 40% silica behave well.

TABLE 4

Number of Alpha Dtsintegration/g of Glass

lye 2 yean 3 yea 4 yean

1 4 1 Am glass 9 . 3 6 x 1 0 " 1 . 8 7 x 1 0 " 2.8 x 10'7 3.7 x 10'7

"•Puglass 1 . 4 x 1 0 " 2 . 8 4 x 1 0 " 4 . 2 4 x 1 0 " 5 . 6 4 x 1 0 "
"4Cmglass 1 . 0 4 x 1 0 " 2 . 0 6 x 1 0 " 3.04 x 1 0 " ,4.01 x 1 0 "

TABLE 5

Evolution of Density in Relation to Time

7" Am glass Time. 870 966 1058 1152 1240 1329
days

n Density 2.818 2.819 2.817 2.817 2.817 2.818
'^'Pu glass Time, 794 892 982 1076 1162 1253

days
Density 2.666 2.665 2.666 2.667 2.666 2.667

The effect of actinides is being investigated using
alpha-doped glasses. The composition of these glasses has
already been given.9 The cumulative disintegration events
versus time are given in Table 4.

The densities of the various glasses appear to be
constant (Table 5). The mechanical resistance evaluated in
terms of microhardness (Knoop test) seems to be de-
creasing slightly (Table 6). Until now, no crystallization
has been observed by SEM investigation on alpha-doped
glasses irradiated at 4 x 1017 alpha disintegrations per gram
of glass.
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TABLE 6

Evolution of Microhardness in Relation to Time

163 3 2 7 / 503 653 1109 ' 1348• 4 1 Am glass Time,
clays

500 42,0 420 477 420 380*
427 5,77 1037 1272

Kgf/mm
3 '"Hu glass lime.

days //
'-' KglVmm' 527 / / 510 4 5 0 430

*Mean value. ft

CONCLUSIONS //

?!
Class blocks in lofig-term disposal will have to with-

stand for decades ilie/ihermal wave due to the pr lioactive

decay of fission products. It is also necessary to know their

state later when the//alpha emitters play a leading part.

The effect of the actl'nides is not yet investigated enough to

permit recommendations about storage conditions. Work

related to this topic/must be emphasized; but as long as we

do not know more;* the following steps should be taken to

set up a safe geological repository:

•'• Do not dispose of the blocks in the ultimate place

before 30 years (in "order* that the maximum tem-

perature is nijit in excess of 1 50°C.

• Surround the .glass canister with a container which

can act as a complementary barrier against water

intrusion during the time required for the glass to be

cooled. ° !
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CHARACTERIZATION OF BOROSILICATE GLASSES
CONTAINING SIMULATED HIGH-LEVEL

RADIOACTIVE WASTES FROM PNC
R. THRA1, K. EGUCHl, and H. YAMANAKA 3

Government Industrial Research Institute, Osaka, Midorigaoka I, Ikeda-City, Osaka-Pref., Japan

ABSTRACT

The characterisation of borosilicale glasses containing simulated
1ILW from PNC has been carried out. Phase separation of
molybdates, volatilization, viscosity, electrical resistivity, thermal
conductivity, elastic modulus, chemical durability, and devitrifica-
tion of these glasses have been measured, and the suitability of the
glasses lor the vitrified solidification processes is discussed from the
viewpoint of safety.

INTRODUCTION ii
' " • ~ !

Development of vitrified solidification processes of
HLW in Japan is mainly carried out at Power ^Reactor and
Nuclear Fuel Development Corporation (PNjC) and the
characterization of the glasses is investigated ai GIRIO and
PNC. This report is concerned with the investigation of the
chemical compositions of glasses suitable for the contain-
ment of HLW. .' ' \

EXPERIMENTS AND RESULTS

Properties of Molten Glasses

Phase Separation of Molybdate.s. In order to elucidate
fundamentally the phase separation of molybdates from
borosilicate glasses, the absorption capacity for MOO3 in
silicate, borate, and phosphate melts has been measured at
1400°C for silicate and at ;1000°C for borate and phos-
phate, using 250 ml high-alumina clay crucibles with lid.
The solubility of MoO3 in melts was defined as the weight
of MOO3 dissolved in 100 g of base glass for one.hr without
phase separation. Table 1 shows that the magnitudes of,,
solubility of M0O3 are the^order of phosphate > borate >

silicate melts and that the phosphate can dissolve so much
larger quantities of MoO3 that it may be called a molybdate
glass rather than a phosphate glass. In the system Na 2 O-
B2O3 , a very huge maximum on the solubility curve was
observed at Na 2O*4BjO 3 i and a small maximum at
Na2O • 2B2O3, as shown in Fig. I, which porresponded to
the compositions of the compounds formed in the Na2O--
B2O3 phase diagram. Although borate and phosphate
glasses exhibit large solubility of M0O3, these melts are not
suitable .for containment of HLW because of their very poor
durability to water. Thus the incorporation of fission
products in borosilicate glasses is limited by the silica
contents. However, some ions in a certain rartge ofcationic
field strength, sucluas Mg, Zn, Al; and Zr, were effective in =
preventing the precipitation of molybdates from borosili-
cate glasses. In Table 2 the glass compositions suitable for
the incorporation of HLW have been listed on the basis of
investigations carried out on the phase° separation of
molybdates.

The effects of melting time arid temperature on the
phase separation of molybdates were also investigated using'
glasses containing about 6% more wastes than the glasses
listed in Table 2. It was found that the absorption capacity
for MOO3 in melts could be increased by holding the glasses
at a higher temperature or for a longer time. The stirring of
molten glass and the addition of silicon powders as reducing
reagents also improved considerably the phase separation.

Volatilization^ Most of the volatilization processes of
borosilicate glasses were apparently zero-order reaction at
temperatures of 900 to 1300°C, which seems to suggest
that the rate-controlling step is the simple escape of volatile
components from the surface of melts.1 Activation energies
calculated from an Arrnenius plot of the volatilization
rates, as shown in Fig. 2, were about 60 kcal/mole, similar



TA'BLEI

Solubility of MoO3 in Silicate, Borate,
and Phosphate Melts

Solubility of MoO,,
Base glass g of MoO,/100 g of base glass

Na ,0 • 2SiO,
N a , 0 • 2B,O,
Na ,0 • 2P*O«

4 (Melted a1 1400°C)
30 (Melted at 1000°C)

500 (Melted at 1000°C)

to the evaporation heats of various kinds of meta-alkali
borates which roughly corresponded to the preferential
volatile constituents determined by chemical analysis.' The
volatilization from glasses " with the ratio of Na2O/
B2O3 > I was not affected by the concentration of water
vapor in the atmosphere, while the volatilization from
glasses with Na2O/B;O3 < 1 was enhanced by the forma-
tion of various metaboric acids.

Viscosity. Viscosity was measured by a rotary cylinder
method in, the range of 700 to I4OO°C. Low melting
temperature glasses had very low viscosity at the elevated
temperature, and the activation energies for viscous flow
also showed very low values, about 20 to 30 kcal/mole.

lilectrkal resistivity. The measurement was carried out
by a bridge with compensative condenser. The activation
energies for electrical conductivity above 1000°C were
about 15 kcal/mole, suggesting that the sodium ions in the
melts were predominantly responsible for the electric,
current. '' ;-;:

Properties of Solid Glasses

Thermal Conductivity. Thermal conductivity was
measured by the laser-flash method from room temperature

to 500°C.2 A laser-absorbing film consisting of silicon was
deposited on the surface of the specimen by RF-sputtering.
figure 3 shows that thermal conductivity of glasses in-
creases with temperature, depending upon the change of
the heat capacity of glasses. The values obtained by the
hot-wire method agree with those obtained-by the laser-
flash method at room temperature. ,i

50

4J0

30 -

CQ
3
O 20
C/3

O 10

50, 60 70 80 90 100

GLASS FORMER, mol %

Fig. 1 Solubility of MoO3 in Na2 O-B 2 O3 and Na,,O.-SiO2-, systems.
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1 , TABLE 2 . ;,o - .,-

Chemical Compositions and Physicai Properties of Typical Glasses Containing
Simulated High-Level Radioactive Wastes

Glass

Melting temperature (°C)

Composition (wt.%) .
SiO2

B2O3

Li2O
Na,O
MgO
CaO
ZrO2

A12O3

Waste oxides
Density (g/cm3)
Thermal expansion

coefficient (x 10'/°C)
Transition point (°C)

LB-I

1150-
; 1200

••; ')

38.1
14.3
5.6"
4.5

4;8

12.0
21.3

2.70

105
483

LB 11

1150-
1200

40.8
15.3

1 5.4
4.8

5.1

5.3
23.3

2.74

117
462

LB-H1

1150-
1200

40.0
"o 17.7

3.0

3.0
3.0

6S
27.2

2.74

91
492

MB-I

1300-
1350

43;1
11.2
2.6
2.7

2.6

13.6
23.9

2.68
• ;

95
498

MB-II

1300-°
1350

46.0
12.0

:' 2.8
, 2.9

2.8

6.1
27.2 "

o 2.73

97
500

MB II'

1300-
1350

41.5
15.5

, 5.0

7.0
31.0

2.70

77
566

HB-II

1450-
1500

59.3
9.3
1.2

5.3
23.3

2.56

72
543

HB-II'

1450-
1500

42.6
8.3
1.2
1.2

' 7^5

,2.5
6.7

30.0
2.75

89
556
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Fig. 2 Arrhenius plots < f volatilization rates from the molten
glasses:
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Fig. 3 Variation of thermal conductivity with temperature for
various glasses.
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SOXHLET

POWDERED SAMPLE

94*C

BO 100
TIME, HOURS

150

Fig. 4 Variation of weight loss at Soxhlet leaching test with time
for various giasses containing the simulated HLW, sheet glass, and
Pyrex glass. •; ° •

Elastic Modulus. Longitudinal and shear sound veloci-
ties in glass were measured by the ultrasonic interference
method.3 Elastic properties estimated from the sound
velocities, that is, Young's modulus, shear modulus, bulk
modulus, ahd Poisson's ratio, are almost the same as normal
silicate glasses. °

Ghemk'al Durability, Leachability. (I) Soxhlet leaching
method. Figure 4 shows the variation of weight loss with
time for various glass powder samples at 94°C. The weight
loss revealed slightly cparabolic curves, which could be
expressed :;by the square root law in a certain range.
Activation!! energies calculated from the rates at various
temperatures below !00°C were about 10 to 12 Kcal/mole,
which seems to indicate that the rate-controlling step in the
reaction between glass and water may be related to the
hydration "on the glass surface, especially to the diffusion of
protons injhydrated layer, (2) Continuous leaching method.
In this method, about 30 g of powdered sample is put in
the cell and distilled water flows through the cell at the rate
of 250 ml/day. Figure 5 shows the variation of Na2Q
extracted into water at 20°C with time for various glasses.
There are#wo types of leaching curves: almost linear curves
and saturated ones. The former are thought to be caused by
the congruent glass dissolution, and the latter1 reveal that a
resistant layer is formed on the surface.4 The leach rates
calculated from the data in Fig. 5 were on the order of
10' 6 to 10~7 g A NaaO/cm^/day; the values for SiO2,
SrO, and Cs2O were also approximately the same order as
for Na2O.

Crystallization Behavior. Borosilicate glasses containing
about 30% of the simulated^ HLW were devitrified easily
when the glasses were held above the temperature of upper
annealing points. Most of the crystals appearing were
various molybdates as shown in Table 3. It seems to prove
that the molybdates are not intrinsically compatible with
borosilicate glasses, even though the molybdates apparently



TABLE 3

Main Crystals in Glasses Heat Treated at Various Conditions

Glass 600°C, 1 month 700°C, 2 weeks 800°C, 2 weeks

LB-I

LB-II
LB-II'

MB-I

MB-II

MB-II'

HB-II

HB-II'

Na2 Ca, Al^ Si4 0 2 4 (Me
.NaAlSiO4

 :

None
None

LiNd(MoO4)2

CaMoO4

NaNd(MoO4)2

LiNd(Mo04)2

None

NaLa(MoO4)2

None

>O4)2 Na2Ca,Al l iSi1>O.M(MoO4)2
NaAISib4

Uncertainty
NaNd(MoO4),
LiNd(MoO4)s"
LiNd(MoO4)3

(Ca,Na)MoO4

NaNd(MoO4), [
LiNd(MoO4)2"
Uncertainly

NaLa(MoO4),
(Ca,Sr)MoO4

NaCaAISi5Olf

Na3Ca3AI6Sif,O,4(MoO4)2
NaAISiO,
Uncertainty ,.-,
NaNd(MoO4)3

LiNd(MoO4)3

UNd(MoOJ3

Ca.MoO4

NaNd(MoO4 )2

CaMoO.,
- NaLa(MoO4 )2

C:aMoO4

NaLa(MoO4),

n
Rb2Cr04

Ca,Si3O,

2 4 6 8
TIME, DAYS

Fig. 5 Variation of quantity of Na2 0 extracted into water at con-
tinuous leaching test with time for various glasses.

once dissolved in melts. Crystallinity was calculated from

the change of halo height at 20= 12°, 21°, and 25° of

X-ray diffraction'patterns.5 The results show that crystal-

linity in glasses is very small, several percent, and seem to

relate closely to the molybdate content in glasses. The

effect of crystallization on the chemical durability, there-

fore, was practically undetected after heat treatment of 600

to 800°C for less than one month.
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CHARACTERIZATION AND EVALUATION
OF MULTIBARRIER NUCLEAR WASTE FORMS

J. M. RUSIN, R. O. LOKKEN, and J. W. WALD
Pacific Northwest Laboratory, Richlaml, Washington

ABSTRACT

[•our multibarrier concepts using coatings and metal matrices
were developed and demoastrated on a 1-liter scale. The effect of
volatility, leachability, and impact resistance on product integrity is
discussed. Results of radiation stability tests are also included.

INTRODUCTION

The Radioactive Waste Immobilization Program con-
ducted by the Pacific Northwest Laboratory (PNL) for the
United States Department of Energy (DOE) has as one of
its objectives the development of processes for converting
high level liquid waste (HLLW) from alternative fuel cycles
and U. S. defense programs to solid forms demonstrated to
be physically, chemically, and radiolytically stable and
inert. A major part of this program has been directed
towards development of low-melting (1000 to 1150°C)
borosilicate glasses.1'2 However, to provide for waste
streams not readily vitrifiable and to ensure that other
options for encapsulation of fission product waste were
considered, an effort was initiated to develop alternative
waste forms based upon a multibarrier concept (Fig. 1).
The multibarrier concept aims to separate the radionuclide-
containing inner core material and the environment by the
use of coatings and metal matrices. The resultant composite
waste form exhibits enhanced inertness due to improved^--
thermal stability and mechanical strength, and the added
barriers greatly improve leach resistance.

Four 1-liter stainless steel canisters have been produced
to demonstrate the multibarrier concept. The concepts, in
order of increasing technological complexity, were:

• Simulated waste-glass marbles encapsulated in a
Pb-lOSn vacuum-cast matrix

" ••• Uneoated sintered supercalcine pellets encapsulated in
• an Al 12Si vacuum-cast matrix
• Glass-coated sintered supercalcine pellets encap-

sulated in an Al—12Si vacuum-cast matrix
• PyC/Al2O3 chemical vapor deposited (CVD) coated

.supercalcine encapsulated in a Cu sintered matrix

Development of these multibarrier waste forms and
process technology has"been previously described.3"6 In
this paper, the characterization and evaluation of multi-
barrier samples are discussed. Three waste form stability
parameters were used to determine product integrity:
volatility, impact resistance, and Soxhlet leachability. The
effect of radiation upon waste forni integrity was studied
by doping with " 4 C m .

BULK PROPERTIES

A summary of the pertinent bulk properties of multi-
barrier waste forms is presented in Table 1. Thermal
conductivity measurements were determined using the
comparative method. The "maximum use temperature"
reported for the different multibarrier waste forms is based
on either melting points or temperature! where reactions
could occur between multibarrier components.

THERMAL STABILITY

Component Reactions

Reactions between the inner core and the matrix during
encapsulation were observed only for uncoated supercalcine
in sintered 316 stainless steel (SS). Using scanning electron
microscope analysis (SEM), no reactions were detected for
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METAL MATRIX

• IMPACT RESISTANCE
- , • CORROSION RESISTANCE

• HIGH THERMAL CONDUCTIVITY
STORAGE CANISTER

IMPERVIOUS COATING

• PyC FOR LEACH RESISTANCE
>AI2O3 FOR OXIDATION RESISTANCE

SOLID WASTE INNER CORE

• HIGH THERMAL STABILITY
• LEACH RESISTANCE

Fig. 1 Multibarricr concept lor isolating nuclear waste.

Inner core

Waste glass
Marble

(1.0 mm)
Superculcine

Hot pressed
Pellet (6 mm)

Pellet (2 mm)

TABLE: l

Bulk Properties of Multibarrier Waste

Coating

None
None

None
Glass (1 mm)

PyC(40jum)/
AljOj (60 Mm)

Matrix

None
Pb lOSn
(vacuum cast)

None
AI-12Si
(vacuum cast)
Cu
(sintered)

Bulk density,
g/cm3

3.42
6.20

4.88
3.40

3.48

Forms

Therm a!-
conductiviry,

W/m "K

0.84
8.3

0.9!
45.0

24.0

Maximum use
temperature, °C

, 550
250

1200
550

1000

uncoated supercalcine encapsulated in cast Pb-lOSn and
Al— 12Si and sintered Cu or for coated supercalcine
encapsulated in cast Al—12Si and sintered Cu and 316 SS.

The sintered 316 SS sample had a reaction zone around
the SS particles. A phase containing high Mo, Cr, and Fe
content and a phase containing primarily Cr were identified
in the reaction zone, using energy dispersive X-ray analyses
(EDAX). Samples of coated supercalcine encapsulated in
sintered 316 SS do not contain any of the above observed
phases. This, along with vaporization studies that show that
a considerable amount of Mo is vaporized, leads to the
conclusion that the observed reaction products may be
caused by,supercalcine vaporization. Thus, if supercalcine is
to be encapsulated at higher temperatures, a coating may be
necessary. «

No apparent reactions between the PyC coating and
supercalcine have been observed by optical microscopy or
SEM analysis. X-ray diffraction results indicate possible
formation of Mo2C and the solid solution phase (Sr,Ba)C2,
as well as an absence of scheelite reflections. Supercalcine
cores CVD-coated with 32 nm PyC and 50 jum A12O3 have

lost only 0.16wt.^ after heat treatment at 75O°C for
27 hr. Complete loss of PyC coating due to oxidation
would have given a weight loss of 2.8%.

Glass marble—metal matrix reaction were not observed
for Al— 12Si and Pb- lOSn matrices after heat treatment for
10 days at 300 and 500°C. The Pb-lOSn sample heat
treated at 500°C contained a phase that appeared to
nucleate from the glass marbles. From EDAX: it was
determined that phases of Sn and Sn-Cu had precipitated
out of the Pb-lOSn alloy. No elements from the waste
glass were observed in the matrix.

Reaction zones were observed for the Pb-encapsulated
glass marbles after heat treatment for 10 days at 300 and
500°C. The reaction at 300°C appeared to be due to Pb
oxidation. At 500°C the Pb matrix is molten, and the
reaction occurs as acontinuum between the Pb matrix and
the glass marble. At'least two phases were observed: a
needle-like phase with high Zn and Pb content along with
trace amounts of rare earths and a phase of high Pb content
(probably lead oxide). The rest of the reaction zone
contained both Pb and elements from the glass marble.
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TABLE 2

Weight Loss of Supercalcine SPC4
After 1 hr Sintering at 1200 C

100

TEMPERATURE. C
1100

!• lenient

•Na

kh
Mo
ku
A«
(d
Cs

Absolute weight
loss,* mg

(1.52
0.91
8.23
2.53
0.16
0.39

12.29

Weight loss,t %

12.9
_ 6.1

5:2
24.4

' 4.3
9.7
9.9

*l'ellets were 2.8 g with 3.5 cm' exposed
surface area.

t Percentage weight loss based on the
amount of element originally present.

Volatility

The volatility of waste calcine ;md zinc borosilicate
glasses containing simulated IILLW has been well, docu-
mented.7 Studies on sitpercalcine volatility were conducted
using the same thermogravimetric apparatus as that used for
calcine and glasses. Initial volatility studies on supercalcinc
were conducted on powder samples of spray-calcined
material. The volatility data on supercalcine powder were,
influenced by the degree of sintering; therefore, pressed and
sintered pellets were used so that the surface areas were the
same in all cases.

Two supercalcine formulations5 were studied: SPC-2
and SPC-4. The SPC-2 pellets were sintered for 1 hr at
1100°C during which lime they lost <1 nig. The SPC4
pellets were sintered for 1 hr at 1200°C and lost 31 mg
(Table'2).

Gross weight-loss data for SPC-2 and SPC-4 pellets are
shown in Fig. 2 along with 72-68 glass as a reference. The
total volatility of supercalcine is less than that of 72-68
waste glass. Depending upon which formulation (SPC-2 or
SPC-4) and temperature are selected, there is a~ decrease in
volatility of between 3 to 30 times over that of glass. Since
Cs is the major contributor, this also applies to Cs volatility,
but the improvement is at least one order of magnitude.
The volatility of supercalcine is dependent upon formula-
tion as illustrated by the differing slopes of SPC-2 and
SPC-4. Supercalcine SPC-4 hasftmuch lowirr volatility than
SPC-2 at low temperatures, whereas above li00°C SPC-2
demonstrates reduced volatility over SPC-4. This illustrates
the possible effect of waste stream variations on super-
calcine volatility. :

LEACHABILITY -,

Several leachability tests are available for determination
of leach resistance. A common test for scoping determina-
tions is the Soxhlet apparatus, which is an accelerated test

3

5 l.o

o.i

SUPERCALCINE SPC-

6.5

107TII/K)

Fig. 2 Gross weight loss of waste forms after 4 hr in dry air.

involving recirculated distilled water at 9S°C normally for
72 hr. Other 'tests commonly used at PNL for leach
resistance evaluation are conducted at ambient tempera-
tures with buffer solutions of pH 9 and pH 4. Leach
resistance is discussed in this paper on a scoping basis.
Leaching tests which emphasize elemental analyses rather
than Soxhlet weight loss are in progress,and will provide for
a more detailed leachability analysis (e.g., hydrothermal
testing8;9). A comparison of Soxhlet leach rates of multi-
barrier materials is presented in Table 3.

From the Soxhlet test data, one can conclude that
supercalcine may not offer 'significant increase in leach
resistance over waste glasses. Similar conclusions were
obtained from hydrothermal tests under equilibrium con-
dition^8 '1 0 Coatings appear to offer improved leach
resistance, especially in the case" of CVD PyC and'AI2O3

coatings. Coatings could provide a barrier for a finite period
of time during which the hazard index of the inner core
would be decreasing. For example, a 1 mm glass coating
with a leach resistance of 10~6 g/cm2/d would provide a
barrier for oVer 600 years. Recent studies at PNL using
graphite in deionized water at 95°C have suggested that the
leach resistance of PyC is between 10~ 1 0 to
1 0 " " g/cm2/d. Thus a 50jum coating of PyC could
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Fig. 3 Surface area of superculcine ami other waste forms after impact tests at
various for eve.

TABLE 3

Comparison of Soxlilet Leach Rates of
Multibarrier Mnlerials

"< Weight change
Material over 72 hr

Wasle glassi 0.30 to 1.45*
Waste glass marble (10 mm) o 0.02 to 0.04
Supercalcine cores (6 mm) 0.3 to 1.90
PyC CVD coated supercalcine (2 mm) +0.01 to +0.7.7
A1,O, C'VD coated supercalcine 12 mm) +0.04 to +0.86
(Mass coated supercalcinc con; (6 mm) 0.08 to 0.86

*24-hr period for the high value. ;>"
Klround to 40 + 60-mcsli.

provide thousands of years of protection. Hydrothermal
studies have indicated no. release of waste ions from PyC
and A12O3 CVD coated supercalcine cores in either
deionized water or brine at 400°C.' ' '" 2

IMPACT RESISTANCE

Impact resistance is an important parameter in risk
analysis because it indicates the potential for air dispersion.
A laboratory-scale impact test was used to compare
multibarrier waste forms to previously)tested reference
waste glass specimens.2 It is difficult to produce multi-
barrier samples for impact testing equivalent to those used
for the reference glass process. The reference glass samples
were produced by diamond core drilling of larger solid
specimens. The composite0 nature of multibarrier waste
forms makes core drilling difficult because the drilling cuts
through the inner cores and their protective coating. Also,
since the radionuclides are contained only in the core of the

mukiburrier waste form, impact damage \6 the core is of
major concern, rather than the complete composite. The
approach to determine impact behavior was to first
consider the matrix and inner core independently. The
entire inner core-matrix composite was then impacted, and
the inner core was separated from the matrix for analysis.

The surface area of impacted samples is plotted^ in
Fig. 3. Although the total surface area of supercalcine cores
is much greater than that of waste glass or soda-lime
marbles, the actual increase in surface area with impact is
less. The surface area for supercalcine cores, waste glass
marbles, and soda-lime glass marbles increases upon impact
at 158.4 fî jb by a factor of 4, 556, and 521, respectively.
The impact results for soda-lime marbles, waste glass
marbles, and waste glass right-circular cylinders do not
significantly differ on a surface area/g basis.

Since the supercalcine cores contained considerable
porosity, additional impact tests were conducted on hot-
pressed supercalcine, which represents a product of opti- -
mum density. To determine the besj pbssible impact
resistance of a ceramic-product, tests were also conducted
on a sample of AI2O3 grinding media. The results for both
samples after impact at 158.4 ft-lb are compared with the
previous waste glass cylinder in Fig. 4. The dense super-
calcine resulted in a factor of 2 reduction in production of
fines <37/im as compared to glass. The impact resistance
of the A12O3 grinding media illustrates that a factor of 5
reduction in lines <37jum^could possibly be obtained with
use of ceramic products instead of glass.

As mentioned, it is difficult to compare the impact
resistance of composite waste forms. Sample size variations
and material collection are two examples of the problems
encountered. The results in Table 4 are presented in a
manner to illustrate the fraction of nuclear waste released
per unit volume of waste form. It has been suggested that
these release rates be multiplied by the total volume C?

69



N 70
71

g «0

£ 50

• £ 10
<

200 300 400

PARTTICLE SIZE, pm

500 600

Fig. 4 ( ' a r t ic le s i / f d i s tr ibut ion o f w a s t e fo rnrS 'a r tc r i m p a c t (it 1 5 8 . 4 t ' t-lb.

waste form required per MTU to determine total risk. For
example, the calculated waste release Ibr'glass marbles in a
metal matrix is 13 times less than that [or monolithic glass,
but 1.7 times more canisters will be required. Thus (lie
actual improvement-may only be a factor of 8.,

RADIATION STABILITY

Supercalcine composition SPC-2 was doped wit'h
C1TI2O3 at a 3 wt.% level. X-ray diffraction, stored energy,
and density measurements were made initially and later at
approximately three-month intervals to assess the effects of
the a-recoil damage. Dose levels in excess of 1.4 X 10' 8 d^g
have been reached. For reference, a dose of 1.2 X 1018 a/g
is equivalent to 200 years for supercalcine with 80% waste
loading. "

By comparison of the diffraction angles measured with
no dopant and at dose = 0 (with dopant), it was determined
thai the curium may have gone into both the apatite and
Ihe tetragonal supercalcin'e phases. Both uof these phases
shifted in diffraction angle by ovej; 0.10 to 20 whjle the
fluorite phase seenifs to have remained constant. All three of
the potential Cm containing phases exhibited some peak
broadenirfg, but, again, those that shifted in diffraction
angle seemed to broaden the most. Asa-dose increases,,the
apatite phase shifts towards lower angles, and &y a dose of
5.0 x 1 0 ' 7 a/g shifts approximately 0.10 to 20 from the
initial 20 value. Both the fluorite phase and the tetragonal
phase remain at their initial 20 values up to a dose of
5.0 X i 0 7 a/g.

"\, cSince the fluorite phase does not appear affected=by,
radiation damage and also since initial measurements:
indicated essentially no change after doping, the (220)

'..' !

TABLE 4

Calculated Nuclear Waste Release After Impact at 158.4,ft-Ib

Material

Supercalcine
Hot pressed
Cores*
Coresf

ICM-11 glass
ICM-11 glass
ICM-11 glass!"

Sample
size, o

diameter-

0.44
' 0.50

; 0.50
0 0 . 4 4 ••

1.25
1.25

*60 vol.% packing.
" f 40 vol.% packing.

Length,
in.

0.50
0.50
0.50
0.50
1.25
1.25

Coating

None
PyC/Al2(C
PyC/Al2O3

None
None
None >

Matrix

None
410 SS
410 SS
None

,,None
Pb^lGSn

Waste,
vot.%

75
34
23
3:5
35
21

Particle
size after
impact,

%37*im

4.4

0.4
•• :, 9.6!

1.0
0.1

Nuclear
waste

. released,
g/cm3 x 10- 4

1600
200

28
1100

120
9
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Fig. 5 Ratios of integrated intensities (apatitc/nuorite and tetragonal/tiuorite).

tluorite peak'was ,used as an internal standard. The ratios of
integrated intensities (i.e., apatite/fluprite and tetragonal/
fluorite) .are given in Fig. 5. There is a decrease in the
intensity of the apatite peak while the tetragonalpjjase
shows a slight increasing tendency. Al'ter a dose of
1.5 x 10' s a/g,., the apatite peak.-.,(2I3) has completely
disappeared. Other reflections are barely detectable.

The lattice constants, ,a0 and C6, lor the apatite phase
were calculated using the (213) and the (211) apatite peaks.
The apatite unit cell was found to expand°the basai plane as
a.o goes from 9.59 A initially to '9.70 A after
1.5 x IO 1 8a/g. .Along with this expansion is a corre-
sponding contraction in the c direction from 7.03 A to
7.01 A. It was not possible to calculate lattice constants for
the tetragonal celPbecause of overlaps and weak secondary
reflections. The results indicate that in supercalcine SPC-2
the apatite phase will become amorphous with radiation'
damage while the fluorite and tetragonal phases will remain
relatively unaffected. => \

' Stored energy and° density measurements were de.ter,-
mined in addition to the X-ray diffraction data. The energy
release reaches a maximum of' about lOcal/g near •
5 x 1 0 ' 7 a/g dose and then1' decreases. Also the release
curve indicatesothabcornplete annealing is not attained at
600°C (the upper limit of the calorimeter) and that a
substantial energy release may occur at Temperatures above1 '
600°C. _ , %

The meas i , J hjlk density decreased from 4.18 to
4.12g/cm3 c i doseVt ] 7 x 1018 a/g.. This corresponds
to a- density deiie- v jr volume expansion of 1.4%. The
theoretical conreru ution of apatite in supercalcine" is
12.5%. A volume expansion of 3.6% can be estimated for „
apatite from X-ray diffraction data; which suggests that c

other phases besides apatite may be contributing to the;

overall expansion. Although leaching of radiation-damaged^
supercalcine was not studied, recent work onl<a devitrified
glass by Weber etal . 1 3 suggests that amorphization ofo
apatite may not significantly affect leach rates'.

" " "' A &.

CONCLUSIONS = = -

The volatility^ Soxhlet leachability, and impact resist
tance have been determined for various multibarrier compo-
nents and concepts. The effect of alpha irradiation on
supercalcine was also studied. The results of these multi-
barrier characterization studies can be summarized as
follows: .. -.- a

• The weight loss of supercaldne ceramics after 4 hr in0

dry air ranges between 0.01 and 1.6 wt,% from 1000
to !200°C and is dependent upon composition.

• Glass marbles in a cast lead alloy offer apprpximately
an order of magnitude decrease in= the j.wt.% fines
<37/im released after impact as compared to a glass
monolith. GVD >;ctfated supercalcine in a sintered
410 SS rtfatrix offers up to two orders of magnitude ̂
decrease. " -. . "' " , •-•••s

• Hm-pressed supercalcine ceramics may offer no in-
c rease in impact resistance or leach resistance over

that of a glass monolith".=

• Glass and PyC/Al2O3 coatings provide effective inert,
leaching barriers. o - .

'' • After an equivalent exposure to alpha radiation of
200 years, supercalcine" ceramics have maintained
their physical integrity but |how crystalline phase
instability as the a'patite phase crystalline structure =

becomes X-ray amorphous due to- radiation ^damage.

Further characterization of alternative nuclear waste
forms is continuing on "a more detailed scale, especially with
reference to leaching (e.g., time—temperature dependence

-and hydrothermal conditions). The waste form rfiust be=
viewed in terms of the total waste management system (i.e.,
canister, overpack barriers, repository). Based upoa results
to date, it is recommended that the development of
coatings and metal matrices be continued to provide one of
the inert barriers in the waste management system.
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III. IMMOBILIZATION OF RADIOACTIVE
WASTES-GLASS PROCESSING

OPERATIONAL EXPERIENCE OF THE FIRST
INDUSTRIAL HLW VITRIFICATION PLANT
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HISTORICAL BACKGROUND

Rt-'seaieh and deve'lopiik'ii-t on the solidilicalioti ol'
high-level radioactive uasies has been under invcstigatiun in
Irance tor over 20 years. The first radioactive glasses andr

synthetic micas were made in l')5S.' (ilass blocks weighing
5 to 15 kg and having a- specific activity i>f about 1000 C'i/i'
were produced in 1%'3 for examination purposes using a
gel technique in graphite crucibles. Meanwhile, processes of
industrial interest, both batch and continuous, were under
development.2"8 The first in operation was a batch process.
It used a. pot vitrification tcchniqueOin which drying,
calcination,* and vitrification were performed in the same
vessel, a metallic pot heated by induction. In 1969 a pilot
plant called PIVER^ using this ̂ process, begaii operation
under fully active conditions at the Marcocrle Nuclear
Center. By 1973 solutions resulting from the .reprocessing
of spent natural uranium fuel had been processed to yield
12 tons of glass with a maximum activity of 3000 C'i/l;.

Because of the successful operation of l'IVLR,'St was
decided in 1972 to build an industrial vitrification plant at
Marcbule. The continuous process was chosen in preference
to the pot technique, as it could cope with various feed
solutions and was flexible, cheaper, and easier to scale up

hit'h-.-i

in , i i_ l i \o

\ pl.ml .
ii in I in it'
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BASIC PROCESS

' I l i e ' v i l u i i c a l i o n p i o c e s s ciniMsf's ol t w o s tages (I ig. I ) .
11 I l k ' tij>t s tage is c a l c i n a t i o n . T h e Iced s o l u t i o n is i n t i o -

d u c c d io~li uJniH1 ki ln w h e i e it is c o n v e r t e d to1 a ca lc ine

solid.'The calcine product is niixed with suitable "raw
materials in an electric furnace to make the desired glass.

The glass is poured at predeteimined intervals into
canisters which are transferred to a storage facility. The off
gases released during the fabrication are processed in speciai
off-gas treatment equipment.

GLASSES INVOLVED IN THE
MAPCOULE PROCESS^

- " ' % i „ " ° ^

The waste liquids to be vitrified'at Marcoule fall into
three main types related to the reprocessing of MTR spent
fuel, military spent fuel, and commercial natural uranium
spent fuel (graphite gas reactor system).

Table 1 gives the characteristics of these wastes. As it is
impossible to use any single glass composition to deal with
the various compositions;/, of the wastes, three differfer̂ t
groups of glass compositions, all of borosilicatet;type, have
been selected after research carried out in cold and hot

' 4 ^ ' 1 ' - 1 3

The characterises of the glasses are shown in Table 2. -•
Examination of the glasses was carried out to determine (1)
their behavior under irradiation and thermal conditions. (2) ;s

how theii physical and chemical properties related to the

•7.3
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TABLE 1 ;

Characteristics of Marcoulc HLW

Commercial Military CtC MTR
GG spent fuels spent fuels spent fuels

Burn i'j)

Chemical com-
position, g/l

fission product
- U • "

Np
Pu
Al
Cr
Fe
Ni ':
Na
F
Mg -

Acidity

Specific activity
after 2 yr cool-
ing time, Ci/1

Specific power
._ after 2 yr cool-

ing time, W/l
Concentration, 1/T

4000 5000
MWd/T

35-40ri

2.5-3.5
~0.2
=0.02
8-12
=0.4
6-10
-0.3

,4-6

2 - 3 " * 5

1.0 Molar

1600-1700

4 - 5

-100

1000 1200
MWd/T

20-25
1.5-2.5

=-0.02
30-35
= 1.5
15-17

19-23

4-5"

2.0 Molar

500
MWd/kg

,, very low
very low
very low
very low
81
<0.5

•0.5-2

<0.5
1-3

-1.8 Molar;
1 .. (depleted)

500-1000 -•'' low

2 - 3

30-40

low

12,000

I X B I I :
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1.0

A.'f

7.0

11 1 5 1 c

101

'< 1 ,

f . l '

}A

• -)

4 3'

in'

.4^

io ' i,, HI

1.25

10 ; to I d .'• . 10 •

"Leach i i i ) : o p e r a t e d at r o o m t e m p e r . i i u r e w i t h t.ip u j t e r -

technology of fabrication, andc(3)how their characteristics
affected radioactive hazards in final disposal.

THE PLANT

The vitrification plant, designed jointly by C.E.A. and
S:G.N., was built by Compagnie Generale des Matieres
Nucleaires (COGEMA) to solidifyall the soluuons of fission
products generated by, the Marcoule reprocessing plant,'
including those already in storage for over 20 years.

AVM is located close to the storage tanks. The
construction which started in the summer of;i974ended in

^January 1977 when the first nonradioactive run was made.
Actual radioactive operation started in June 1978'. *

- • / ' • " - " '

Description ;

., The plant is made up of two different parts—the
vitrification facility and a close-coupled storage facility.
The facility has been described previously,1* so the
following description is short.
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FCEMK TMKS

CONTAINER INDUCTION * OFF GAS
SUPPLYING CURRENT TREATMENT INTERVENTION 10CK ROOM

ROOM "• GENERATOR CELL CELL
ROOM ...

r

p—i • " ' GLASS
STORAGE

Fig. 3 AVM horizontal section.'*''1'

Figures 2 and 3 show vertical and_ horizontal ,
sections of the plant. The jjiain part is the vitrificatiorj celt,:
which is totally lined with stainless steel. This cell encloses
the vitrification equipment, the device for welding lids on
the canisters, and the head part of the off-gas treatment
system (scrubber and condenser). .., g

All of the equipment located o inside the cell was
designed to be remotely dismantled for maintenance or
replacement (as an example, see Fig. 4, picturing0 the
dismantlingof the calciner).

The storage facility is attached to the vitrification
building (Fig. 5). It is made up of three^engineered
underground vaults made of concrete. The canisters (1 m

high, 50 cm in diameter) are stacked in 10-m high.vertical
pits fitted in the vaults. There are 220 pits which wijTmeet
the need until the year 2000. A further extension is
available.

been presented

Operation

The details of the operation have
previously.14; A brief review follows.

Waste solution is injected into the calciner through an
upper end-fitting at a flow rate which varies from 30 to
3 6 1 h r - 1 , depending on the concentration of the waste.
The barrel of the calciner rotates at 30 rpm. It is heated by
a 4-zone furnace.
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Fig. 4 CaJciner clisnuntling principle.
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FORCED AIR COOLING

100'C

l ig . 5 AYM

I lk ' R'-.u|t:iJ!! C.lkllK'd pi i idMtl (* t o ( ' k\l cOI r e sponds .

In ,U) I ot s o l u t i o n ) lalK i n t o (In.- me l t i ng l i)>n;ue llno,*,gli a

lower cr id-i i t t i i i j i . . . s imul taneously w i t h the law m a t e r i a l ,

w h i c h is ui ilit1 I 'mm dt a p n i n . i r y glass ( i n s ) . T h e frit is led

a! a m e a n r a t e o i ' ' I " 1 2 kg hi ' ;il su i t ed in t e rva l s in 4U0-

tu M)0->: h a t c h e s . T h « = ; h i c i i g l i p u t (ii the nie l i in j ! f u rnace is

a b o u t 1.5 kg lit ' ol glass m e l t e d at 11 0 0 t o 1 1 ̂ 0' '('. Itvcry

•S h o u r s I 20 kg o l glass is casi in a c a n i s i e i . w h i c h gels t h ree

successive casts.

Some hours alter filling, the canister is shifted to the

welding area where it is seated by welding on a lid with a

plasma torch. The canister is.:;cleaned one day later by

washing the surface with high pressure (200 bais) water, s.

The (low sheet for the off-gas treatment is shown in

F i g . 6 . • . . - • ' ,

OPERATIONAL EXPERIENCE

The nonradioactive tests were carried out from January
1977 to April 1-978. Four radioactive campaigns were
scheduled afterwards. The first one lasted 746 hours at a
feed rate of 3 0 l h r ~ ' . The second campaign lasted 994
hours and was stopped to remove the vitrification pot. A
third campaign involving solutions of about 300 Ci/1 lasted
1124 hours. The fourth is still running with a feed flow rate
of 36 1 h r " 1 . During the first three campaigns, 360 casts
were performed in 120 canisters. A total volume of
87.7 m3 was processed during 2864 hours of operating
time. This corresponds to 2000 tons of spent fuel yielding
40.6 tons of glass. The volume reduction factor was 5.4.
On April 9, 23 more canisters had been filled, and an

additional volume ol l°.l m' ol fission products solution
Jiad bee'n viinfied Clahle 3| . ''*•

Running Experience »" 'SJ

Apait from a valve, all of the ^equipment has
•performed satisfactorily. •The'iiietcring wheel has.-/pjr(}v'ided

very accurate liquid feeding. The linear expansion'*)!" the
calciner barrel has kept the same valug, and the differential
pressure ( 15 cm water) has been very stable.

The temperature of the pot walMs kept below i I3O°C
during melting of the „glass. The casts, initiated every- 8

••• hours'-; have routinely drained out 110 to 120 kg of glass in
15 to 20 minutes, viz., at a mean flow rate of 350 kg/hr.

There have been no difficulties in the welding of-Jhe
lids on the canisters, except in two cases when a rewelding
had to be done due to improper positioning of the lid.

Off-Gas Treatment Experience

The efficiency of the recombination of nitric acid and
nitrates reached over 90% in the"condenser and over 82% in
the first column. This agrees with the data frorru4he
nonradioactive campaign. No insolubles could be seen in
the liquid from the first scrubber. Chemical analysis of this
liquidand of the condensate indicated an average carry-over
of 3 to 47c and a trapping efficiency of 96 to 98%. This also
agrees with the results of the nonradioactive runs.14 The
data related to the volatilization of the radionuclides and
the various decontamination factors are listed in Table 4.
Volatilization of ruthenium, the main volatile element,
varied from 39%:;(57% of which was recycled) for the first
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AVM (lot Run

Liquid Wastes

I l i e l n | U i t ! v. .I

Campaign
retVmKT

lirsl
Sl.'t'OIHl

Third
fourth*

Total

Working
time, lir

74ft

11,24
552

3416

Vi,limit- ( i |
trt-alt'il

H>lulion,
m'

.i, ^

M.n
.15.1
19.1

I06.K

Wfighl (it

glass, 1

H i l l

14.44

1 ft.lift

y.Hft

4H.5

Number of
glass

canisters

filled

\\
42
47

- 1

14.1

* Still in propress assossment on April '', 1979.

campaign to 20% (65% of which was ••recycled) for the
second one.

The Ru decontamination factor for every part of the
equipment increased perceptibly as operation continued.
So, Ru volatilization should not be considered as a
shortcoming. Similar values related to the release of Ru
were obtained in the pilot plant ATLAS, which has
half-scale AVM equipment. In this pilot plant, attempts
were made to reduce the Ru volatilization by adding sugar
to the feed,solution. Figure 7 shows the marked effect of
this procedure on the volatilization rate, which is reduced
to 2%:oiit of the calciner and < 1% in the condensate.

c ' i n t k ' i i s c i i u i u l c H v i l f . n i J l l i c l i o n e i n s ! : ' i i : i * 11 • •

[ i \ . i > v e ! \ I ' l . l i i i n n l i r e . i s v V . ' i i e i i i n b e h m h h

i i L ' M v t 1 l i ( | i i u l s ; i i )11 . l i e l e l u r l l e i l ' I• > t h e l i ^ M u i i

i i i l s < > l u I n > r i u n a v n l i i i l i o i i u n i l \<~<i r e c u k : a n d

• Thi' spent 1K|UKIS Itoin the v.;ishing tulutnn ;md
eamsiei ilccontamnwtinn (^00 I'd) have an actrvit>
below I'mCi-m1. They aic tiansfenod to the ln\s-
level w;i->le treatment plant. The\ are the onlv
significant lit'|uid wastes released b\ AVM. The
activityol the s|x;nt washing column liquid lioin the
liisi two campaigns is shown in Table 5.

The average generation rate for tnis waste is 10 I In ' .
The level of activity in this stream isgeonsidered satisfactory
and demonstrates the good decontamination factors of the
condenser and the acid recovery column.

Solid Wastes

The solid wastes are generated by equipment failure or
by the removal of implements or vessels with pre-
determined lifetimes. The latter include especially the
vitrification pots which have to be removed every'i^OOO
hours. The solid wastes can be decontaminated in the
vitrification cell by soaking them in a specia^iank. It!ts also
possible to cut, them up partially to shorten their overall
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si/.e. They are then either transferred to the maintenance1' ,.
cell to be encased in concrete in drums or, in the case of'fnc/'
vitrification pots, put in canislers similar to those used foi^
waste glass. The canisters containing the vitrification pots
are welded and stored in a particular storage pit. At some
time in the future the vitrification pot may be further
conditioned by melting, as the major part of metallic wastes
will b.fe later on. AVM has yielded only two vitrification
pots as solid waste so far (assessment on April 9, 1979).

'Gaseous ^==S; ^ _ = = = = - _
In order to evaluate the efficiency ••of: the off-gas

treatment equipment, some samples were ^aken from
various locations in'ilie line. The activity in the samples was
below' analytical detection limits.= Based on detection limits,
minimum decontamination factors were calculated prior to
the final absolute filter. The decontamination factors were
1.2 X I O \ 1.2 X 109, and 2.x 107-for Ru, Cs, ari'd Ce,
respectively. (These data are related to the first
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TABUS

Aclivily in AVM Off-Gas
Washing Column Liquid

1 0 6

1 .1 7

'J |l

E ') 4

Ku
Cs
Sr

Ce

First camp;

IS.
<l.

0.

1.

Ox
.S x

3 x
1 X

10
IU
10

10

ugn

t.

o
(,

Second

0.7 x
l.'Jx

•, 0.4, x

0.3 x

campaign

1 ()• ' '

1 0 '•
10 '•

10 "

campaign; analyses lor the next campaign arc presently in

progress.)

Contamination of the vitrification cell is very low. The

activity level in the cell varies from 0 lo 60 counts per

second.

CONCLUSION

Commissioning of AVM has opened the industrial

development era for continuous high-level waste vitrifica-

tion processing.

Due to the excellent results up to now, a plant to vitrify

fission product solutions from the present La Hague

reprocessing plant is now in design. Another one for the

next reprocessing plant, which will be located on the same

site (Fig. 8), is also in design. Each plant will be scaled up

from AVM in order to deal with the needs of an 800 T/yr

reprocessing plant.
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INTRODUCTION
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•i melk't and consislsnil tlnoo phases:
• Slaticullv and dynamically pcilnrmed t'nmci k'Ms m

'•' simulated jilass-waste cnmpnsitions
• livaluation of corrosion resistance in actual glass

wasie
• Simulated service^ tests in evaluate the wear and
^operating .performance of construction materials

The final selection of materials for electrode and
refractory components will depend not only on their
corrosion erosion resistance but also on electrical resistiv-
ity, thermal shock resistance, thermal expansion and
conductivity, fabricability, and the cost and availability of
the material.

Phase I of the Melter Materials Compatibility Program
has been completed. The corrosion - erosion resistance of a
variety of electrode and refractory materials was evaluated
in simulated glass-wasie compositions at various tempera-

CORRdllON RESISTANCE

Static Finger Tests \

Jhe slata tinjier lest 11 lji. I Psoerelv tests a material's
cunoMiin.ieMsiaiivi1. Melter components m normal opera-
tion are not subjtsckM in molten glass on both sides as in-
the -static linger test, and in most cases one side is
significantly cooler than the other. Hence, improved corro-
sion hehavid'r ot the;• material would be eXpected under
actual service conditions. Although, there is no substitute
for evaluating materials under service conditions, the finger
tests do provide a good qualitative,comparison of corrosion
resistance of materials in the ^appropriate media and
temperature ranges. *

The static finger test used in this study is a modification
of a standard ASTM test "Static Corrosion of Refractories
by Molten Glass" (ASTM-C621-68, revised J973). Refrac-
tory and electrode candidate maler-^ls were cut into
rectangular samples approximately 0.25 in. X 0.30 in. x
o2.0 in.'and notched on one side (except Tor platinum for
which wire was used). The samples were then fixed into
cement crucible tops and placed in"crucibles containing
simulated glass-was(,e compositions (Tabji 1 ).,.The sample
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Corrosion Results .. '

"Corrosion et'l'ects were chyiactcri/ed by micnisccipy and
dimensional changes. The dimensional measurements were
taken every 0/1 in. along the length of the specimens before
and after each corrosion test. The extent of corrosion or
penetration at the metal line (interlace of molten glass and
air) for each material is given in Table 2.

The most corrosion resistant refractories were Motio-
frax K3 and E and the best performing electrodejnaterials
were lnconel 690 and- platinum. • Seir (registered trade-

ERO§ION RESISTANCE

Dynamic Finger Tests

f-.lectrode and refractory materials degrade/rom erosion
by flowing molten glass as well as from corrosion by molten
glass and it's, vapors. Refractories can also degrade by a
phenomenon called upward drilling. The best method for
studying erosion behavior is by a simulated service test,
which will be used when melters become available. In the;

meantime. erosioiiAbehavior was qualitatively evaluated and
jeading refractory W electrode material candidates studied
/for any unusualowear;. \-

A dynamic fingentest was developed in which samples
were suspended in molten glass (average composition,

83



& I Mi l . I 2

Mi-I.il I.mi- ( iirrusinri ut KHrailorv am! I K-.'trn(k-;.< aiididal'.-1-

A!
S i . ' - . . ,

J ' . l f .*

Ill . . I i - i l;<)

S n I ) ,

I'l
111!

ff-

A v r . i y i - ••-.••.I<•

iv 1.1 21 I in
Hi/h A).

t>|.- 21 I MI,. 21 I'm

l U H I f 1200 r I SO/I ( 1200 r I S00 < 3 2'H; ( I ) (« <

M i . : ; . • ' . - , • K : i . ' i < « < •

\ \ , „ • ; , | - , : , . , . • I, . , i . •

S ; . ' ' ' : * =• i: y i . i •"> • ! . .

M ; ' o ' • < i ' i . - ' i - I . ' . '

!l I I n',~. c, ' i u ) - i

' ', n)

If.i t l

H I . ) . ••! , • , . } • , , " . ( | I , . 1 !

I n ' • < • ! . - i

i l l >: . 1 1 t)

H ' i l i l ' I ' i ' i . ' I I . m i ] i | ' i ' i |

u J i | ,' , n n l ' ; " ' ' i . I I - ) ' ) " ' II - i 1 ! . '

i | l | l i | 0 M i l l I I li'J.?

fi V.i i.i 4 4 D: , 'V l - .Mi .

| i if11

M i . I ; I (Ii II.-I. 'I, In, - , f . . - J .il • v - in-r.il I m -

• n h i l c i l I ' lav- , w a s l ^ T i - r f f i i i - I l a n d r • 11 .i t •-•! a t I'MH-: | i lM " 1 I n '

I r s ! w a s . p . ' . ' r l < i m T i ^ T l . i l -I .101) ( l u i I l i o m - . . A l l l i u ' i : ' l i i»• >i .i

s l a n d a r d A S I M i i - \ ! i n ; ' p i i M ' c d u i r . t h e i l i i K i m K I n i :.'>•! I f •, 1

p m v u l i ' 1 " i | i i ; V l i l , i l j v i * i. ' O i n p a i i s u n n | f i f t N i i ' i i , I I ' , M < l j i i i i i 1 t l i . i l ;-.

l u ' l p i n l i n m a k i i i i i p i i ' l i m i n a i v i i ' c u ^ m i . ' i h l . i l i ' i i r . m i n n . - l l i ' i

Erosion Results v L

l i i i S i c i n D I c a n d i d a l i ' c k ' i i i n d e a m i i c t i a i . I m \ m a i c i i a U

w a s i l i a i a L ' I c i i / e d h v c l i a n j / c s IJI a r e a , w h i i ' l i • . v o u ' - o d f U ' i

m i n i ' i l h y d i i n e i i M u n a l m e a s u i L M i K - i i l s a n d b y p l a n i i i u ' i f i i i H 1 1

s p c ( . i i 7 i c i i s a i l c i d y n a i D i i . K ' s l i n u . < T I I H V s j u n p K ' s u ) I M U I I

l o a d i n i ' m a t e r i a l w e i e e v a l u s i l e d . T h e l e l a t i v r e i o M n h l a n k -

i i m . s o l I l i u r n a l e n a l s w e r e • s i i ' i u la i I n t h i ' i i e i i r i n s i i . i n

,, p e i t i n i n a n c c . 'I h e m e a s u i e d a i n o u n i s n l e r o s i o n a i e u i v e n

b e l o w : " •,.

Relraclory

MonalMX K3

Monotrjix 1*

Serv
MonolV.-ix M

EleetroUi! materials

Inconul690
Tin <ixide

Alllnmlt

erosion (in.)

; . ' - ' •

0.0(12
0.004
0.(111
0.050 "

0.002
0.030

MicrostnJ'cturesife-. ••

r -" W-
Wliile thegoorrosion -erosion resistance of electrode and

refractory'materials provides considerable insight, into the
compatibility of these materials with molten glass waste,
the interaction zones were also studied. For example,
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ADDITIONAL CONSIDERATIONS0 "'*'

A t|ualitali'Ve. rating of the leading candidates based on
corrosion erosion resistance, electncal and thermal proper-
ties, and cost and availability of materials is given below.
Based on these ratings Inconel 690 is the leading electrode
material and Monolrax K3 the leading refractory candidate.

f o .• / j *
~' C'orrosion lifosion Electrical Thermal Cost and

Material lesislance resistance properties shock availability

Monofrax K3 ';
Monolra\ 1-. ,•'.'
Scrv .'.'

Inconel 690
^Platinum

JY'm oxide ,'
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A
B

"A0

A".,:
c

A • -

A,,
A

A
A
B

A
D
A

- A
A
A

B
B
B

A
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B
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B+
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I
84



MELTER LONGEVITY

"Fixtures

. * ' . I I ' ' ' U • • • • - I .

::. : I . ' I

• • • • • < • • . ! • . •

Estimated fVk'ltur Lifetimi; ,,5 o

, , . " 1 i - , T , . ; ; f . i • • • : ; ; . • ' • . : : - . 1 . • • : ; : ; : , : : • . » i ••': ' • / : • . •'',: \ \ :

ACKNOWLEDGMENT

i ! i .,• • ! ? • i ! J c t i 11 r

!:'i.! A r(

•'•. :; . .• . ' . : . i i . i : . , • . . i n I n - u s i ' i i V ' S ' i i u i

. • < : . . • ' • - • • j>« • . j ' • • j j J I > l u n i l j i i u l i I n

i , : 1 . • • > ' ' - I l i r - . ^ i i i . l u . U - I I I m u d :

p . i ' , . ' ' - , • , ' . ! . r : V , i ' i i i > M i > n • . • u > M . . [ ;

-Md'.i 1 ' t . . 1 1 • K - . 1 . , ' . 1 • I ,:! i" . ; ! ' . ; i : l . ; - . • 1 ! . : i f u . I l i l ! . ^ 1I1 > t -

V . . I - U ' i i Y i - i t i - : i - 1 1 , l i i j C i n l i n e n l * ' 2 . " - t o 1 0 •'

i!.f J r . . i n ! Jjiis .nd '., S: " "

I ' . S. IX'p.H l ine lit = „

'85°



VITRIFICATION OF HIGH-LEVEL RADIOACTIVE WASTE
IN A CONTINUOUS LIQUID-FED CERAMIC MELTER

K.irKnilK-
R i . l K \\ ( , k l S I W V{

S Y n k i V U li.»x >(.4() ^mt
> . i i . i j l ,KOSl HOKKI q
K<ui-iuln i I .ikr.i1 K N | M I I K 'i»t

ABSTRACT

l h e \ : t i i ! K j i i " » i'l \ iniul.iU") hii'ii l i |wl li,j .i.l . i . . s v l i l l U t

'.11>«v the iMivri1*.! S u e ! / T \ > l e »i}> .1 . e u t U i i Ime.l \>.INI.- i n v l v i IN

.ieM 'jlk'd Klltlt.lll.ir leterelU e'lS i!U(ll M-'tlle (Ml V I I ! sl.|l(|N >l 'III

m e l k r ivdin<>li>v>. Ssiiih- i i M i u a s .m- I I I V ' I I \ M \ ! .<It^m-' :i<<rn iliiruii

lUjUHt iCl'tlllU' >'! I llC W.isll-i Vl>lulli<h 111 I' > t i l v ' l l M h ! \ l s . i I'lfM 'IIU'J

MM ivsu l t s vorKvinini : ihc c n l p i m i K ' n t ui p . i r t K u l . i i o is well .IN !hr

IMVS .it v , i | u ! i l i / o l n u l i T u I i n t o the invl loi »itt I'JN. ."Ruthenium

t v h j . i m in .1 iHjuiil-leti aT.ui'K m e l t e i IN rep<i(leil. in.I i!u C \ K I I I >>t

;t i t l teni i im vnluSiiil^ \uppre\sc'U b\ prt ' i leni i t j i i i ' i i n>t die w j \ k v

vii lutlun IN vliNA'^NCJ'. I h c l?>m> hi nper;iliivn e \ p t ' r i e i n e i' . inuil \ i n e e

l l ) 7 6 w i t h the p i l o t w a l e viiritf-'uttun unit is Muttiueit; .mil the

ci>n\truclh>n >>t .in .idvaiKell me l t c f h . i v u v the pxtep.ti.il !<>t remote

opera t ion is g iven. I Jj* work descr ibed here & pjrt u(' J ( i e r t h j n

a>ufvi)iative K s c u i c h a n J d e v e l o p m e n t pro^rjin j i n o n ^ seven insti-

tutUins. O n e ot the ma|>ir ob|e<-lives ot this p m y t u i u is to prov ide j

vitr i f icat ion t e c h n o l o p j = tor the s o l i d i l k j i i o n or the I I \ U w j s t e

s twect ;it the i u t o c h e n i K i j l e in Mol/Bel>;ium.

INTRODUCTION

Ceramic-lined waste melter with direct electrical heatifig,
of the glass melt for vitrification of IILLW from the nuclearu

fuel cycle has received increased attention in the past live
years. The principles of electric melting of glass are well
known and widely used in the conventional glass industry.
The first adaption of this method of glass melting to HLLW
vitrification was made in the. USA1 in 1974. Similar
development work was started in Germany2-3 in 1976 and
in Japan4 in 1978. The primary objective in developing
ceramic-lined and direct electrically heated waste melters is
to achieve a significant improvement of the melting
technology for HLLW vitrification. Compared to con-
tinuous metallic melters, both longer melter life and higher

m e l t n i i J K i l o a i e e \ p c v t c d I n t i n s i n v l t i m ' l e . t i n i i j i i 1 . I l i c

[ i t ' t e u i u l •>! lntijsvt MieJU-r l i t e is jttveti >n . ' l i t i s c .if

IIIL'II U I ! i f i C I , i t i i l e IlliliVy i j i r o s l n t l i i ' s l s l a t i l . e ' . » i m . j it'-

11.1. t u t u ' s tu t t h e U K ' I U ' 1 V\.ilK H i ^ l i c i inc i t ing : u l f s * l i u l i

IH- Jl-SIU'.j I..i I ! I U > I N I | | . I I ,l|1|>lV J l l " l l "I i l l I M Vl l t l l l . Ufl'ill

<..ili hi1 D i m e . i<toqu.tto!> . K 1 I I C V C « I h v i j i t i \ ' t ' l f . M u j I

lii' . ilniL' <>l t h e i n d l , , ' l i i e h.isi^ p t i t k i p l e s , t |>pl ied i m s

\ < ! r t \ i > t i t i i ) i i j l I ' I C I I H N i;5ass i t i e l l e t a n d a <IIH'V.I e l i v i i k j l l v

heated III 1 V> nieltci .no the sjine. HniMevet. seveul tnj|>>!
•uhllvMtfiico e\is( itelvyeen thiSe tnolieis.

•ospect to the si/e. the jthy> thioughpui. the
containment, and lemute < ofKration lequuetnents In
Table I lypk'jl design lealures and'e\\entnl paiarwete^v aie
computed between a conventional jnd^ a HLL* meltei
system. The t:l;tss thtou^hput tequired lot ;i IILLW mehet is
I wo ntdersft ut tnu^nttude bolow that tut j npkjt con-
vent lotul tndier: thus the energy input and the cuiside
dimensions ate itlso appreciabl> lower, hutthermore the
outside containment of ^cerainiC'lined waste melter and
the requirements lor its draining and olt-jiiis s\sicin are
significantly diffeient. Nevettheless the expenences and

, design, criteria known in the conventional gla>s industr\ tor
electric glass melting systems have been helptu! in develtijv
ment and opiimi/ation ol Joule heated cetamu-lined
HLLW melters.

STATUS OF MELtER bEVELOPMENT
AT KARLSRUHE NRC

o .. - .
The fundamental components of a wasle mellet are the

melting cavity nwde of ceramic refractories, the dectrodes
made of metallic or ceramic'refractories, and the draining
system. Further major components are suitable heat in-
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peiience of 1500 In with liquid feeding shows simple

process peifornianco but requires careful control iii respect

to acciniivslation o\ liquid at (he glass-pool surface. The

oveiall loss of maieiial from nielier into the off-gas cleanup

system is an average ol'_. 4.5'7-. Cesium loss was approxi-

mately 4' ; '. Ruthenium loss was an average of 12.8'" and

could be suppressed jo 3.4'V when the waste solution was

predenitrated.
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TABLE 2

.Material Loss in a Liquid-Fed Cenunk Waste Meller into the Off-Gas

Stream in Wi.'J of the Amount (As Oxides! Fed to the Melter with the HLLW

1 ime.
hr

12
2S
44
fill
""6
92

ins
112

ISO

2(14

2 Jo

2*2
2Sn

V.lt .UL

Overall
total

S.79
5 52
4.36
3.24
2 49
2.^2

2."M
2. "9

3.H3
2.SI
2.57
2.''I

,.2.sn

3 51

luund in the
off-gat lube*

1.05"

1.05

Material lots, ft

Found in dust removal wet scrubber

Suspended*

3.90
1.14
0.77

a 55
n.25
u.14
(i.21
H.27
II.2S
H.26
n.25
0.32
0.36,,
0.3S

0.65

Dissolved'

4.42
4.IS
3.30
2.35
1.91
1.98 --
2.03
2.(K.
2.24
2.16
1 %
2.(16

2.11

-\MI

24K

Total in
scrubber

K.32
5.32
4.07
2.88
2.16
2.12
2.24
2.33
2.52
2.42
2.21
2 38
2.47
2.39

3.13

Found in
condenser

0.08
0.16
0.20
0.22
0.24
0.26
0.30
0.29

,;ti.3o
0.26
0.27
0.25
0.25
(t.25

0.24

Found in
chemical

wet scrubber

0.39
0.04
0.09
0.14
0.09
0.14
0.17
0.17
0.21
0.13
0.09
0.08
0.08
0.08

0.14

• M.IUTI.I I deposited in OK- nil ->us tulv henveen nieltor .ind dust removal wet scrubber imeasured after
run k-nmn.itinnl .

Suspended ni.iten.il in tlie siriib solution i>l the dust romov.il wet scrubber,
dissolved in.itiri.il in tlit.- si ruh solution ot the dust removal wet scrubber.
IlKlil.linr the .uiUMint deposited 111 the III'MMX tulx: I 1.05 ' )

TABLE 3

( esium Loss in a Lk|ukJ-Fed Ceramic Waste Melter into the Off-Gas Stream

in W|/; of the Amount Fed to the Melter with the HLLW

Time.
hr

\ :
38
44
60
76
92

108
132
156
IK0
204
228
252
280

Average

Overall
total*

2.43
2.7K
2.97
2.86
3. It
3.72
3.82
4.63
4.96
4.56
4.08
3.91
3.86
3.75

3.68

Cesium lois. It

Found in dust removal we) scrubber

In the removed
p articulates

0.02

0.01

0.01 *
0.02

0.015

Dissolved in the
scrub solution

1.90
2.25
2.35
2.15
2.14
2.54
2.51
3.05
3.24
2.95
2.58
2.48
2.48 "
2.35

2.50

Total in
scrubber

1.90
2.25
2.37
2.15
2.14
2.54
2.52
3.05
3.24
2.95
2.58
2.4,8
2.49
2.37

2.50

Found in
condenser

0.15
0.31
0.36
0.41
0.61
0.73
0.78
0.86

'"<"• 0 . 9 4 :

0.92
6.89
0.86
0.84
0.84

0.68

round in chemical
wet scrubber

0.38
0.22
0.24
0.30
0.41

" 0.45
0.52
0.72
0.78
0.69
0.61
0.57
0.53
0.54

0.50

"Amounts deposited in the off-gas tubes are nut included. After run termination it was found that
approximately O.3r7 was deposited in the off-gas tube between mclter and dust removal wet scrubber.
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TABLE 4

Ruthenium Loss in a Lk|uid-Fed Ceramk Waste Melter into the Off-Gas Stream

in Ytt.'/r of the Amount Fed to the Melter with the HLLW

Time,
hr

12
20
28
36
,44
52
60
68
76,
S4
92

1110

Average

Overall*
to)

a+

10.8
H.h
8.6

10.5
16.3
13.1
15.4
1 3.3,
13.5
1 3.6
15.8
13.7

12.9

al

b

2.8
3.0
2.9
3.5
,.3.2
4.1
1.9
3.8
4.1
3.2
3.0
4.0

3.4

Ruthenium loss, %

liMiiiJ in dust removal wet scrubber

In the
removed

particuljtes

a

5.9 (
2.6 (
2.4

b

).#
1.7
).8

3.3 0.9
2.8
1.2
4.2 (
2.5
2.5
2.8
2.4
2.3

2.9 ;

.0

.5
1.6
,5
.7

• >

.1

.5

.1

Dissolved in
lni;E<;.njb
solution'•>£•,

a

4.8
5.9
5.9
6.8

13.0
11,0
10.3
10.0
10.2
10.0
12.4
10.4

• 9.2

b

1.4
1.7
1.5
2.1
1.7
2.0
0.7
1.7
1.8
1.4
1.3
1.8

1.7

Total in
scrubber

"NO
10.7 "•-•

X.5
8.3

10.1
IS.K
12.2
14.5 , .
12.5
12.7
12.8
14.8
12.7

12.1

,2.2

2.3 "
3.0
2.7
3.5
!.3
3.2
3.5
2.6 '
2.4
3.3

2.8

0

\ \

Found in
° condenser

a

0.1
0.3

'•Vjj.o.3

OX.
o.s
0.9
0.9
0.K
0.8
0.8 .
1.(1

1.0

.. 0.8

b"

0.5
0.5
0.5
0.4J

\0.4
ft". 5s

0.5
0.5
0.5
0.5
0.5
0.6

0.5

Found in

chemical

wet scrubber

* . •

0.04
0.04
0.04
0.03
\M)3

?.. .0.03
^'0.03

0.O3
0:(»3

0.03
0.03
0 . 0 3 ••

0.03

b

0.13
0.11
0.10
(1.10
0.11
0.10 -
0.10
0.10
0.(K3
(1.09 •

0.09
0.08

0.10

4Kii! l iunimn phiU-cl out on tlic <ilT-j!;is nibes is not included.
"• ; i . Waste solution 3.4.1/UNO,, conkiiniii)! j-j>/|Ru.
[b, Dcnitrutcd waste solution 0.7.V/ UNO, (rest mobr i ly) . tlenitrated by HCOOH fn a denitration

plant, containing I ji/l Ku. . •' " . - - a
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VITRIFICATION OF HANFOR6 RADIOACTIVE
DEFENSE WASTES

M. J. KUPFI-R
Rockwell llanl'ord Operations, Richlwul. Washington

ABSTRACT

Hanford defense waste sludges and residual liquids are effec-
tively immobilized by conversion to borosilicate glasses. The effects
of composition on various properties such as chemical durability,
viscosity, and devitrification are discussed.

INTRODUCTION

One option for long-term management of the Han ford
defense wastes involves retrieval of the radioactive wastes
from underground storage tanks and subsequent removal of
the long-lived radionuclides (t^ > 10 years) from the water-
soluble portion ;of these wastes.1 Resulting concentrated
radionuclides would then be combined with the water-
insoluble waste ^(sludge) and converted to an insoluble
silicate glass form suitable for long-term storage or disposal.

Sludges are the mixtures of hydrated metal oxides,
hydroxides, and phosphates that precipitated when highly
acid process wastes were made alkaline for storage in mild
steel underground tanks. The principal radionuclides in
sludges are 2 3 9 Pu and 90Sr. The bismuth phosphate,
uranium recovery, Redox and Purex processes2 generated
sludges characteristic of their different process chemistries.
Chemical compositions of such wastes are, thus highly
varied (Table I) and pose unique problems to development
of suitable glass formulations for their fixation.

A highly radioactive salt solution, residual liquid,1 will
be the most significant volume of liquid waste in the
Hanford inventor}!; in the 1980's (most of the waste will be
in solid form, e.g., sludge and salt cake). Residual liquid is
the highly alkaline solution that remains when neutralized
salt solutions in Hanford tanks are evaporated using large
evaporator-crystallizer units. The residual liquids contain

large concentrations of NaOH, NaNO3, and NaAl(OH)4,as
well as 1 3 7Cs. 9 9Tc, and 90Sr. Because of the potential
mobility of this liquid, another long-term waste management
option is to convert residual liquid to a solid form prior to
processing the solid sludges and salts. Thus, the residual
liquid could be converted directly to glass, or it could be
treated to remove the radionuclides which could subse-
quently be converted to glass. Because the chemical
compositions of residual liquids will be quite uniform, they
should be somewhat less challenging to vitrify than the
sludges.

Results of scouting tests on conversion of Hanford
sludges and residual liquids to glasses were reported
earlier.1"4 „These test results and more extensive vitrifica-
tion tests completed recently are summarized in this report. :

EXPERIMENTAL
o

Batches of freshly precipitated synthetic sltidges were
prepared by duplicating actual process flow-sheet con-
ditions. The wastes were washed three times with water to
remove most of the water-soluble salts. The compositions
of these wastes are those shown in Table 1. Since only smail
amounts of these sludges could be prepared from large
quantities of the waste solutions, simulated sludges for the
vitrification tests were also prepared by simply mixing the
appropriate metal oxides, carbonates, phosphates, etc.

The composition of synthetic residual liquid wastes and
of the concentrated waste stream that would result if the
radionuclides were removed from residual liquid are shown
in Tables 2 and 3, respectively. For convenience, these
wastes are identified as wo/rr (without radionuclide re-
moval and w/rr (with radionuclide removal). .
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Component

Al
fii
Cr
le
l.a

Mn
Na:.
Ni
Si
Sr

U
CN
! •

NO,
I'O*

SO^
11,0

Typical

Bipo

28
.2
J6

9

7

0.3
1
8

0.2
7

21

TABLE 1

Han ford Sludge Compositions'"

Separations process

BiPO,
',+ (3rd cycle)

30
8

H>

II
8

3
1 •

13

0.5
7
3

Uranium
recovery

30

7
4

14

4
8

1
14

, 0.5
8

JO

Redox

30 75

1 20
= 5 10

1 2
3 10

2- 5

1

0.2 -1,
25
28

Purcx

8

16

,X3
~ 5

4

1

0.5
22.5
38

TABLE 2

Residual Liquid Waste fWO/RR)

*Average compositions (in wt.'v) based on washed and dried
(120"C) synlhelit and, in some cases, actual sludjics.

+ Average compositions of sludjies from I si and 2nd cycle liiPO4

process streams. 3

Well-mixed glass batches contained in platinum gold
alloy nonwettable crucibles were melted in resistance
heated furnaces. The melts were maintained for 1 hr at the
temperature where viscosity was 50 to1 250 poise and then •.•
were removed from the furnace and allowedHo cool. The
50- to 250-poise viscosity range is considered satisfactory
for pouring molten glass from a continuous melter into a
final storage container. " !l

The durabilities of crushed test products in distilled
water, IM HNO3 and \M NaOH at 100°C were determined
using equipment and methods described earlier.3 Equip-
ment and methods for determining the percentage of
cesium that volatilized from the crueibie-scale melts were,
also described earlier.3

The expected cooling rate of molten glass after it is
poured into a storage canister is approximately 12°C/hr.

- Thfi, 'effect on devitrification behavior of slow-cooling glass
at a conservative rate of 3°C/hr was determined. The
slow-cooled samples were analyzed for cryslallinity using
X-ray diffraction and optical microscopy techniques. Their
durabilities in water, acid, and alkali were also measured.

RESULTS AND DISCUSSION

Borosilicate-type glass formulations were evaluated' for
fixation of synthetic sludges. Sodium-borosilicate and
soda—lime compositions were evaluated for fixation of

94

Composition*

NSOll
tyiAIOj
NaNO2

NaNO3

Na2C:O3

Na2CrO4

Na 2 SO;

Molarity

5.5
2.0
2.0
2.0
0.1
0.1
0.05, >

,,0.055t

*l'.xprcsscd as metal oxides in
wl/;?: 74.1 Na,O; 20.3 A12O3; 1.5
0 , 0 , ; 3 . 1 Cs2O;1.0SO3 .

- t Added to facilitate leach rate
determinations.

TABLE 3 >s

Residual Liquid Waste (W/RR)

Composition*

Na2CO3

NaNO3

NaOH
NaAlO2

NaTi2OsH
SrOx

CsaCO,

wt% /

67.5 ?
19.1 ;

2.4;-'
X 9
3.3
l.Sf

*l\pressed as metal oxides in
wt/,f: 86.5 Na2O;4.1 A12O3;4.5
TiO2; 2.6 SrO: 2.2 Cs2O.^

+ Added to facilitate leach rate
determination.

residual liquid wastes. Because of the superior leach
resistance of most high-melting glasses, high-temperature
(1200 to 1400°C) as well as low-temperature (1000 to
1200°C) glass formulations were tested. Tables 4 and 5 list
conditions and results of selected vitrification experiments.

Sludge Glasses

In many cases, satisfactory sludge glasses are prepared
by melting a mixture of the sludge and a frit of the
composition (in wt.%) 13 Na2O, 11 B2O3 , 'and 76 SiO2

(Table 4). However, because of the high variability of the
compositions of Hanford sludges, additions of other com-
ponents are often necessary to help optimize glass viscosity
and chemical durability. Thus a 1 -to 5 wt.% addition of
Li2O effectively reduces the viscosity of sludge glasses and
is generally a necessary batch ingredient if glass melting at
<1200°C is desired (particularly when immobilizing highly
refractory., Redox process sludge). An addition of
~5 wt .%Zr0 2 ,Ti0 2 or A12Q3 is also often desirable to
increase leach resistance. The amount of sludge (wt.%) that



Sludge
;• type

hi rex

Rcclox

BiPO,

HiK)4

(3rd cycle)
Uranium

1 recovery

I!

, Waste
oxides

30
.. 30
^••25 ,,

25
50
50
30
30
30

-." 30

Frit

70
68
73
70
45
43
65
60
70
63

TABLE 4

Vitrification of Hani or d Sludges

Temperaturea
,, . . „, (for viscosity
Composition, wt.%,, 5(] , 5 Q .'

* l . i ,0 ZrO, AI2O, " C

'°: •• ' 1250
2 1150 o
2 ., 1400
5 1200A

5 , '] 3 0 0 "
; 2 5 » 1200

5 1350
5 5 1150

1300
2 5 1200

Total for: Commercial

" Commercial

Soxhlet
leach rate,

I 0 - " g/cm3 d+

0.9
1.6
0.1
0.6

• ; 2 .8

3/6
0.7
2.0
5.2
2.2

borosilicale glass

soda lime jiluss

,Ti) ••

Loss, wt.

Soxhlet

2 2
4.5
0.90
2 2
2.0

: 3.0
0.81
1.8

12.0
5.9

0.20

4.1

Acid

0.40
0.83
2.1
5.4
0.08
0.19
0.14
0.21
0.40
0.42

0.08

0.10

7,

Alkali

(

.2
2

).9O
.4
.1
.4
.5
.8
.0

1.4

2.4

0.6

*lrilI composition, "wt/V: I 3 Na,O: 11 U,O,; 76 SiO,.
t Leach rate '•' 100'C based on cesium. The crushed glass particles used for the Soxhlet test are assumed to be

spherical which leads to a calculation of minimum surface area. Thus, leach rates noted in the table arc believed
to be maximum values.

^TABLE'S"

Vitrification of Hanford Sludges

Ingredients, \vt."
Loss, wt.9

Temperature
_ ; (for viscosity Soxhlet

Waste 50- 250 pofsc), leach rate,
oxides SiO, B2O, Li2O TiO, CaO AI2O, > "C ' lO"" g/cm2 d* Soxhlet Acid, Alkali

, Vitrification of residual liquid (wo/rr) , ;i =.

5 ^ 1200
5 1100

Vitrification of radionuclide removal—processed residual liquid (w/rr)

25
25

20
20
20

60
58

65
65
63

10
10

10
10

10

1300
1200
1300

0.4
0.9 '

liquid

0.5
0.9°
1;3

0.60
1.3s

(w/rr)

1.2
» 2.4

2.5

0.07
0.14

0.08
0.37
6.\5

2.3
1.5

0.71
2.3
0.50

*Leach rate <•' 100c'C based on cesium. The crushed glass particles used for the Soxhlet test are assumed to
be spherical which leads to a calculation of''minimum surface area. Thus, leach rates noted in the table are
believed to be maximum values. • a .

can be successfully loaded" into the glass structure is also
highly dependent on the waste origin.

As expected, the chemical durability of, sludge glasses
increases''markedly as the melting temperatures, hence,
SiO2 : alkali ratio increases (Table 4). Generally, these
glasses are all quite resistant to attack by alkaline solutions
at 100°C. Glasses incorporating Purex process waste that is
high in iron are also adequately durable in water and acids.
Glasses incorporating Redox process.., sludge are quite
durable in water because of the significant -amounts of
A12O3 in the sludge. For this same reason, however, these
glasses exhibit rather poor durability in acids,. (It is highly
unlikely, however, that a waste form in a nuclear waste
repository would encounter acid solutions.)

'Glasses containing bismuth (from BiPO^ and uranium
recovery process sludges) are highly acid-resistant. A high
waste oxide loading (~50%) is possible with BiPC>4 process
sludge without significant sacrifice in product teachability.
The relatively poor resistance of uranium recovery sludge
glasses in water is attributed to the significant quantities of
nickel fer'ocyanide in the waste. Substitution of 2 to
5 wt.%~'£rO2 or A^Os for silica in these glasses improves
water resistances substantially. ,; .

Residual Liquid Glasses

Glasses made from residual liquid (w/rr and wo/rr)
contain higher SiCh content and lower waste oxide loadings
than those made from sludges (Table 5). These glasses are
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about as durable as commercially available soda lime
glasses in water, acid,, and alkali al 100' JOif the
Na 2O+Li 2O content is maintained below ~20wt.%. As
with some of the sluiige glasses, additions of Li2OBrediice
viscosity and TiO2, ZrO2, or' A12O3 additions, increase^ the

Chemical durability. Generally, the borosilicare residual
liquid glasses are more durable in water tharj those made
using the soda lime formulations. The^orosilicate^ glasses
are, however, less durable than the soda lime glasses in*
alkaline media. A B2O3 content in excess of 10 wt.%
reduces considerably the chemical durability of borosilic;;te
glasses.

Devitrification Behavibr
^ . - - - ~ ^ _ j T \

Glasses made from residua] liquid and Purex pr/̂ Cess
sludges do not devitrify when copied slowly (3°C/hrl from
1000°Cto400°C. ' °

Redox sludge glasses that have been cooled by, air
quenching normally contain-inclusions (~2 vol?%) of
CrjO;). When cooled slowly, however, > |3-spodumene
(LiAlSi2O6) is a primary devitrification product that forms
by nucleating on the Cr2()3 particles. Leach rates of the
devitrified specimens are no higher, however, than those of
the original glasses.

Waste forms incorporating BiPCX, and uranium recovery
process sludges devitrffy when cooled slowly but, are
vitreous if cooled rapidly. Although devitrification of these
glasses may be promoted.by tli'e presence of the durability
additive ZrO2, they also devitrify when ZrO2 is deleted
from the formulations. The primary crystalline phase in the
devitrified products is SiO2 (tridymite). Although other
phases are present, they have not yet been identified. Leacli
rates of the devitrified samples in water (100°C) are about
five- to tenfold higher than those for thi vitreoiis spec-;

imens. o

Volatility

About 0.5 to 2.0% and 0,02 to 0.5% of tlie cesium in-
residual liquid .and sludge wastes, respectively, volatilizes
when the was-te-glass batches are melted "in crucibles.2'3

Because of the high content of nitrites and nitrates in
residual liquid (wo/rr) waste, considerable foaming occurs
during melting. In a full-scale residual liquid vitrification
plant, foaming should be anticipated and planned for in the
melter design or a processing step such as calcination should
be used. c

The presence of excessive amounts ofsulfate in some glass
formulations can result in the formation of an undesirable
water-soluble siilfate phase that is rich in cesium and
strontium. Sulfate concentrations that are typically present
in residual liquids and »washed sludges are readily incor-
porated into the silicate glass matrix. The sulfate solubility
limit in these waste glasses is about 0.5 to; 1.0 wt.%.

Tests with Actual Wastes °°

Vitrification tests with actual Redox and Purex process
sludges and residual liquids?have been performed.2'3 The
products have exhibited properties similar "to those pre-
pared from synthetic wastes. =

CONCLUSIONS ° >

Hanford sludges and rdkidual liquids can be effectively
immobilized by conversion to silicate glasses. Because of
the high variability of the compositions of Hanford wastes,
glass formulations niust be tailored soirjewhat ,to provide
glasses exhibiting the desired physical and chemical prop-
erties. Some,, compromise in chemical'durability must be
made to obtain low-melting glasses. Future work will be
centered on,further refinements of glass-compositions and
detailed physical and chemical characterization of the
products. Compatibility of the glasses with melter electrode
and refractory materials will be determined. Methods for
reducing the propensity of BiPC>4 and uranium recovery
process sludge glasses to devitrify will be a prime objective.
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Fixation of Sulfate-Bearing Wastes

Residual liquids (wo/rr) and some Hanford sludges will
likely contain small amounts of sulfate (Tables 1 and 3).

*Both R1IO and-ARH documents may be obtained by writing to
Document Control, Rockwell Hanford Operations, RichlandrWash-
ington 99352. """
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SOLIDIFICATION OF HLW SOLUTIONS
WITH THE PAMELA PROCESS

WILKRIHD HH1MHRL, „ ,,

Dcutscho C'lOscllsclKift fur WiuderaiifiirbeiUing von Kcrnbrennsfoffcn mtfH (DWK).
\-: ' * c/o luirochem-ic, B-2400 Mol, Belgium

ABSTRACT o;>
-^ -* ,. ^i °

A revised concept tor the i'AMM.A process tor the solidification
of 1ILW solutions" is described. TJ.e reasons tor some changes, e.'p..
I'uttiro use"' of tiorosilicule-' glass. -i'nstc;id of phosphate .,J;Iass.
manufacture of glass'blocks as well as blocks oT glass beads in metal
matrix, are discussed. Plans l'or a PAM1 l.A demonstration plant to
be built at Mol, Befimini, arc presented. " " e

INTRODUCTION
% - . • • • • - = . c " \

In tli'fc Federal Republic ofGerniany it \9as decided in
1977 to foctt.s all activities ona the development of/one
German process tor HLLW solidification. This'process shall
be the back-up system for tlie French continuous vitrifica-
tion process (AVM), which has,..been selected by DVVK
because of the advanced., stage of development to be the
reference process for HLLW solidification in' (he 'German
Entsorguhgs7.entrum (national fuel cycle center for spent
nuclear" fuel elements'). , .-- ' o

Three German processes are under developmeni J"4 A
decision was-tnade to'take the PAMELA process as the basis v.
for the concentrated efforts and "to build a PAMELA
demonstration plant at the Eurocheinic site at Mol,
Belgium. In 1978, the PAMELA technology was taken over
from Gelsenberg by DWK. At th,e same ..time.«the,,original
PAMELA concept was modified in some points.

SHORT REVIEW OF THE HISTORICAL
DEVELOPMENT OF THE PAMELA PROCESS

In 1969, the German company Gelsenbeig started some
R&D activities in the field ofJILLW, vitrificatiftn within a

program" supported by it;he government. Originally, this
work was aimed at the, development of a vitrification
.process suitable,'for HLLW'from the thorium fuel cycle.
Based'-on "the U.S. work at pHanford at that ,tinie.oa
phosphate glass p'roeess called PHOJlft) (phosplfye glass
solidification of HLLW from the^//fltkim-fuel "cycle) w;>s
developed; Final products were blocks of phosphate glass.

In^ 19̂ 73 a collaboration with Eurochemic/Belgiurri
began. During the ne-xt years, on the basis of the.PHOTHOc

process and on \york at Eurochemic on metaj incorpora-
tion, the PAMELA process wastdeveloped. The original'

»PHOTHO process was extended by two steps; (l)produc-
"tion of glass beadslfvstead°of glass blocks and (̂ 5) incorpora-
tion of ihe^glass beads into a metal matrix, H &«

Frotn^ 1974 to., 1978. the »pr5cess was .tested' :;and=
"demonstrated in a hot-cell installation. During this time,"

o about-1 200 1 of HLLW from LWR fuel reprocessing with a
total activity ofabout 100 KCi have been processed. This
operation Was followed by cold testingof components on a
larger scale and the beginning of the planning of a hot
PAMELA demonstration plant. On October 1. 1978. the
'Gelsenberg part of the PAMELA development was taken
overbyDWKV

RECENT MODIFICATIONS OF THE
PAMELA CONCEPT

oAs the new owner. DWK introduced some, modifica-
tions which mainly concern the final product. Originally, a
phosphate glass compositio'.-was favored, whereas now a
borosilicate glass is preferred.

Instead of producing only glass-metal products
("Vitromets"), in the future the manufacture of glass
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CONCEPT OF THE PAMELA
DFWIONSTRATION

c\ IVAMIM A t lo i i i uns t i a t i o i i p lant will bo built at 1 lie

•l"is:ocbO(nuc si te a t M o l . ' ' B o l p i u m ! I h t ' i e . f rom l o m i c i
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h i m ' o f III I VV o r i g i n a t i n g l i o m spen t 1 W R ; , u e l ' a t e

••stored in t \vo . tanks ( T a b l e 1). T h e m a i n p u r p o s e of the

TABLE I

HLLW to be Solidified by the PAMELA
Demonstration Plant

Vmi'fim .if III 1 W: M m \ stored in tw&'stainli-ss steel l;i»k< with .1

capacity oMi) inVeagh.

iype i>t \v.iste: I'lirev typo^-Hl'.l W from the reprocessific! nt'spent

IWR l\ieluivcr;ii:e buriiup: 16.5011 MWj'Tl :l

l\»n«.'tfii(ratuin: ~500l/'T ot 'f;^, _. -4pf-

V:c 1 avoraao time since re<p«ferekN.::;el: 8.5 years

Specific activit\: -20(H'i/|

Specific heat release: 0.7 w/l

I issit>n product oxide unU actinide content: ~40 e l

Process ehemieals:

N.i*: 10 p i ... '

•' l-c3*: 8 p/1 "',"

SO; : 7 sj\

I : '2 .5p/ l
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Denitration

Tlie HLLW is coming 111 via a pipe connection into two

reception tanb. o\' 5 m ' each. The liquid can then be

transferred to the denitration area \ia airlifts or steam lets.

By chemical denitration with formaldehyde, a destruction

of nitric acid and part of the nitrate* is obtained. Tims the



TT

I :._

I



o x i d a t i o n po ten t ia l of tl\e l iquid is lowered , which will help

to reduce r u t h e n i u m volat i l izat ion d u i m i ; mel t ing (the1

f o n n a t i o n of volatile R u ( ) 4 by ox ida t ion will IK- sup-

pressed) . The effectiveness of the d e n n u i i i o n s i e p (espe-

cially w i thou t the s u p p o r t ol phospl io t ic acul, which w.is

used l o r m e i l y ) lias not yet been p ioven in detai l . Inwsiiu.i

l ions ;ire under way within a jumt R \ l ) p i" i ! tam (se>-

Research and Deve lopment Activit ies) A Imal decision .IN

!ii w h e t h e r the .effect of chemical den i i i a inns is IIIL'II

enough t o justify the effor ts will be m.nie wlu-ti * lo.it u suits

are available. Den i l ra t ion will be p e t l ' i m i e d m l u u h c s >.l

7 2 0 l i ters. 1-ormaldehyde will he used ,is .1 ' " \w = M>|utn>u

in wa te r . The capac i ty ot .the deuifiat^. ' slrall he one 1 M I . I I

per day .

Vitr i f icat ion

Vi t r i l ica t ion is e a r n e d nut in ,i Jui i le-heated cerami .

' ne l t e i , a p i o i o t \ p e ot which is shown in I ig. J . I ho n iche :

has a liquid feeding sys tem. I he picli i i . t tcd III I \ \ is t]ii,\e-!

-CD*

Kig. 2 .K-UU-IK-IV.-J ii.-Mnii. JIK-IV-

with borosilic-tte class frit in a mixing vessel (about 140 c oi

i'rit per liter HLLW). This mixture ts fed ID IUS; OR sop^',

the melt surface. The surface area ol the melt js

0.8 x 0.& in.-arid t!i-2 li^Mh of the glass bath i< 0.4 m. The

feed rale is 30 1 hi continuously.

The ffea is •-ifrvjiig. calcining, and melting, The inner

chamber of the melter i§a cube »ith an edge lengJh ot 0 *

meter. The inside walls including the top part KI\ the meltei
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DEVELOPMENT OF ENGINEERING SCALE HLLW
VITRIFICATION TECHNIQUE AT PNC

' IIIKOSlll NACAKI. NAOIIIKO (XIUINO, NAOMI TSUNODA, and TAKESHI ShGAWA
Power Reactor ami Nuclear Fuel Development Corporation, Tokui-mura. Iharaki-keri, 3 I'M I, Japan

ABSTRACT

Some processes have been investigated tn develop the lecli-
niijovv of solidification of Ilie high-level radioactive liquid wasle
generated from the nuclear fuel reprocessing plant operated by the
l'ouer Keactor ami Nuclear I uel Development1 Corporation (I'NO
.it Tokai-mura. This report covers the present stale oi"development.;
of a Joule-heated ceramic meltei and a direct megahertz imluction-
heated melter. i.ngineering-scale tests have been performed with
l'«>;!i iiv.'l'vri. Tin1 i"uk"-h!;;it».J melter eould produce 45 kg or 16
liters o| glass per hour. The direct-induction furnace was.able to
melt 5 kg or 1.8 liters of glass per hour. Both meUers were
composed of electrol'used cast refractory brick. Thus it was possible
to malt the glass at above 12OO"C. Glass produced at higher melting
temperatures is generally superior.

INTRODUCTION

Tiic high-level liquid waste generated from PNC's
reprocessing plant is assumed to have a rather high
concentration of sodium nitrate. About 1 mole/liter comes
from the solvent regeneration cycle. If it is desired to
produce glass containing 30 wt.% waste oxides, the con-
centration of sodium oxide might be 10% in the glass
product. About 15wt.% of sodium oxide in borosilicate
glass is considered to be a limit based on quality considera-
tions, especially on resistance to leaching by water.

The glass compositions used were as follows:

First and third campaign
SiO2 43, B2O3 14, A12O3 4, Li2O 3, CaO 2, ZnO
2, and waste 30 wt.%

Second campaign
SiO2 54 to 50, B2 O3 9 to 12, Al2 O3 5, U2 0 2, and

waste 30 wt.%

The wasle composition was as follows.'
Rh2() 0.204, Cs2O 1.3684. SrO 0.5474, BaO 0.907,
Y-,0, 0.337, La2O., 0.784. Ce2O3 1.529. Nd2O3

3.833. mixture of other rare-earth oxide 2.608,
ZrO2 2.6754, MoOj 2.66, TeO, 0.343, MnO2 0.39.
Fe2O, 1.792, Cr sO3 0.172, NiO 0.513, CoO 0.157,
Na2O 9.18, Total 30 wt.%

In the early stages of waste solidification processing,
HLLW may be calcined and combined with glass raw
materials before being fed to the melter. For this purpose
calcination processes such as fluidized bed and spray are
being developed in other programs. In the fluidized-bed
calcination process, alumina would be added to stabilize the
calcination behavior. Silica could also be mixed with the
fluidized-bed material. These added components, as well as
soda from the waste, can be considered as necessary raw
materials for glass melting.

For a homogeneous glass, it is preferable to select a
comparatively high temperature melting process, e.g., a
ceramic melter. An engineering-scale: direct Joule-heated
ceramic mekei was demonstrated. A megahertz direct-
induction-heated ceramic melter was also operated.
Through these operations the design goals were realized,
and the performance of refractories and electrodes was
evaluated. ^

JOULE-HEATED CERAMIC MELTER

Since Joule heating produces heat in the glass melt, the
highest temperatures exist between the electrodes in the
molten glass. The covered layer of batch reduces heat
dissipation. The batch layer may also trap volatiles from the
batch and the glass melt. At the same time, since the
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refractory blocks may be kept at a lower temperature than
the glass melt, side wall corrosion can be reduced.

Glass containing waste is very dark in color. Therefore
melting by conventional radiation healing is difficult
because the infrared rays are absorbed only on the glass
surface and do not reach into deeper layers. This fact limits
the glass melting depth to only a few centimeters, thus it is
impossible to carry out a large-scale melting of waste glass
by radiation heating. Joule heating with submerged elec-
trodes avoids the problem.'

Metallic molybdenum electrodes endure strong thermal
shocks and high electric current density. The problem of
using molybdenum is its easy oxidation and sublimation as
MoOj at temperatures higher than 800°C.

We used both molybdenum and tin oxide electrodes in
this experiment. Figure 1 shows the design of the direct
Joule-heated ceramic melter, which has the following
specifications:

1. Molybdenum electrodes are used in the melting zone.
Two pairs of electrodes 50 mm in diameter are connected
to a 75 kW electric power supply.

2. A pair of molybdenum electrodes 32 mm in diameter
are used in the riser behind the throat. Their role is to
control the temperature of the glass prior to pouring. The
molybdenum electrodes are protected with water-cooled
jackets.

3. Tin oxide electrodes 63 mm in diameter are used in
the forehearth, where they might be exposed to air above
the glass level.

4. Total holding capacity for glass is 200 liters. The
minimum glass holding volume required to maintain Joule
heating is 100 liters.

Start-Up and Steady-State Operation

The furnace was heated up to 1200°C in 3 days by a
SiC heater of 38 kW in the melter and a MoSi2 heater of 15

kW in the foiehearth. both of which wete suspended I'mm
the superstructure. The heat-up rate was 15 C'hr. Aftei the
temperature reached 12OO'"'C. glass eullet and raw material
were charged to the melter, Water-cooled molybdenum
electrodes were positioned behind the side wall until the
glass rose above the electrode levels. Then the electrodes
were inserted into their final position (Fig. 1),

The electric resistance R-between electrodes was calcu-
lated according to Gailhbaud.2 The relation of R and
s p e c i f i c resistivity of molten glass P
R/P = 0.0552 cm ' for the geometrical arrangement of the
melter in Fig. 2.

Calcined raw batch material was supplied by an
automatic vibrational, feeder which moved cyclically back
and forth and charged the raw powder over the entire
surface. The feed rate of dry raw batch averaged 45.3 kg
glass equivalent per hr and 54 kg/hr maximum. Electrical
power supplied to the melter was 35 to 50 kW.

Start-up and steady-state run conditions are tabulated '
in columns 2—5 of Table 1. The conditions when die glass
is held at a constant and the melter is idling without any
raw material being fed are shown in columns 6-9 of
Table 1.

Slurry Feeding

Slurry feeding experiments were conducted for a week
during the third campaign. Simulated high-level liquid waste
mixed with glass frit was supplied as a slurry slip directly
into the melter by pumping with a peristaltic pump. The
feed rate was 30 to 60 l/'hr, where 3 liters of waste with
glass additives converted to 1 kg glass. After the slurry
addition to the melter was under way, the surface was a
violently bubbling liquid. There was a sintered layer
underneath the liquid and over the molten glass. When the
glass ievel descended, the sintered layer would often form
bridges or vacant domes between the batch and molten
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glass. Uy raising the glass level, the slurry could he supplied
at a rate ol'601/hr without any bridge formation. A stable
feeding rate to the 0,3 n r melting suilace was determined
to be 5OI/hr. or 167 l.'ni2 hi.

Observed Performance

During the first campaign, the luri.ice operated at
I2OO°(" for .i weeks and produced aho'H 2.5 tons ol glass
cast in I"? canisters. The depth >>f coirosion on "the
refractories was quite low. However, after the second
campaign in which 4..S tons of glass were melted at 1350' C
in 4 weeks, the electro-fused cast alumino/iiconium silica
(AZS) refractories were corroded to a maximum depth of
12 mm. Corrosion of the chrome /.irconia brick (S 2 Id) has
not been determined. The corrosion profiles formed in-
verted arches above the electrodes. The maximum corrosion
depth occurred 5 to 10 cm above the electrode level, where
the maximum temperature region existed.

Upward drilling 10 to 12 mm in depth was found at the
throat. The operating results indicate AZS fused cast
block may be corroded at a rate of 0.25 mm/day during the
initial stages of operation. There were several cracks on the
surface of the refractories. These cracks were concentrated
near the glass line where several thermal shocks often
occurred due to temporary interruptions in the supply of
wet slurry.

Reduction and oxidation reactions between the molyb-
denum electrodes and molten glass were observed. Thcr-
modynamieally, molybdenum is oxidi/ed in the waste glass
at high temperature, and nickel, tellurium, cobalt, and
other oxides are reduced to metal. Therefore, metallic
precipitation must be expected in waste glass melts in
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contact with molybdenum. In lad, metallic precipitates did
appear on the bottom ol' the melter and oil the surface of
the molybdenum electrodes, but actuuj,cohsU^pliLjj; ol ilie
electrodes has been almost negligible in û >'-< .Jipalgns.

Compaied with the long life of the i.i»f .•_ 'ny ineitei.
the superstructure which is equipped with electric sensors,
healers, and llow-contr>>!!iri£ KiCiJiuiiisiiis e.iii be c.vpcxku
to be less long lived. Therefore periodical maintenance and
parts substitution will be needed under hot operating
conditions. So ihe superstructure must be designed for
substitutional repair. Further development on the design ol
the total waste glass furnace is expected.

Concepts of Hot Operation

After cold (nonradioactive) testing of the furnace is
completed, all operations will be completely remote con-
trolled, and the furnace will be run under hot (radioactive)
conditions. Once the furnace is operated hot. the ceramic
bricks will be severely contaminated by radioisotopes
diffusing from the glass; therefore Joule-heated ceramic
melters must have a long life. They may be continuously
operated for more than a year. The melting capacity is large
enough to treat the HLLty generated from a several tons
equivalent per day reprocessing plant. At times the melter
may be kept idling with a low glass level and a diluted level
of activity. The temperature must be maintained high
enough to keep the glass molten.

MEGAHERTZ INDUCTION FURNACE

High frequency induction melting comprises both direct
and indirect heating of glass. The former represents the



TABLE I

Stable Operation Conditions of Ceramic Melter

Mcltur
Riser
1 orehearth
Orifice
l-'orehearth super
Bowl super

Power,
k\V

46.S
6.0
0.5
2.]
8.4
6.5

Operating mode

Volts

85
63
21
4]
43
33

Amps

550
95
23
50

195
197

Temperature,
C

1150
980

1 100
NOD

1030
850

Power,
kW

40.9
3.2

0.4
9.9
4.2

Idling mode

Volts

95
45

13
44
24

Amps

430
70

28
225
172

Temperature,
C

1140
102(1

980
940

healing of glass itself by high frequency induction; the
latter is the induction heating of a metal pot. Direct
induction melting permits the use of a ceramic pot as the
melting container, thus providing for high-temperature and
long-term-melting.

The authors have performed lest operation of direct
induction melting with an intermediate-scale pilot plant for
two years.

Intermediate-Scale Pilot Plant and Its Operation

Figure 3 illustrates the intermediate-scale pilot plant
assembly. Raw material consisting of simulated waste
calcine and glass frit was supplied to the ceramic pot by a
constant-rate feeder located under a hopper. A starting rod
made of SiC was suspended at the center of the ceramic
pot. lo initiate the melting operation, the starting rod was
heated by applying a high-frequency current to a work coil
installed around the pot. A 4 MHz, 65 kW high-frequency
generator supplied the high-frequency power to the coil.
After sufficient raw material was melted and the high
frequency could couple lo the glass melt, the starting rod
was pulled up above the glass line. Melting of the raw
material then proceeded as it was supplied by the con-
tinuous feeder. After the melt reached the 80'r level in the
pot, (he nozzle installed at the bottom of the pol was
heated by indirect induction heating of a SiC ring. A 15 kW
high-frequency (300 kHz) generator was provided for this
indirect heating. The melt was collected in a metal canister
located under the nozzle of the pot. The off-gas pipe
installed in the furnace cover was connected to dust filters
and a duct. Another pipe was also installed at the furnace
cover. Measurement of the melt temperature was by a
radiation pyrometer.

The output power and work-coil current were con-
trolled and recorded at a control panel. Table 2 shows
operational data for the direct induction melting. Start-up
was easily performed with 6 kg of the raw material by
indirect heating*of the SiC rod with about 30 kW anode
output. The time required for start-up depends on the
thermal shock resistance of the pot material. When a silica
pot is used, the start-up can be accomplished within one
hour.

HEATED AIR
PURGE LINE

FURNACE HOOD -

BELLOWS -

HF FURNACE -

FREEZE VALVE

111

GLASS FRIT+CALCJNED

SDKs

CONSTANT FEEDER

SiC
— FUSED SILICA TUBE

4 MHz
300KHz

-CANISTER

OSCILLATOR

4MHz
65 KW

Fig. 3 Middle-scale direct induction melter.

The capacity of the direct induction melting with a 35-
to 40-k\V anode output was about 6 kg of glass/hr when the
inside diameter of the pot was 200 mm. The capacity
depends upon the pot size and temperature of the melt.
The preceding value was obtained when the melt tempera-
ture was kept at 1 200cC. The melting capacity increased to
7.5 kg of glass/hr when the inside diameter of the pot was
230 mm.

The process can operate continuously. Thus, the melt-
ing capacity of this pilot plant is estimated to be 50 to
60 1/day, depending on the pot size. Test operation of the
pilot plant proved the above capacity, except the actual
capacity was reduced to 40 to 50 I/day because of (he time
consumed in melt pouring.

Performance of the Furnace

One of the important factors to consider in the melting
process is the life of refractory, in this case the ceramic pot!
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TABLE 2

Operational Data of Direct
Induction Melting

Pot size
Inside diameter, mm
Outside diameter, mm
Height, mm

Starl-up with SiC rod
Frequency, MHz
Anode output, kW
Anode current, A
Anode voltage, kV
Work coil current, A
Raw material to start, kg
Time for start-up, min
Melt temperature,''('

Direct induction melting
Frequency, MHz
Anode output, kW
Anode current, A
Anode voltage, kV
Work coil current, A
Melt temperature, "C

Melting efficiency, kg/hr
Melt pouring

Frequency, kHz
Anode output, kW
Anode current, A
Anode voltage, kV

200
230
550

t
•: 2.K

20
,3.7
5.3
160

10
60

1150

2.8
39

5.6
7.0
120

1200
5.5

300
6.3
0.9
7.0

230
260
550

2.5
22

3.5
6.0
180

14
70

1150

2.5
42

6.0
7.5
120

1 200
7.5

300
6.3'
0.9

. 7 . 0

Various pots made of sintered silica, fire clay, or fused
cast zirconium—aluminare were used in long (10 days)
continuous test operations. Sintered silica corroded con-
siderably, and the pot life is assumed to be around 10 days.
Pots made of fire clay or fused cast refractories showed no
sign of corrosion. Considering the corrosion of those

refractories experienced in the glass industry, the lifc> <»l
those pots is estimated to be more than six months.

Possibility of a Full-Scale Radioactive Plant

Direct-induction melting was pertormed successfully in
an intermediate-scale pilot plant. Advantages of the process ,
arc the simple furnace structure, ease of operation, and
remote control. Many problems, however, still remain in
order to scale-up this process to a full-scale active plant.

Remote control and remote maintenance are major
subjects for future, work. Also, the off-gas system\and
methods of supplying raw material to the melting process
need further consideration.

VJ

CONCLUSIONS

A Joule-heated ceramic inelter was operated in three
campaigns for a total of 58 days. Eight tons of glass
containing 30 \vl.7< equivalent simulated HLLW were
produced at an average rate of 45 kg/hr. A slurry feeding
experiment was also performed. Performance of the melter
was evaluated over more than a year including idling time.

A direct megahertz, induction furnace was constructed
and used to successfully melt waste glass at a rate of 5 to
7.5 kg/hr. The life of the ceramic melting pot will be longer
than a half year. The glass products obtained from botlt
processes were shown to have good homogeneity and to be
of high quality.
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A REVIEW OF CONTINUOUS CERAMIC-LINED MELTER
AND ASSOCIATED EXPERIENCE AT PNL

J. L. I3UELT, C C. CHAPMAN, S. M. BARNES, and R. D: D1ERKS
Pacific Northwest Laboratory, Richland, Washington

ABSTRACT

Development of continuous, ceramic-lined melters applicable to
immobilization of radioactive wastes began at PN1. in 1973. A
comprehensive program is currently in progress. The mclters
constructed at PNL have incorporated remote and reliable design
features necessary for radioactive use. The extensive experience with
vitrification of simulated wastes has proven the continuous niclter's
applicability to radioactive waste immobilization.

BACKGROUND HISTORY OF CERAMIC
MELTER DEVELOPMENT

In 1973 development work began at Pacific Northwest
Laboratory (PNL) utilizing ceramic-lined melters for solidi-
fication of nuclear wastes. A ceramic melter continuously
converts nuclear waste and glass formers into a stable glass
product. Molten glass in a ceramic-lined melting cavity is
healed electrically by an alternating voltage between a pair
of submerged electrodes. This is known as Joule heating. In
operation, dried nuclear waste, or calcine, and glass formers
are fed onto the molten glass pool, forming a cold cap of
solid (unmolten) material. Molten waste glass is then
poured froin an overflow section into a receiving canister
for disposal.

Since the beginning of ceramic meiter development at
PNL. all the laboratory-scale and full-scale melters have
been operated with simulated, nonradioactive nuclear
wastes. Each of these melters has a specific purpose as listed
below.

1. Mark Series. Five successive short-lived laboratory-
scale melters for testing design concepts and construction
materials.

a. Mark I, for testing molybdenum electrode and
common firebrick as the glass contact refractory

b. Mark II, for testing alumina as glass contact refrac-
tory, an underflow weir for glass drainage, and a hot
plate over the crown of the melter for initial start-up

c. Mark 111. use of molybdenum disilicide electrodes
and zircon refractory

d. Mark IV, use of resistance heater coil (for start-up),
connected between molybdenum electrodes

e. Mark V, use of Inconel* 690 electrode and partial
Monofrax* I£ refractory wall construction.

2. Engineering Scale Ceramic Melter (ESCM). Long-
lived pilot scale unit for testing candidate materials and,
remote operating features such as off-gas containment and
glass.drainage.

3. Liquid Fed Ceramic Melter (LFCM). Full-scale unit
fur calcine and liquid feeding of simulated wastes.

4. Calcine Fed Ceramic Melter (CFCM). Full-scale units
for direct coupling to Spray calcination equipment.

5. Bench Scale Ceramic Melter (BSCM). Pilot-scale de-
sign for 1400°C glass temperatures using tin oxide elec-
trodes.

6. Remote Ceramic Melter (RCM). Remotely operable
melter being mocked up in cold test facilities prototypic for
in-cell use.

Table 1 lists these melters with some operating history.

*Monofrax is a registered trademark of Carborundum Corp.,
falconer, NY; Inconel is a registered trademark of Hunlington
Alloys, International Nickel Co., Huntington, WV.
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TABLE I

Operating History of Ceramic Melter

Melter

Ty pic ul
Mark
Series

KSCM

LFCM

CI'CM

HSCM

RCM

Melting
cavity

dimensions

0.20m x 0.23m
x 0.1 lm deep

0.36m x 0.76m
x 0.15m deep

0.86m x 1.22m
x 0.48m deep

0.71m x ].07m
x 0.25m deep

0.20m x 0.61m
x 0.22m deep

0.37m x 0.66m
x 0.20m deep

Period of
operation

8/73 lo
10/74

1/75 to
11/75

1/76 to
1/77

2/77 to
present

4/78 to
10/78

11/78 to
present

Start-up
in 6/79

Glass
produced

• - • '

40,000 kg

10,000 kg

100 kg

Demonstrated
maximum
feed rate

60 kg/hr
29 l/hr

160 kg/hr
100 l/hr
50 kg/hr

(limited by lid)
•;' 14 k'g/hr

Melting
flux

220 kg/hr/m2

106 1/hr/m2

155 kg/hr/m!

95 l/hr/m2

66 kg/hr/m2

115kg/hr/m3

REFRACTORY CONSTRUCTION

Many of the different glass contact refractory materials
for the Mark melters such as porous alumina were chosen
because of material availability and convenience. The
Monofrax E, a high chromia-cpntent fused-cast refractory
used in Mark V, offered excellent corrosion resistance,
whereas the zircon left a zirconium slag on the floor of the
melter. However, because of Monofrax E's electrical con-
ductivity relative to the glass at high temperatures,1 the
present melter construction uses a higher alumina fused-cast
refractory, known as Monofrax K-3. This refractory has
also proven to be highly corrosion resistant.

Greatest wear is expected in the throat through which
the glass flows, shown in Fig. 1. Although 40,000 kilograms
of glass have been produced in the LFCM, no throat wear
has been detected. However, after a 10-day continuous run,
where 9,000 kg were produced in the CFCM, erosive
penetration of as much as 0.25 in. was measured after
shutdown.2 This is probably attributable to the 16 hours of
operation with an extremely corrosive, noncalcine loaded
frit at the beginning of the run.

Monofrax K-3 has been subjected to heat-up and
cool-down rates greatly exceeding the recommended
20°C/hr without serious detrimental effects.3 Thermal
gradients as high as 300°C/hr during initial liquid feeding in
the LFCM have caused some minor cracks of the K-3 at the
glass surface, but this can be avoided when the feed rate is
slowly increased to the maximum.

Back-up refractory behind the K-3 is required for
thermal insulation. Other materials have been tested but a
dense, high alumina castable refractory, known as
Alfrax* 66, is very good for stopping glass leaks past the

*AIfrax is a registered trademark of the Carborundum Co.,
Falconer, NY.

K-3. The glass is believed to react with the alumina, creating
a viscous, nonflowable residue. Therefore, higher insulative
refractory can be used behind the Alfrax since it protects
the insulation very well. This composite refractory con-
struction eliminates containment-box water cooling, origi-
nally designed to freeze glass leaks, so that-fewer in-cell
service connections and higher glass temperatures can be
attained. '•'

ELECTRODES

Molybdenum was the first electrode material tested in
thê  laboratory melters. It can withstand high glass tempera-
tures but oxidizes rapidly in air above 600°C. Reliable and
remotely maintainable cooling connectors were necessary
for keeping areas exposed to air below oxidation tempera-
tures. Also, molybdenum and moly-disilicide sometimes
corroded, probably due to the oxidizing nature of some
high-level waste glasses.3 Their use, however, is still being
investigated.

Inconel 690 has excellent oxidation resistance in glass
and air environments but has a continuous operational
temperature limit of about 1050°C in glass. Hovyever, after
the engineering-scale melter was ^operated at this tempera-
ture for two years, less than 10% weight loss of the
electrodes was measured. Thus higher operating tempera-
tures are likely.

Flat plate electrodes at the end walls are commonly
used in the melters. However, the LFGM has two sets of
side-entering electrodes with separate power control.4 The
lower set is used to help increase floor temperatures during
idling conditions! The upper set is used to shift the power
distribution toward the upper part pf the 19-in. deep tank
where heat loads are high during liquid feeding.

Higher glass temperatures, and thus greater capacities,
are obtained through electrode cooling. A water jacket
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behind five inches of dense refractory indirectly cools the
LFCM electrodes. The temperature difference between the
electrodes aqd the maximum temperature in the center of
the tank is nominally 15O°C. Glass demperatures as high as
I29O°C have been attained while the electrodes were
maintained at 1050°C. Similar results have been" expefi-
enced with the CFCM. which is equipped with air-cooling
channels directly on the back side of the electrodes. After
the electrodes were cooled, higher glass temperatures and
thus higher maximum melting capabilities were measured.2

The high-temperature melter, which has been at operat-
ing temperature for four months, uses tin oxide as the
electrode material. The 2-X 4-»X 8-in. tin oxide blocks,
which compose the end walls, are air-cooled to prevent glass

ieakage-to the copper bus connector. Expected difficulties
with tin oxide are thermal shock and lower current density
limits.

DRAIN CONTROL

Molten glass falls by gravity from an externally heated
overflow into a receiving canister (Fig. 1). Glass flows
through a Monofrax K-3 throat near the floor, through a
riser and trough section, and down the pouring tip^con-
structed of Inconel 690. However,, in the .high temperature
melter. the use of Inconel 690 was precluded, so a
refractory pouring tip was designed and has worked well.
Glass flow may be controlled with a tilt-to-interrupt
concept. The entire melter rests on a pivot point and
rotates slightly, thus starling or stopping glass (low.

Because the tilQto-interrupt concept will not com-
pletely drain the melter,' a bottom drain must also be
incorporated into the design for shutdown. The calcine-fed
melter successfully demonstrated the use of 'a -remotely
operated freeze valve, shown in Fig. 2 (Ref. 2). Cooling air
maintained a frozen glass plug in the drain hole when the
melter was not in use. After-the cooling air was discon-
tinued, power was applied to internal plate heaters, and the
temperature of the freeze valve increased! Glass soon began
to flow at rates'up to 130 kg/hr. It even allowed a viscous,
crystalline layer of slag which had accumulated on the floor
of the melter to pass. ..

START-UP TECHNIQUES

Because glass is electrically nonconductive at room-
temperatures, an external heat source must be supplied for
remoterjstart and restart of a continuous melter. The
engineering-scale melter utilized a method testea";in the'
Mark Series where a resistance wire was embedded in glass
frit and connected between the electrodes.' Electrical
current generated heat until the frit became molten and
conductive. The resistance wire was eventually consumed
within the molten glass. The disadvantage of this technique
is the difficulty in remote restarting and the undetermined

effect that the consumed resistance wire will have on the
glass properties.

The LFCM was started using radiant heaters around the
lid of the, melter. The melting cavity was filled with a
crushed, premelted waste glass with a tunnel of4Q0 pounds
of sodium hydroxide placed between the electrodes. Since
the melting temperature of sodium hydroxide is 320°C, the
tunnel melted first, establishing a conductive path for Joule
heating. It then reacted with the premelted^waste glass in
the rest of the tank.

Both the CFCM and the BSCM started success fully,,
when radiant heaters were usedj'n the lid with nothing but=
simulated calcine and frit in -the melting cavity. This
technique is very promising for remote start and°restart
capabilities.

OPERATING EXPERIENCE WHILE °
CALCINE FEEDING y

A large number of short- and long-term runs, up to ten
continuous days of operation, have been carried out with a
variety of defense and power reactor simulated waste glass
compositions. Table 1 shows some capacity data with these
glasses. The melting flux helps determine the size ,pf a
continuous melter designed for specific production rates.
The melting flux is the amount of material that can be
vitrified per unit time per unit of exposed glass surface area.
Although no two glass compositions melt at the same rates,
melting fluxes,"and thus scaled-up capacity predictions,
agree very well between the engineering-scale and lull-scale
units.3 '5

Limitations other than surface area, hovveLver, can play a
governing role in melting capacities. One such limitation is
the plenum height above the glass level. During feeding,
conically shaped cold cap piles up on the glass surface. If
"the height above the glass surface is insufficient, the top of
the cone will approach the feed entry point. The LFCM,
which has just enough plenum height for high ^capacity
tests, has 38 inches above the glass.surface. The plenum
height problem can also be minimized by mechanical
distribution of the cold cap, which has been successfully
tested in the LFCM; However, this is an extra mechanical
operating device not desirable in hot cell operation.

Another melting capacity limit can be the maximum
electrode current density. Current densities that are too
high at the surface of the electrodes can create interfacial
resistance between electrodes, cause corrosion, and dramati-
cally reduce the life of the electrode. The meltermust be
designed with adequate operating current densities for a
range of glass resistivities.

Another limiting factor in production rates is foaming,
the entrapment of gases of decomposition in'molten glass.
The voluminous glass foam can rise and engulf the entire
floating, cold cap. This will cause rapid melting and
decomposition from the increased heat transfer, which will
increase the foam production rate. Foaming can be con-
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LIQUID FEED

GAS ESCAPE-
LOCALIZED
RAPID BOILING I AQUEOUS LAYER

CALCINE CRUST
(REACTION ZONE'

Kig. 4 Liquid (ceding process.

trolled by stopping the feed and reducing power. It can he
detected instrumentally through the use of thermocouples
throughout the plenum and tlie glass tank. ;

A number of causes of foaniing have been discovered.
In one instance, a pfemelted frit of very low alkali content
recrystalli/ed during melting, at about the same tempera-

ture that the gases of decomposition were released. This
caused foaming of,the very viscous frit. This situation was
reduced dramatically when unreacted chemicals were used
in place of premelted frit:5 Doing so increased (he melting
rate by at least a factor of three. For another waste type,
glass former ^chemicals were used that produced large
amounts of liases when melted. In this situation, the cold
cap was stable until its edges reached Ihe walls of:the
melter, blocking the vent path; for the escaping gases, as
shown in Rig. t3. When the chemicals;were replaced will?
'premelted frit which releases" no gas when'melted, the
foaming situation was eliminated and nearly twice the<feed
rate was demonstrated. Foaming can also be caused by large
amounts of sodium,nitrate (>409r), which would make the
cold cap electrically conductive. This work shows that foam
can be prevented with the proper choice of glass and batch
compositions.

OPERATING EXPERIENCE DURING LIQUID
FEEDING " 1

The engineering-scale melter demonstrated the use of
directly feeding slurried waste material»=roixed_wit.h-'the
glass; formers onto the molten glass surface. Heat from the
glass transfers through a dried cold cap to the aqueous
zone, where the water boils. The promising results experi-
enced in the ESCM led to the construction of the full-scale

lt<|in«i-(ed ceramic inelter, which lu* demomirjfed the

ability to handle hii:h<!evel waste ^eiK-iated trmn the

operation of more than SOpuwci reactors.

~ TtidaU1 . the LfciJf'M Jias vitrified I'O.OOO iilerv.ol liquid

waste. Dir.eet~oh~senatioii shows (hat pases ot decomposi-

tion-are released periodical^ thiougii the penetubk" ..IUSI

between the glass and aqueous layers, js shown in Hg 4

This usually exposes inolieh glass to the jc|uei>u> /one

momentarily, thus" causing ^onie rapiu Icvjli/ed bod in j ;

afiotit 2 to $ times the normal rate, f fie^f1ijEi&=vv>f«n mu>(

be designed to accommodate these surs»e> Jtid mainiVnit=s«

proper vacuum. ., . ,-. <?»

Kxpernnenls.and demoiistraiioas have been cj(ri?d out
on the merits of using preiiK-lted tpl> and unie*.ted
c h e i m l a k ^ f the glass formers, (ienerallv. chemicaK j'mi"
acid soluble trils have pnvt.-n to be jdvjntjjwous in
allowing a penetrable reaction layer for olt-gas release.
Preifie|led frits that are^MH soluble in the aqueous solution
tend to tbrrti a viscous layer in the reaciKtn /orw. This
makes the release of gases o( decomposition much nn>re
difficult and creates much greater surges in oli-gas t\tm\ .,

IDLING EXPERIENCES

During operation Of a vitrification plant, very olten a
melter will l>e put into an idling or nonglass-producmg state
because of pri>cess shutdown or qidter maiintenancc. The
melter would be kept in an i^bm state whfre the glass ts
held neat operating tenipt;jaiures to avind lestari of the
nieiier. The hot glavs surface temperatures rtquire internal
lid insulation to reduce 1
the shift from Idling to
rise caru^'iiuse a release

eat losses and ltd w|irpage. Durmg
operating stales, the temperature
of gases from within the glass.
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PROGRESS IN FISSION PRODUCT SOLIDIFICATION
AND CHARACTERIZATION UTILIZING

THE JULICH FIPS PROCESS

S II \ l \S/O\I< II I Ml H/ ,ni,i K OIKM J
4lv* 1 -> t ( I K - ! : : U . ( I I . \ ! ; ] ) • i | . >.;> . k v i n t . ' i - . h i i - n s ^ . i : I I . I L ' .

ABSTRACT

I ! : . - ! l l * v ; ; . . • - . • : •, i i , : r : . • : ( , : . " • • • • \---i : :• - I ' . ' - i - . ' i •

GENERAL LAYOUT

I In.' I II 'S j > i > i t t s > ( / i"i--u / V v l i i < > .V«' lh i i !K. i t ior . I is m i c

>>! lilC J ' H U ^ M N S>1 till" M>lli!l!K.it!>>I] >>t l i m l l K ! . n i l ' . U Il\i.'

f i^su't i p i o v l i K i M>hit io i iv u h u h h . i v c t soen . i e \ i . ' l . i p o J in i l i c

ICI1L<!.II Kopiihlu "1 t i o m u i n J l R d t Juiftii: ihc l.i^t leu

\ e a i s . In puiuipL". in .ill w j s i v MUi 'uaUoi i pio^cs--c> tl:o

w a s i c i> s u h i c K ' d l o tlio s.imc Mops, "'i.o . fvaji i ' iatu^i .

i l c c o i n i v s i i i i m "I n i t ia ios . addit ion <>] gla^s-ti<inunk! aJvli-

t i vc s ,"d i \ ing , c i i c ina i ionj . i iu l lUoltmtL. SitLiiitK.iii(i> m tiio

FIPS process alino>t evoi\ one of these steps is >.aii3ed out
in a separate unit. Thus the steps ate uncoupled tt»'a great
extent. This is in contust witliyUie^ ^lese.sft Mend oi
development favoring a coinluned§)ssesi!bTy;i.^H>isiiiii: of a
spray calcinei and a Joule-heated ceiaimc inclier or a
liquid-fed ceramic melter;

The UPS process consists of these steps, shown in

% I:
• Preconcentration of the solution as far as required to

adjust the concentration of nitric acid to £J<jy.«t 5 niol
per liter

• Denitration of the solution with formaldehyde and
simultaneous concentration V

• Addition and homogeni/ation of me glass-forming \ .
additives

;he ,l icvel :!i:p

l \ v .

p.csnii; t l i i" i tdi cji.li Mep e i i v i t e

d.lNM"- SOiUlui. V>>la!ltit> «il !l'»

minr:ii/ed ,, .

v; s:it'v1ai'niai>i

PROCESS CONTROL ANO QUALITY
ASSURANCE ^ ,

-
I he luviiMiii: authi>iitte» aro paving .-i

li> the ^ualit\ i't ihe filial ptoduct. l e.. qujtil) vi'tiSiol
,"l.he vineiu ini qualin in the I'R4. have been detmed to
include leadiahilitv. macrosi'opu intmogcneitv. lniegntv.
mechanical and iheimal stabihiy, and radiaiior^resistance.
hut no quanniaiive limits have been esiahhsJwd as yet

Dnect testing nl the final pioduct can be earned out
umiKdiateK altei piocessing to meet ihe tgsi low criteria.
L'Ss leachabihiv. ho\»evei. this *ould mean partially de-
stinying the product blocks. Obviouslv it is absurd lo treat
a great numhet of.blocks this «av. If indirect metlu>ds ot
COIUIK) IUIII out lo yield unmistakable and reproducible
results, the smmliei uf. direct examinations could be
reduced to a minimuni. Such an indirect control o n be
performed by proving the quality of the produci passing
through the process step by step. It begins with the analysis
of the feed in ihe storage lank. Then it includes exam-
ination of the intermediate product after each step wd
holding to the limits set for operating conditions. Such a
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STACK

•'i.unr,
VESSEL

••.. I ll's (••

pvu'vCJurc is ftl'uier:1. iv.. J :::uitK!ep pio<.e*> hkc Tlie I'llJS
piocov. ornuHish i! iv la! leŝ  eJtkioni in p<i'i p!.vt>se» in
which the whole solidification uk«spbt.o in a >nsgle w*s«:J

Installation oi she improved i IPS-II hoi experimental
Ucilnv i> in progress and will he lintsheJ a", the enU ofihe
vear. l)einon>uatu>n of ihe method »>! control outlined'
i!>-'v« will start tiieiv. To reduce tin* expense ot hoi aiial\ sis.
s-.'ld evpenments. will be peihiimed iii>\ !o find out
«.hethet or not the detection of acid concentiation. >oiids
content, specilic Eidioactivi'.v. and organic c,-.;niem ciiaiac-
ten/es the leed sutTicient|>. In addition to tempeiawre and
f)res>uie indicators, (he dennratiWi *ill he moniioted by an
miiared analy/er with constant wavelength to contin-
uously measute the t'O;. SO and NO: contents in the
off-gas. Due to The sfoichiometrv. these are the components <
generated during the reaction. Car ĵjn dioxide content, for
example, compares w<sih the feed rate ol lormaldelnde. and
tlie NO and NO/ contents indicate the rate of'reaction. the
effjciellcy and ihe end of reaction as well.

Before adding ihe glusvKmiung additives; the residual
nitrite, solids content and urganic content in the denitrated
concentrated solution will he determined and the viscosity
ii-:: the solution will be measured. However, the î iganic
content may turn out to be insignificant because only a
small quantity is expected. For the succeeding step of
drying, it is essential to know the solids conteftjjand the
viscosity of the slurcy. The solids content is known by
rrjterial balance and by the factor of concentration.
Viscosity is measured with a modified flow viscosimeter.
Both influence the thickness of the layer on the drum and.

llieieli'ie.r the dn h'.g piocess. particle si/e o! the dry
pioduci. anJ the lesidual moisture content in it.

In the course 11 drying and melting, temperature will be
controlled to ensure permi>.sible residual moisture-content
and optimal melting; conditions. It is importan! to note that
the g!as>forming ad'dinves and the fission product solution
will have already been well mixed before drying. By this
means a wel!\homogenized product is fed into the melter
providing the t^oper precondition for a homogeneous melt.

Admitted!) >t is difficult to control the highly radio-
active product .liter each step, and the effort should be
limited to a minimum, but the procedures described above
are a suggested alternative to direct quality control on the
final product. It should be emphasized that high accuracy is
not demanded concerning the measured data. It is sufficient
to maintain ftie conditions within a certain range. No
pioduct whose piopeuies a% narrowly limited will be
suitable foi the incorporation of the multitude of fission
prtnluctv; - >

VOL ATI L IT Y OFF ISSION PRODUCTS

In addition to the quality of the product, control of the
volatility of the fission products duiing solidification is
essential. Attention has particularly been paid to" the
volatility of ruthenium. Every- process for the solidification
of fission products developed in the FRG starts with a
denitration step, or at least a reducing agent will be added
before melting to suppress 'he volatility of ruthenium as
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technical considerations, i.e.. to achieve easier piocess

contiol. Cold laboratory' experiments have been started to

obtain detailed knowledge of the efficiency of different

reducing agents and the efficiency ol the deniliation ilsell.

Up to now nitric acid solutions of both individual and

groups of fission products have been denitraied with

formaldehyde. It appears that the nitrate union of the acid

can be completely destroyed, but not the nitrate unions of

the alkaline and alkaline earth metals, using the present

method of denitration in which the formaldehyde and the

solution are fed simultaneously into the denotation vessel.

The volatility of the individual fission products during

the melting procedure has not yet been investigated in

detail. However, water is known to increase the volatility of

the components of glass generally. For this reason, the
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due'.;'.--dependence between pal tiai piessitre ot watei and

volatilny.iV;^leasing the paiticle's'i/e ot the glass Hit being

ted resulted in incieasmg volat i ln\ . indicating the influence

ot ad so i bed uater . l)r\ ( O_. atntosplieie incieases the

volatiltty b\ .""5(1 . while theie is no diffeience evident

between melting in dry an and d 'y \ : atmosphere. A

sinnlai effect ot atmosphere on volatility can be expected

lor fission products as has been observed, for the com-

pounds ot glasses.

EXPERIMENTAL SETUP FOR VOLATILITY
MEASUREMENT

In ordei to determine the volatility of the fission

products from the different phases in a more realistic way

(not in high vacua and in different atmospheres), a new

attachment is under development (Tig. ,>). The layout of

the equipment consists of a simultaneous thermoanalysis

(T(i and DTA) coupled with a mass spectrometer. Melting

can be simulated exactly in the furnace of the balance.

Physical and chemical transformations are delected by

thermal gravimetty and by differential thermal analysis,

respectively, while volatile species are identified with the
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quadfupole i v.rosi b*i
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sample Lroc>t>i*
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tor iomple rooTi
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tor baiance room

(. HI \ MS .i

ni.iv-. •>pr.i^!:iii!it.'loi. I ho pi0SMI 1 c unM in be i>mli:i.'il

cMonds !min nm ' iu l pic-sute in ihc ^.unpic tuiiuunoi >>l

ills.1 llioiiiuil i'jLince In Id ion inside tlie m a ^ spOi."-

noincioi . \ s lite met.ils 01 their u,i\oous cunipniicnis arc

..•undeniable, ilic piCsMiie leduciny system has 10 lie

maintained j l ilie tempeial ine ul lhe sample, ('unveniinnal

(.•umpuiienis like eapillary tubes aie unsuitable due tu the

high letnpcKilute required. I'hilinurn has 10 be excluded

because ot its eatalytic etieet at high lempeiattire. A heated

mi lice system is under development. The piessme of one

atmosphere in the sample 100m is icdueed to high vacua in

the mass speetionieter by differential pumping, so that the

gaseous fission product molecules are directed by a molec-

ulai beam louaids the election impact ion source. It is

intended to achieve detailed information on the volatility

of the fission pioducts during the solidification process

with this equipment.
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A LABORATORY-SCALE GLASS MELTER
FOR TESTING DEFENSE WASTE GLASS

D.GOMBHRT II
Allied Chemical Corporation, Idaho rails. Idaho

ABSTRACT

A une-liter Joule-heated glass melter was buill to lest the
applicability of continuous melting to simulated high-level calcined
defense waste. Incone! bW electrodes and K-3 refractory brick were
chosen lor llieir corrosion resistance to fluoride v,lass. The melter
maintained a full melt at 1 100 (' using 3 k\V. Alter approximately
two months ot operation lite melter was dismantled for metal-
lurgical examination. The Inconel 690 electrodes were heavily
corroded. A second melter is now in operation to verify the findings
of the first melter run.

INTRODUCTION

The Idaho Chemical Processing Plant (ICPP) located at
the Idaho National Engineering Laboratory (INEL) repro-
cesses defense-type nuclear fuel using a solvent extraction
process.' The resulting high-level waste solution is calcined
(dried) in a flutdized-bed process into a mixture of granules
and powder known as calcine.2 Zirconia calcine, which is
about 50 wt.% CaF2. was the type used in the glass melting
work presented in this paper. Calcine is currently stored on
site:3 however, regulatory and environmental con-
siderations may require an alternate form for disposal of
high-level waste. One alternative being evaluated is a leach-
resistant glass containing 25 to 40 wt.% calcine.4 To test
the applicability of continuous melting to the zirconia
calcine, a laboratory-scale (1 liter) Joule-heated melter was
built to vitrify calcine at 1100°C. The materials of
construction, K-3 fused cast refractory and Inconel 690
electrodes, were chosen on the basis of 10-day static
corrosion tests in a molten glass environment. These tests
were designed to single out the materials most resistant to
fluoride corrosion since this will be the most demanding

requirement on the melter. The meher was operated at
1100°C for about two months, afler which it was disman-
tled for materials examination. A second modified melter is
now in operation to verify findings from the first melter.

CORROSION TESTS-
SELECTION

-MATERIALS

The major concern with melter lifetime is high temper-
ature fluoride attack on the refractory and electrode
materials as the zirconia calcine is approximately 50 wt.%
CaF2. To test prospective) melter fabrication materials,
10-day corrosion dip tests were done in a glass (No. 13)
containing 33 wt.% simulated zirconia calcine, 34.5 wt.%
SiO2, 18.9 wt.% Na2O, 8.6 wt.% BjO3 , 1.4 wt.% Li2O,
1.9 wt.% CaO, and 1.4 wt.% ZnO. Refractories were cut
into samples measuring 2.5 X 2.5 x 7.6 cm, and electrode
materials were cut into 0.64 x 2.5 x 7.6 cm samples. These
samples were then immersed about halfway in the glass to
provide corrosion information on the sample in the glass
phase, in the gaseous phase above the glass, and at the phase
interface. The melt temperature was maintained at about
1100°C. Twice each day, 20 grams of powdered batch
materials were added to each sample to maintain a realistic
environment both in the molten glass and in the gaseous
phase in the furnace.

Candidate electrode material compositions and 10-day
corrosion data are shown in Tables 1 and 2. As can be seen
from the data, Inconel 601 and 690 were the most
corrosion-resistant materials with weight.iosses lower than
5 wt.%. Metallurgical examination4 of these two alloys
showed that even though Inconel 601 experienced less
weight loss and corrosive penetration than the 690, it is less
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TABLE 1

Electrode Materials Composition in

I'lvnu-nt

Si
( r
1 c
Mo
l.i

A!

Mn
Co

V
Si

C

601

6U.3
;;,

14.1

1.35

llHolH'ls

617 625

54 61
22 21.5

2.5
') M

3.65
1

12.5

690

60
30

lJ.5

0.03

I I'l^tt'llnv

(-4

5K.3 to 65.3
14 to IS

3
!4.(l to 17.(1

1.0

2.0

0.70

N'ilronio
50

11.5 to 13.5
10.5 to 23.5
52.4 to 61.3

1.5 to 3.0

4 to 6

0.1 to 0.3
0.1 to 0.3

1.0

TABLE 2

Electrode Corrosion Results

Material
wt,'/;
loss

f'enelralion, mm

Inconel 601*
Incuncl 617
Inconel 625
Inconel 690
Nitronic 50
Hasielloy C4

4.0
18.11
54.0
4.3

34.0
Destroyed

Vapor phase (ilass pliase

0.48 0.40

0.70 0.45

•Showed extensive crystal growth.

desirable as an electrode material due to" severe grain
growth. Both the 601 and 690 showed similar attack in the
gas phase, but in the glass phase die 6.01 showed
substantially more grain growth. The major corrosion mode
on both alloys was intergranular attack with varying
amounts of internal precipitation.

Of the seven refractories tested, two (both high chrome
types) showed no significant weight losses, rather a slight
weight gain due to a thin glass coating. As can be seen in
Tables 3 and 4. the five AZS (alumina-zirconia-silica)
types (S-3, S-4, S-5, A, M), all high in A12O3 and/or SiO2,
showed about 3 to 5 wt.% loss. The two high chrome types
(K-3, E) both appear satisfactory. Therefore, on the basis of
lower cost and higher electrical resistivity (to minimize
current flow through the refractory) the K-3 was chosen
over tile E refractory.

MELTER FABRICATION AND OPERATION

The melter ceramics were bonded with a high chrome
(17.59% CrjO3) grout. The ceramic unit (0.2 x 0.3 x
0.46 m) was nested in silica insulation 10 cm thick con-
tained in a 304L stainless steel box. Overall dimensions,

teed system, tilting jack, and materials of construction are
shown in:.Fig. 1- Foi slatt-up.the feed chamber was filled
with bits of glass and heated with a 600-watt resistance
element until the glass became conductive enough for the
electrodes, half submerged in the glass, to pass current
(~()00°C). Once the melt could be maintained with Joule
heating alone, the resistance element was moved to the
pour spout to keep the pour molten. A 316 stainless steel
hood was then placed over the feed cavity to reduce heat
losses and to contain off-gases to be collected for analysis.

The batch feed was augered through a downspout and
fell directly into the melt. As the glass level rose, hydraulic
pressure through the tunnel to the fining chamber raised
the level there as well. The glass could be poured by tilting
the melter with a hydraulic jack and allowing the melt to
overflow through an Inconel 690 pour spout and into a
400-ml stainless steel beaker. Batch materials were added
to the melt in large quantities (as much as 500-gram
charges) with no foaming difficulties or loss of electrical
conduction. At 1 l00°C the feed chamber used about 1.5 to
2.5 k\V, while the fining chamber used about 0.8 to 1.2 kW.
Samples of the glass poured by the melter were low
viscosity, homogeneous, and opaque. The 400-ml cylin-
drical blocks were cut into pieces which showed very little
porosity or color striation whether poured over a period of
several hours or as little as 10 minutes.

RESULTS

After two months of operation the melter was shut
down due to the deterioration of one of the feed chamber
electrodes. The left electrode in the feed chamber had
overheated and melted into the glass melt. It was found
later as a solidified mass at the bottom of the chamber. The
right-side electrodes from _ both the feed and fining
chambers were examined and metallographic sections were
taken above and below the glass level. The corrosive attack
on the electrodes was much more severe than that indicated

TABLE 3

Refractory Compositions in Wt.%

Compound

A1:O3

Cr2O3

F ^ O ,
MgO
Na,0
ZrO,
SiO,
CaO
BaO3

TiO2

Other

A

98.70

0.09

0.03

0.50

0.50

0.18

• - • • .

K-3

60.40
27.36
4.21
6.05
0.31

1.77

Refractory' type, wt.%

E

4.7
79.7
6.1
8.1

1.3

0.1

M

94.50

0.08
0.15
3.90

1.09
0.26

0.02

S-3

50.13

0.12

. 1.10
34.20
14.25

0.15
0.05

S-4

49.69

0.10

1.10
36.56
12.30

0.15
0.10

S-5

47,32

0.11

0.84
40.97
10.61

0.15
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TABLE 4

Refractory Corrosion Results

K-3

0.0

E

0.0

Refractory

S-5 S

3.4 3

,wt

-3

.7

.% loss

S-4

4.5

A

4.9

M

5.1

by the 10-day tests. Both electrodes suffered precipitation
throughout their cross sections. The attack also included
spalling o r corrosion product layers and much grain growth.
Researchers at Savannah River Laboratories have also seen
the same symptoms. In that case, an unbalanced SCR in the
controlling electronics imposed a dc current which caused
electrolysis to occur. The literature, our experiments, and
data from outside sources indicate that there is probably no
better metallic material than Inconel 690 available for use
as an electrode. The use of graphite or molybdenum is not

desirable since both materials would serve only as
consumable electrodes which could be difficult to use in a
remote process.

LABORATORY-SCALE MELTER II

A second laboratory-scale melter is now in operation to
verify whether the findings in the first melter were
technical difficulties in using this melting method for
high-fluoride calcine or just operating errors. The second
melter uses only one electrode circuit. The fining and feed
chamber electrodes are connected electrically in parallel.
This change eliminates the possibility of shorting to a
ground electrode in the conductive glass melt. Also, the
refractory pieces were,cut more carefully to reduce the
joint thickness between them and thereby lessen the
possibility of glass leakage out of the chambers. During
operation the current density on the electrodes will be
maintained below 0.6 A/cm2 since above this level rapid
deterioration of the electrodes has been observed.

Oil Gil H M 4

Eliclrodi

llnconil 890)

Ehctrodt
llnconel 690)

Pivot Pin

Fig. 1 1CPP one-liter Joule-heated ceramic-lined glass melter.
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The second melter is staited in exactly the same way as
ihe first melter. Glass No. 5! containing 21 wi.'.•'<' simulated
/irconia calcine, 52 wt.'"< SiO : . l l ) wt/A Na ;O, 6.3 wt.',?
l i ; ()v and 1.7wi.f,7 CuO was used as the initial melter
charge. The experimental plan calls tor melting gluss
containing 21 \wx.',i calcine lor three weeks and there
momentarily shutting down to replace one of the feed
chamber electrodes. The used electrode can then be
examined for corrosion. The following three-week period
will be run with glass containing 27 w\.'/r calcine, and the
last three-week period with glass containing 33 wt//<
calcine. With an estimate of corrosion rate from each run.
information will be gained on the rale of deterioration
versus calcine loading in the glass. This data will provide an
idea of what to expect using a continuous Joule-heated
glass melter to melt /irconia-type calcine.

CONCLUSION

The first laboratory-scale melter was built based on
short-term corrosion tests, literature, and private communi-
cations. After two months of operation, examination of the
refractories and electrode materials indicated that while the
K-3 ceramics fared very well, the Inconel 600 electrodes
were severely corroded. To verify these findings, a new

melter of similar design, with slight variations lo correct
problems noted with the firsi melter. was built. Tests are
now being run to gain insight on how the deterioration rate
of the electrodes is affecVed by calcine content and
therefore fluoride concentration in the glass a l l 100°C.
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THE INFLUENCE OF HEAT TRANSFER
ON THE POT VITRIFICATION PROCESS

J. B. MORRIS
Chemical Technology Division, AERE, Harwell, Oxon, United Kingdom

ABSTRACT

The experimental data on the working zone in pot vitrification
show that the mean wall heat flux (2 W/cm2) is independent of
vessel size. A simple model of the heat transfer processes is
developed in which natural convection through the glass-forming
region is the controlling mechanism.

INTRODUCTION

When converting high-level waste into a monolithic
block of glass cast in a stainless steel container, four
processing steps must be accomplished:

1. Evaporation of water and nitric acid.
2. Calcination of solid nitrates to waste oxides.
3. Reaction between waste oxides and added chemicals

to yield glass.
4. Casting of molten glass into the container.

The HARVEST vitrification route being developed in
the U.K., which is a derivative of the earlier FINGAL
process,1 is unique in that all four steps are carried out as a
single stage in a pot which eventually becomes the final
container. The high-level waste is premixed with an aqueous
solution/slurry of alkali nitrates, boric acid, and silica. The
combined mixture is then fed into a vitrification pot
mounted in a furnace at about 1000°C. The feed typically
will have a concentration of 300 g/1 and will consist of a
mixture of one volume of high-level waste with 1% volume
of glass additive slurry.

Steps 1, 2, and 3 (evaporation, calcination, and glass
formation) absorb thermal energy, and they take place in a
working (or reaction) zone. Aqueous feed at room tempera-
ture enters the top of the working zone, and glass at about

1000°C appears at the bottom to occupy the base of the
pot as step 4. Gases are liberated in the working zone
(mainly steam and nitrous gases NOX), and they emerge
from the top at a temperature of 125°C or higher. The
mean density of oxides in the working zone6pz is less than
the density of glass PQ, SO the working zone occupies more
space than the corresponding amount of glass. This is
illustrated in Fig. 1 which shows the»formation of a
steady-state working zone. The size of the working zone
must be kept under control in order to maintain an
adequate freeboard in the top of the pot. The purpose of
this paper is to review experimental data on the working
zone and to discuss the importance of heat transfer in this
context. '" '

NATURE AND THERMAL REQUIREMENTS
OF THE WORKING ZONE

Although the structure of the working zone is undoubt-
edly complex, it may be thought of as consisting of three
subzones in which evaporation, calcination and glass forma-
tion take place as depicted in Fig. 2. Because of jthe many
different chemical species present in high-level waste the
actual boundaries between these subzones will "necessarily
be somewhat indistinct. Evaporation occurs in the central
subzone which is at a uniform temperature of T, = 125°C;
nucleate boiling ensures good heat transfer within this
region. The second subzone surrounds this aqueous pool
and is assumed to be a solid phase up to an isotherm T i .
Calcination occurs which for MAGNOX waste premixed
with glass chemicals is complete at about 550°C (Ref. 2).
The third subzone is a viscous fluid region through which
gases are observed to flow. With the compositions currently
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Fig. 1 Development of the working zone in pot vitrification.

±

Fig. 2 Structure of the working zone.

being studied for HARVEST, glass formation is complete at
900 to 1000°C. Davis,3 in an earlier study of the thermal
aspects of the iJFINGAL process, showed that the structure
of the working zone described above was confirmed in
practice for vitrification in a 15 cm diameter pot. In the
current inactive pilot plant program at Harwell using 45-
and 60-cm diameter vessels, the presence of the three
subzones can be seen at the exposed top surface.

Heat can be supplied to the working zone by three
routes: (1) Radiation from the heated upper walls of the
vessel to the top surface of the working zone, (2) Transfer
from the walls of the pot in direct contact with the working
zone, and (3) Transfer by convection through the molten
glass beneath the working zone. According to Davis3 the
a?ailable evidence showed that route (1) contributed very
little, probably because much ofr,the aqueous pool is .
covered by a solid crust which serves as a thermal barrier.
Heat transfer by route (2) will of course occur, and the
extent to which route (3) contributes is considered later.
The heat consumed by the working zone7 is shown in
Table 1 computed in terms of the energy needed per unit

TABLE 1

Thermal Energy Requirements in HARVEST
Vitrification per Unit Volume of Feed for a
Concentration of 300 g (Oxides) per Liter

CALCINATION

GLASS
FORMATION

Subzone

Aqueous pool ,

Heat item

Sensible heat 20 to 125°C
Latent heat of evaporati on

H j O

Decomposition of HNO,

J/ml % of total

440
1760

-70

Calcine

to NO.V

Total subzone 1 ,, E, = 2270 ;

Decomposition of nitrates 230
to NO.,, (waste) '

Decomposition of nitrates to 600
NOX (glass additives)

Sensible heat 125 to 700°C 250

65

Total subzone 2 E 2 =1080

Glass formation Sensible heat 700 to 1000°C , 130

Total subzone 3 E, = 130

(1 + 2 + 3L E = 3480Total working
zone

Gasspace

31

4

100

Sensible heat 125 to 1000°C 1950

123



volume of feed (J/ml). The data are broken down into the
requirements of the three subzones on the basis that'll! the
H2O and the excess nitric acid (0,6/W) is evaporated in
sub/.onc 1, that all the solid nitrates (waste and alkali glass
additives) are decomposed in subzone 2, and that no
significant heat,'((other than sensible heat) is absorbed in
glass formation in subzone 3 as suggested by Davis.3 The
calculations refer to a feed concentration of 300 g (oxides)
per liter, but the total heat load E (J/ml) does not in fact
vary much with feed concentration. An entry for sensible?
heat absorbed by the gas to 1000°C is ajso included in the
table for comparison, but this will be ignored in computing
the heat load on the working zone since most of any
superheat will 'be added to the gases once thcjrhave left the
working zone. p

The thermal requirement E = 3480 J/ml is equivalent to
i 1,600 J per g of glass made. If the glass-making chemicals
are added, not as a slurry but as anhydrous oxides (e.g.,
glass frit), the energy required is reduced by about 50% to
only 5,200 J per g of glass made: „

SIZE OF THE WORKING ZONE

Jn this section we review the experimental information
on the size of the working zone fro\n which an estimate of
the available heat transfer area can.be made.

The height of the working zone h is defined by:

h =
Ah

= e Ah 0)

where p z is the mean oxide density in the working zone, p<;
is the glass density, and Ah is the observed excess height in
the pot, i.e., the amount by which the total, of depth
material exceeds the equivalent height of glass. Before any
glass has formed, p z can be deduced fronrthe initial slope
of the curve in Fig. I, and under HARVEST conditions it is
about 0.8 g/cm3. pc, is 2.6 g/cm3 and so e is 1.44. Elliot
and Grover4 in their pilot plant studies, in 10-.to 30-cm
diameter vessels called Ah the height of the working zone,
but the definition of Eq. 1 is preferred since it equates h
logically with the height of material not yet converted into
glass. , ' • - °.' '

Many of Elliot and Grover's experiments4 were carried
out at an optimum volumetric feed rate Q* which
correlated with vessel diameter D by the empirical equa-
tion: . . ' l" "

Q*=5D 2 (2)

(The optimum feed rate was the maximum which could be
used without experiencing unstable conditions.) For a feed
concentration of C = 300 g/1 the parameter 5 was equal to
4 X 10~3 cm/s. Examination of the results presented in
Ref. 4 shows that at the optimum feed rate the excess
height Ah* is proportional to vessel diameter

-yD (3)

The empirical constant 7 is 1.5.
) It then follows from Eqs. 1, 2. and 3 that the

corresponding heat transfer area A* enclosing the working
zone is given by

(4)

Since the volumetric feed rate determines the heat load on
the working zone, Eq. 4 shows that the mean wall heat flux
at the optimum feed rate is constant, independent of vessel
diameter. This seems such a fundamental result that it
suggests the same heat flux operates'another feed rates.
Hence we generalize Eq. 4 thus

2
6 D (5)

At a feed concentration of 300 g/l the term ye/b has the
value of 540 s/cm. Similarly the excess height Ah is given
by , "

(6)

where the term 7/5 has the value 375 s/cm. Grover and
Elliot4 report-an experiment in a 30-cm vessel in which the
excess height Ah decreased by about 50% when the feed
rate Q was reduced by the same amount, which is
consistent with the generalization set out above.

From Eq. 5 the constant mean heat flux <pw into the
working zone through the vessel wall is given by-

t (7)

Substituting the relevant data for a feed concentration of
300 g/l gives 0W = 2.0 W/cm2. It now remains to develop a
heat transfer model which predicts this order of heat flux
for any vessel:diameter;

HEAT TRANSFER MODEL

An accurate model of the type of structure shown in
Fig. 2 can be achieved only by numerical methods. How-

' ever, since some of the physical parameters of the system
are not precisely known (e.g., thermal conductivity and
viscosity), this, paper restricts itself to a simple analytical
approach.

We cannot therefore expect such a model to agree
exactly with the observed results, but if the agreement is
reasonably close, we can feel confident that the basic
principles are correct. More exact modelling can be per-
formed as better data become available.

Returning to Fig. 2 it will be seen that heat is
transmitted across the three subzones in series with each

124



subzone also acting as a heat sink. The outer boundary of
subzone 3 is the vessel wall at temperature T3 and its area is

A 3 = 7T Dh .(9)

The outer boundary of subzone 2 is at temperature T2 .
Its area A2 is expected lo be less than A3. The work of
Elliot and Grover4 shows that the volume of the aqueous
subzone 1 is approximately equal to a cone of height Ah
and base D. Since the area A2 encloses not only this
aqueous phase but also the calcine phase, it is clear that A2

cannot be smaller than about A3/2 and may in fact be even
closer to A3 . We therefore make the simplifying assumption
that A2 =A 3 . We also assume that the thickness of the
calcine subzone is small relative to its radius, thus, in
effect, we have reduced the heat transfer to a simple
one-dimensional problem. Ignoring the cylindrical geometry
in sub/.ones 2 and 3 is not crucial, and since the boiling
action ensures efficient heat transfer in subzone 1, its
geometry is not relevant. '

Thus significant heat transfer resistance is confined to
subzones 3 and 2. For each subzone we set down its heal
balance and the mechanism describing heat transfer as a
function of temperature. The heat balances are:

ji

02 = J(E,

+ E 3 ) (10)

(11)

where 03 and 02 are the heat fluxes entering snbzones 3"
and 2, respectively.

Heat transfer in subzone 2 is by thermal conduction.
This region is in motion since fresh material is entering
through A| while calcined material leaves through A2 .
However, for typical FINGAL conditions this velocity is
negligible, and assuming that the heat load E2 is absorbed
uniformly throughout the region, the conduction equation

I £ E -i
2 A b 2 " '

- T,
(12)

where L2 and k2 are the thickness and conductivity of the
calcining subzone. Subzone 3 is a viscous fluid and so heat
transfer is assumed to be by natural convection. Hence the
mean flux through this region is controlled by convection.

(03 + 02)/2 = (13)

where 0C is the natural convection flux determined by the
particular geometry, fluid properties, and temperatures of
this subzone.

Eliminating <j>2 and 03 between the previous four
equations leads to

Q
A

0c
E, + Ej + E3/2

and

k2 (T2 -

0c E, +E2/2

(14)

(15)

Experimentally it is observed that QlA = 8hye =
5.9 x I'D"" cra/s (Eq. 5), and so a test of the model
is how close Eq. 14 predicts this value. Alternatively,
virtually the same test is performed by comparing the
calculated convective flux <$>c with the observed mean flux
0W =2.0W/cm 2 (Eq.7) .

TEST OF THE HEAT TRANSFER MODEL

Natural convection between solid surfaces and fluids is
correlated by expressions of the type

v = B Ra11
(16)

where v = 0x/kO and Ra = 0x3p2/3gC/kM.
Here 0 = heat flux ^ -

x = length of surface
k = fluid thermal conductivity
0 = temperature difference
p = fluid density
(3 = fluid volume expansion coefficient
g = acceleration due to gravity >
C = fluid specific heat

- li = fluid viscosity

Tor values of Ra lying between 10" and 109, the range
appropriate in the present context, B = 0.59 and m = 0.25
for vertical surfaces, see Jakob.5

We have no experimental data for the physical prop-
erties of the fluxing mixture in subzone 3. The data
appropriate to a typical HARVEST glass6 are therefore
used in the calculations. The chief uncertainty so intro-
duced will be in viscosity /J which, although it appears only
to the 0.25 power, is very sensitive to/temperature. Gases
(probably NO*) rise through this subzone and so ' the
effective viscosity may well be less than the corresponding
glass value. Other properties may be modified for the same
reason. The length x is taken arbitrarily as 100 cm, but <p is
fairly insensitive to the actual value.

The convective heat transfer flux 0C through subzone 3
is then calculated by treating the natural convection as two
thermal resistances in series (hot surface A3 to fluid, and
fluid to obol surface A2). The results are shown in Fig. 3
which shows <pc as a function of T3 for 3 values of T2 . For
a typical wall temperature of T3 = 1000°C the convective
heat transfer flux is about 1.0 W/cm2, the result being
fairly -insensitive to the temperature of the boundary of
subzone 2. This is within a factor 2 of the observed flux
0W = 2.0 W/cm2. In view of the simplifying assumptions
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NATURAL CONVECTION
CALCUIAT'ONS ARE
BASED ON PROPERTIES
IF » "YP-CAL HARVEST
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TEMPERATURE OF THE
CALCINE SUB- ZONE
BOUNDARY T2 ,

900
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1000.;

WALL TEMPERATURE

ii l i c i t I r . u i ^ c r h c t u e e n v u r j u i l M I : < L J V i n

Which had to bo made, this agieement seems seasonable, li
an allowance is made loi lhoL enhancement nt collective
cnculalum by the rising gas bubbles the agieement will he
e\en clusei. 1 lie siuiiee of this gas is ihought In be alkali
ni'sates. These nitrates aie the last-.^o be theimalK
decomposed and since they melt beloie decomposition
some could enter sub/one .•> befoie decompoMlion i-.
complete. ., , = „

The model as summarized in I'qs. 14 and 1 ̂  satisfies
Jhe observed independence of wall heat flux C\v on vessel
diameter. It also shows thai the size of the woiking /one
(A) is controlled by heat transfer in the glass-foi tiling
suhzone and not by processes in the calcination sub/one.
The latter result is a consequence of the implicit assump-
tion that chemical rate processes do not influence the
thickness L : of the subzone. 1-or the intimately mixed feed
used in FIN'GAL and IIARVL'ST this assumption is
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IV. IMMOBILIZATION OF RADIOACTIVE
WASTES-CERAMIC PROCESSING

E!! DEVELOPMENTS IN LOW-
AND lNTERMtBiATE4|VEL WASTE FIXATION

BY CEMtNT

k'. :,m

ABSTRACT

INTRODUCTION

BORON V'.ASTE

! i Kt >
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\



30

5 20

10

0,5

30 000 ppm B

45 000 ppm B

1,0

1 1'icssim4 streiis'th ul ce;;icn!

Cil (BO3J2 ratio

n.nilal I'WK sludfc.

10
PAR J"0 BAR taWOM'
OoUoms

10 30 50 70 t0o 110 130

g. 2 I'r

CEMENT CONTAINING MEDIUM
ACTIVE SODIUM NITRATE WASTE

l'utex-reprocessing ol spent LAVR nucte:n tuel ueheiates.

among others. ;m intermediate-level-liquid'-waste stloam ot

about one nv1 per vein ;IIKI pei ton' of I'uul lepmeessed.

which contains up to 450 g/liler of salt. (Ireatei than W>

of this salt is sodium nitrate. In the German Kiel lepio-

eessing center, incorporation ol these salts into cement is

being considered.6

Research and development work at the Kailsruhe

Research Center is aimed at the optimization ol the final

product with respect to parameters like behavior during

mixing and setting, mechanical and chemical stability, and

leach resistance.

For the ' interpretation of the results of -leach tests

shown in the following figures and tables, a leach coeffi-

cient D is used, which is defined by the expression

D =
Trin'V2

(cm2 d

where D = leach coefficient (cm2 d ' )

m = (A t /Ao) (1 / \ /T ) (d 0 - 5 )

Ao = sample activity at time zero
; At = activity leached out of sample after leaching

time t (days)

V = sample volume (cm3)

F = sample surface (cm2)

This leach coefficient is formally an equivalent to the

diffusion constant of Fick's law. It can be correlated to the

time dependent leach rate by

R = p \ / D M fg-cm"2 d ~ ' )

where p is the specific gravity (g/cm3).
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Optimization of Cs and Sr Leachabirlity by Additives

~ It is i i e n e i l i l K a s s u m e d t h a i t h e , e m e n i l e j . L i h U ' v >:

m i u e i a l s l i k e \ e i n i i c i i l i t e . h e n i t ' i i i i e . a n . I / e i ' l t l . 1 W l i e i c r -

z e o l i t e w a s e x c l u d e d l o t l e a s n t i s d ! c o ' t ! s ' i : i > ( -,\ r i t b e i k I

a n d a v a i l a h i l i u I n a t u i a l l . o n ' t.• I t h e a h " U ' a n d " H i e

m i n e i a l s a n a l u i a l b e n t o n u e 1 - J J H ^ I , - , ! h i b e ; ? - p c . ! a ! h

p i e t e i a b l e ..in p i e l i m i n a ! > l e a c h t e s t s . J h e t e t i ' i e t i n - V e n -

t o n i t e , w a s s e l e c t e d t i n l u i t l i e i s t u i l i e s .

T a b l e I g ive- . U s a n d Si l e a c h c o e l l i c i e n t s w i t h d i t i c e n t

c e m e n t s a m p l e s c o i i t a n i i i i g d i t l e i e n t a m o u n t s o t ;i s p e c i a l

TABLtI

Leach Coefficients (cin : d ' ) in SO C Distilled Hater

of Cement Prodiais ((iiUaining \ft'i b\ Height of
Simulated Kaste Salts

'I'yiK* of
cement*

I'/ 351

HZ 451

IV 451 US

I.I'Z 351

HOZ45LI1S

Po//olanic-
ceineiu

Cs

Sr
"Cs

Si
Cs

Sr
I s

Sr
Cs

Sr
Cs

Sr

Without
ailditite

6.4

1.1
l.M

2.6
8.3
2.1
5."
1.9
4.5
1.4
1.7
7.7

1 -2

1 -3

1 -1

1-3
12
1-3
1 -2

1-3
1-2
1-3
1-2
1 -4

With W,

S.I

2.S
1.3
4.4

1.4
3.4

1.3

5.0
2.0

1."
S.2
1.3

1
1
1
1
1
1
1
1
1
1
1
1

NBt

_,:

-5
. ;
•4

.3
-4
-3
•6

.3
-5
-3 -

With t o : , S B

+ W>

'•> 3

h.3
13
1.6

1.6
S.'l

"•• 2 . 5

6.4
2.9

3.9

4.1
2.8

BSD

1-4

1 - >

1 -5
1 3
1.-5
I -4

1 -6

l-t
1 •-
1-4
1-6
1 - I

;v : *Atilirevj;iiions troni U1N 1164: HZ - Portland cemem: I HZ -
"liisenportlaml Zcmcnt" (contains up to 35•; blast furnace sljti;
I1OZ = "lloehotcn Zcment'' 136'' or more sla^:1: 35.45 = minimum
slrength in N'mrn': I = fast settin);; S= slow settinir: MS^hi^h
sulfafe resistance; PZ 351- is similar to Type=l Portland cement?"

TNB ^ natural Ca-bentonite.
§BSH = barium silicaU- hydrate.
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D i s t i l l e d w a i f ! , l a p w a t e i . N ; i ( ' l s o l u t i o n . ; I IKI sa l t h i m e

w e i e u s e d a s t h e l e a c b a n t s . S a i l b h n e is a s s u m e d t o c o n t a c t

t h e p : o d u e t a s a c o n s e q u e n c e o t ' t h e m a x i m u m o i o d i h l c

a c c i d e n t w h e n s t o i e d u n d e i g i o u n d in s a l ! f o i m a i i o u s .

W i t h a s p e c t i n t h e n i l l u e n c e o l t h e t \ p c o l c e m e n t a n d

o l t h e b e n i o m t e ; u K l i t i o n . t h e p i e v i o t i - . s t . i i e m e m s c o u l d b e

^ o i i ' n i iK'd l l o w e \ e i . b e t w e e n d i s t i l l e d w a t e : a n d NaC ' l

s o h i t i o n . o n ilit." " l i e h a n d , a n d l a p w a t e r a n d sa l t b i n i e . o n

; h e I ' l h e i h a n d . l l : e : e is a s i g n n i c a n t d i l t e i e n c e in l e a c h -

a b i h t v , . 'I h e l e a c h c e e l t i c i e n l of i h e l i i s ; g i o u p i s . o n t h e

a v e i a g e . .1 !;icl<>{ o t 2 5 In i ' J i e i t h a n t h e s e c o n d s u n u p . T h i s

n m 'H ' d u e t o t h e p i e s e u c e o l m e t a l i o n s l i k e ( a a n d Ms;

w h i c h l o t in i i o n s o l u b l e s i l i c a t e s o n t h e c e m e n t s u r f a c e a n d :

' h i i s : e d u c e d i : i u s i o n .

The Influence of Salt Content

hi o ide i to n i i n n n i / e the v o l u m e ot solidilieil w a s t e , the

!ii;iMinutii a i i iouni ol nit sale salt w inch cun be m c o i p o i a t e d

in to cemen t (VMIII still a c c e p t a b l e p r o d u c t o,uahl ies) nuist

be e s t a b h x h e d . As \ e l . it i s s ; ene ia l l \ a c c e p t e d that in o rde i

to p i o d i k r c e m e n t ot a c c e p t a b l e Ntiuctuia l s i ien t i th ( i . e . .

a b o u i 5D Kp c m " I ihe c o n c e n t i a t i o n ot - o d i u m i n n a t e

sliould not e \ c e e i i \ M) >J. pei kt; oi c e m e n t . 4 ' l o u e t h e i

wi th ah a c c e p t a b l e w a t e i c e m e n t ra t io <>i '"-(J.4. ibis w o u l d

result in a salt c o n t e n t ot ' ' 1 (J \\i."- m tiro luuil p i o d u c t .

Sati iple tes ts con ta i iun t ; u p to 2 0 w t . ' : sodiu i i ! i n n a t e

s h o w tha t s t r eng th and leach l e s i s t ance wi th rospeci t o C s

and St are lull;, w i t h i n a c c e p t a b l e l imi t s ; t he de ta i l ed

icsulli.-; h o w e v e r , c a n n o t be fully exp l a ined as y e t . F-igure 4

s h o w s resul t s nt' t e s t s on p iessu re s t i e n g t h . Whereas c e m e n t

s t o n e w i t h o u t add i t i ves s h o w s a Imeai dec rease t r on i a b o u t

2 2 0 Kn e n r ( w i t h o u t N a N O , I t o a b o u t 140 Kp 'cm2 (20 r . '

N a N C K l . a d d i t i o n ol d i t ' t e ient c emen t f luxes lower t h e

p i e s su i e s t ien i i th to 110 to 140 Kp c m " -be tween 0 and

15 '" N ' a N U . and ina\ i nd i ca t e e \ e n a slitiht inc tease at 26'>

N a N O i A signi l icant u i l l uence ol t he t\ pe of c e m e n t t l ux

could not be c o n t i n u e d t h u s l a i .

l i g u i e 5 -Jiows the liist les'tilts on leach tes t s . T h e

a d v a n t a g e o u s e l ' e c t ol b e u t o n i t e o n the Cs leach coeff ic ient

and o! t he c e m e n t h a r d e n e r o n the Sr leach coeff ic ient

couKI be c o n l i m i e d . In t h e case ot' ( V h o w e v e i . t he leach

coe t l i c i en t is i n d e p e n d e n t of N a N O i c o n t e n t w i t h o u t

a d d i t n e s . w h e : e a s wi th a d d i n \ e s t he leach c o e t t i c i e n t

m c i e a s e s In m o i e t h a n t w o o i d e i s of m a g n i t u d e f rom 0 to

2 0 wt . N a N O i . I h e Si leach coe f f i c i en t , o n t he o t h e i

h a n d , inc ieases h \ a b o u t o n e o ide i ol m a g n i t u d e w i t h o u t

addi t ives and d e c i e a s e s by m o r e t han o n e o r d e r ol

m a g n i t u d e wi ih add i t i ve s . These , iesul ts ol N ' a N O i > w n t e n t

inf luence "wcie t a k e n mil o ! v u n e n ! researcl i v .o ik a n d as

vet canno t be lulK e x p l a i n e d . This wT»ik. h o w e v e i . is

c o n t i n u i n g .
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FUETAP (FORMED UNDER ELEVATED TEMPERATURES
AND PRESSURES) CONCRETES AS HOSTS

FOR RADIOACTIVE WASTES

.1. (I. MOORI-:. ( i . C . ROGHRS. .1. II. I'AI 1ILI.R. ;tncl H. H. DI-.VANHY
al'IVdinolojiy Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee

ABSTRACT

Cemeiuitious solids formed at ••25()'(" ami • 70.3 kji/cni2

(1(10(1 psi) offer excellent possibilities ;is hosts lor radioactive
wastes. Preliminary results are prcsenteil on the eSfeel of mix
composition, temperature, anil pressure on the physical properties
of the resulting: solids. Initial leach results are encouraging in the
assessment of the ability of these Hil-.TAP concretes to isolate
radionuclides from the environment.

INTRODUCTION

A generic investigation is in progress to determine the
role of concretes in radioactive waste management. Current
emphasis is on the concretes made by combining different
cements with various admixtures to fix the radionuclides
and allowing the mixtures to harden at <250°C and
<70.3kg/cm2 (1000 psi).

Ccmentitious grouts are routinely used at Oak Ridge'
National Laboratory in the hydrofracture process.1 lor the
fixation and permanent disposal of locally generated,
intermediate-level waste solutions.1"3 More recently, a
process was developed for the fixation of 1 2 9 I as barium
iodate in concrete,4 '5 Laboratory studies at the Savannah
River Laboratories showed that the properties of concrete
were adequate for the fixation of high-level radioactive
wastes generated at the Savannah River Plant.6 In addition,
investigators at the Pennsylvania State University showed
that concretes formed under high temperatures and very
high pressures produced solids that showed promise for the
immobilization and isolation of radioactive wastes.7

DISCUSSION

The purpose of the current investigation was to
examine the potentialities of concretes formed under

elevated but less stringent temperatures and pressures than
ihe previous studies and, as in the case of the hydrofracture
grouts, containing specific additives to fix the radio-'
nuclidcs. After scoping studies and a preliminary engi-
neering evaluation8 showed that the concept had promise,
an experimental program plan was developed to determine
the technological feasibility and acceptability of FUETAP
concretes as hosts for radioactive wastes.9 This report
presents some results of the early studies associated with
this investigation.

The initial FUETAP concretes used formulations based
oil previous experience with hydrofracture, grouts. Speci-
mens that were cured for 24.hr at elevated temperatures
and pressures had a porosity of about 40'% and compressive
strengths ranging from ()0 to about 400 kg/cm2 (1300 to
5700 psi). The thermal conductivities ranged from
4 x 1 0 3 to 6 x 10~3 W/cm°K. The simulated waste
sludge in all the tests had a composition based on an
analysis of radioactive wastes stored at the Nuclear Fuel
Services plant in New York (Table 1).

Concretes have been made with four different composi-
tions (Table 2). The major variables examined in ,these
formulations were the effects of the presence of nitrate and
the ratio of fly ash to cement. Physical property measure-
ments made on specimens prepared with type I portland
cement in the various mixes are shown in Table 3. In these
studies, the simulated sludge was mixed with the other dry
components and added to water with or without sodium
nitrate present. The wet mixes were immediately placed in
an autoclave and brought to 250°C and 42.4 kg/cm2

(600 psi) in 1.5 hr. They were cured at these conditions for
22.5 hr and then returned to ambient temperatures and
pressure for the various measurements. The presence of
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TABLt 1

Simulated Waste Sludge

Oxide

1 e,O,
AljO,
Cr,O,
NiO
SrO
Ru(OH),
CeO,

TABLE

WI.'J

75.18
14.89
4.94
4.78
0.14
0.03
0.04

FUETAf' Mix Compositions

Component
Cement
Indian red da\
I'ly ash
Simulated s]uili
Ouick-jiel
NaNO,
Water

Mi\ ratios
I-'ly avli/ceniciit

..Water/fly ash +

Mix 1

37.54
8.94
8.94

:e 14.30
0.41
2.60

27.27

0.24
cement 0.59

Composition, wt.'f

Mix 2

38.94
9.27
9.27

14.83
0.42

0

27.27

0.24
0.59

Mis 3

23.24
K.94

23.24
14.30
0.41
2.60

27.27

1.0
0.59

Mix 4

27.55
8.94

22.51
10.00
0.40
2.60

28.00

0.82
0.56

TABLE 3

Effect of Mix Composition on FUETAP Concrete

Mix
No.*

Compresxive
strength.*

kg'cnr psi

Thermal
conductivity.

W'cni K(x 10 ' )
Porosity. Density,

g c m '

145
134
190
299

2060
1900
2700
4250

4.4
4.6
4.9
5.1

47.6
51.4
39.4
40.1

1.56
1.54
1.75
1.76

* AH mixes iverc made with type 1 porlland cement. Specimens
were cured at 42.2 kg/cm* (600 psi) and 25O°C, including the 1.5 hr
required to reach curing conditions.

TPressure required to crush a right-circular cylinder 4.8 cm diam
bv 10.2 cm.

nitrate had no apparent effect on these physical properties.
The major changes were the result of varying the fly
ash-to-cement ratio, with the maximum strength and
conductivity obtained by a mix having a ratio of 0.S2.
Additional studies will be made in the future on the effects
of the mix composition.

Several mixing and curing conditions were examined
using mix 4 (Table 4). These specimens contained type I
Portland cement and were cured for 24 hr at 25O°C and

42.2 kg/cnr ("00 psi). except in those tests in which one
of these conditions was the parameter in question. The only
variable that caused an appreciable change was the heat-up
time (i.e., the time required for the specimens to reach the
desired curing conditions). Specimens that were taken to
25Ol'C and 42.2 kg/cm2 in 7 hr had about a 3O'.f higher
eompressive strength than those that- were taken to the
curing temperature and pressure in 1.5 hr: however, there
were no significant changes in any of the other physical
properties.

The major effect thai appears to be attributable to the
presence of nitrate in the waste is the amount of water that
may be removed by healing specimens to constant weight
at 25OCT (Table 5). Samples made with type 1. type I l lor
high-alumina cement, and containing 2.6wt/< NaNO3,
appeared to have lost 3.5 lo 5 times more water than
similar specimens containing no nitrate. Because the water
concentration in (he final product will have a bearing on
(he amount of radiolyiie or steam-gcneraied gasification''
thai could occur, additional studies will be made to
determine the importance of this and other parameters in
the removal of water from ihe concretes.

teachability plays an important role in the evaluation
of radioactive waste solid matrices in the unlikely event of
an aqueous intrusion during storage or transportation.
Dynamic and static leach studies are in progress using
distilled water, local'spring water, and simulated Sandia
type B brine to determine the teachability of plutonium,
cesium, and strontium from FUETAP concretes. The
distilled water is used as a baseline for these studies, and the
other two leachants represent aqueous media that might be
encountered in real-life situations.

Sufficient data have not been collected in the initial
leach tests to establish any definite leach mechanism; we
have thus assumed that the leach rate is essentially diffusion
controlled and have calculated the order of diffusivity
based on models used in hydrofracture leach studies2 >3

(Table 6). The approximate order of diffusivity for cesium
ranges from 1 0 ~ 1 5 c n r / s into distilled water or spring

TABLE 4

Influence of Various Parameters 09
FUETAP Concretes

Parameter Range Effect on physical properties

Curing time, hr 24-72 >20% decrease in most proper-
ties .. '

Heal-up time, hr 1.5 — 7 ~30Cr increase in compressive
strength

Curing temperature, °C 100 250 Insignificant
Curing pressure, 42 70 Insignificant

kg/cm2 'ij -
Cement type III Type I and Type 111 were

equivalent; high alumina
cement produced inferior
solids
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a surface or subsurface effect during this early leach period.

A number of studies arc currently in progress to further
delineate the properties of KUtTAP concretes (Table?).
Additional mix compositions and curing conditions are
being investigated to determine their effect on such
properties as porosity and thermal conductivity. At the
same time, the effect these changes have on dewatering,
teachability, and durability must be-eslablished.

The reaction rate of hydrogen and oxygen in the
presence of FUETAI' concrete was found to be >1O times
the rate observed with ordinary cement pastes. The
preliminary data suggest that, if ihe hydrogen and oxygen
produced by radiolysis remain in close proximity to the
FUETAP concrete, the recombination rate will exceed
production even for very high alpha dose rates. Glove-box
studies have been initiated to measure the overall effect of
radiolysis occurring in FUETAP concretes containing
alpha-emitting nuclides. The results of all these studies will
be reported at a later date.

Studies are in progress to obtain data that can be used
to estimate the durability or long term stability of these
waste forms. In the initial tests, attempts were made to
determine the reactivity of the solids to brine at elevated
temperatures and pressures. The results showed the pres-
ence of calcium in the liquid phase after a specimen was
immersed in lOvol of brine for 4 days at 25O°C and

TAHLL7

Studies in Progress on I-UETAP Concrete

M a x i m i z e p r i i p t i t i c i ol t he h o s t s..|iil

Mix composition ,:,
Curing conditions

lleut and rudiolytic pas generation characteristics
Uewatei in;. ' e l tec t

Recombination rate of hydrogen and oxygen
1.fleets of nonradioaclive waste components

Ni irate
Hydroxide

Fixation of specific nuclides
Lcachability of radkmurfides
Durability of host solid

175 kg/cnr- (2500 psi). Additional data must be obtained
to determine if the calcium lost was simply part of the lime
produced during the hydration process or the dissolution of
a small part of the calcium silicates.

In conclusion, the initial results on FUETAP concretes
are most promising: however, additional work is required
for a more nearly complete assessment of the potentialities
of using such solids as radioactive waste hosts.
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A LOW TEMPERATURE CERAMIC
RADIOACTIVE WASTE FORM

D. M. ROY, B. E. SCHEETZ, M. W. GRUTZECK, A. K. SARKAR, and S. D. ATKINSON
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania

ABSTRACT

Preliminary research on low temperature ceramic waste forms
based upon modified calcium silicate and aluminate cements is
described. Compositional and reaction variations, modified to
achieve a strongly consolidated waste form which is resistant to
significant change under the anticipated ambient, have been
investigated. Kxtending previous studies in this laboratory, the
recent work has utilized combinations of calcium aluminatc cements
and high early strength portland cements, different supcrcalcine
waste formulations, and other additives, liotli modified convenr
tional cement composite consolidation methods and low-
temperature hot pressing methods were used to incorporate the
supercalcine into a consolidated form. Products after initial con-
solidation and after drastic accelerated leaching treatment (hydro-
thermal'leaching) were characterized. Uranium and simulated
transuranics were found to be highly resistant to leaching; strontium
was relatively ^resistant in many cases; and cesium leaching was
found to be compositionally dependent.

INTRODUCTION

Current plans to isolf ''e nuclear waste center around
deep geologic disposal. Central to this concept is the design
of a stable radioactive waste form. This paper describes
research on an alternative low-temperature ceramic waste
form utilizing modified calcium silicate and calcium alumi-
nate cements for which the solidification mechanism
utilizes hydration bonding. Compositions and reaction
variables have been investigated for normal cement formula-
tions as well as for cements which have been composi-
tionally adjusted in order to achieve a waste form which is
adequately consolidated and would be predicted to be

resistant to significant change under anticipated repository
ambients.

Previous workers have shown that conventional cements
are suitable for solidifying a variety of wastes.1"3 Cement-
based solidification furthermore provides relative ease of
processing and low cost. At Oak Ridge National Laboratory
a successful hydrofracturing technique has been employed
for in-place solidification of intermediate level wastes in
modified conjpbsition cementitious grouts for a number of
years.4'5 / , '

In initial studies6 rapid hardening portland cement and
calcium aluminate cement-based materials were investi-
gated, in combination with calcines of simulated Purex
wastes PW-4b and PW-4c,7a which were treated at elevated
pressures and temperatures in the range of 423 to 523°K
(15 to 25OPC). Very high strengths [up to 345 MPa (50,000
psi) compressive'strengths] were achieved jn the products.
They were dense, impermeable711 and characteristically
stable to an accelerated Soxhlet leaching test. Further, it is
expected that related processing at elevated temperatures
and lower pressures7*3 has much potential.

Recent studies have utilized formulations which include
combinations of calcium aluminate cements and high early
strength portland cements using different composition
supercalcine8 formulations, as follows: 20% supercalcine,
80% cement, with water added as required for solidifica-:

tion. They were typically consolidated by modified conven-
tional technology involving hydration under normal ambi-
ent, utilizing special additives, as well as by hot pressing.
The products were' characterized and their properties
investigated both after initial consolidation and after a
series of drastic accelerated reaction conditions of hydro-
thermal leaching.
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EXPERIMENTAL

Materials

I he cements selected for this investigation were a
•commercially available AS'IM Type III portland cement
and a high alumina cement. Chemical analyses for these two
cements are presented in Table 1. The compositions of the

TABLE I

Chemical Analyses of Lone Star
Type IK and Secar 250

Oxide

SiO.
A L O ,
I t - .O,
CuO

MnO
N.i,0
K,O
SO,

Lone Star (j'pe I I I

21.11
5.04
2.27

63.N3

1.26
0.641
0.73-1
3.%

'Secar 250

0.2
72.0
l).l

26.0

0.1

C> r""'s - •

cements were adjusted in three different ways: (1) by
adding silica in the form of solution as Ludox.* (2) by
adding silica powder (made by dehydrating Ludox at 200°C
for 3 hours), and (3) by adding Zeolon.* a synthetic
zeolite.

Two nonradioactive supercalcine8 formulations, one a
mixture of 77-2 and 77-39 and the other PSU-SPC-2 mixed
with uranium, were used to determine the nature of the

*Ludox-ammonium-stabilized colloidal silica, I'.. I. du Font de
Nemours, Wilmington, Delaware.

•i-Zeolon-synllietic zeolite of the mordenite family, Norton Co..
Worcester, Massachusetts.

ability of the waste forms to isolate various radionuclides.
The compost I ions of the supercalcines used are given in
Tables 2 and 3.

Two series of cement mixtures were formulated. In the
first series, commeicial cements were mixed with simulated
radioactive wastes: whereas in the second series, silica or
Zeolon was added to the cements along with the radioactive
wastes to adjust the CaO : SiO: ratio of the portland
cement and the high alumina cement to that of tobermorite
(CaO : SiO; ratio = 0.S3 to 1.0) and anohhite (CaO : SiO2

ratio = 0.5). respectively. Formulations of the adjusted
cement mixtures are given in Tabfe 4.

Sample Preparation Procedures

Two different sample' preparation procedures were
employed in this study. The first utilized the conventional
cement paste mixing procedure. The additives were mixed
with the cement and a minimum amount of additional
water was added to give a working consistency. The pastes
were transferred to a mold and compacted on a vibrating

TABLE 2

Composition of Supercalcine PSU-(SPC-2)+U
Wasle Form

Oxide

l»r2O,
Nd2o,
SnuO,
(•>••,b, -

Y2O3

Gd.O,
Pi 6 ,
ZrO,
MoO,
SrO

Oxide \vl.'/r

1.91
1.85
6.00
1.45
4.09

0.77
13.72

3.47 ...
6.->38

6.68
2.73

Oxide

BaO
Cs2O
Rb,O
Na,O
AlaO,

CaO
SiO2

l-e2O,
Cr2O,
NiO
U3O.

Oxide \\t.7r

2.02
3.72
0.46 ,

3.69

4.11
15.82

3 . 9 0 •>

0.4S
0.18

16.45

TABLE 3

Composition of 77-2 and 77-3 Waste Forms

Oxide,

La2O3

Nd2O3

Gd2O3

Y2O3

Cc,O,

ZrO2

MoOj
Cs2O
l'e2O3

P3OS

SrO

77-2
Oxide
wt%

1.28
6.07
9.39
0.52
2.74

4.28
4.48
2.50
2.62
5.49
0.92

77-3
Oxide
wt%

1.29
6.09
9.43
0.52
2.76

4.30 ,
4.50
2.51
2.63
8.34
0.92

Oxide

BaO
Cr2O3

Na2O
Rb2O
NiO

CdO
AgjO

u3o s
CaO

SiO2

77-2
Oxide
wt.%

1.36
0.30
5.99
0.30
0.12

0.09
0.08

10.12
1.30

16.30
23.76

77-3
Oxide
wt%

1.36
0.30
6.02
0.31 i
0.12

0.09
0.08

10.17
0.72

16.36
21.20
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Adjusted Compositions of CVmeiit Hosts

Sample

Al
A2
A3
A4
A 5

A 6
A7
AH
A1)
A 1 0 |;

HI
112 ,
113
114
B5
H6

type I I I ,
grams

2.10
2.10
2.51
2.51

26.32

26.32
31.51
31.51

2.10
26.32

250,
grams

2.12
2,54

••26.5(1

31.79

2.12
26.50

Si l i ca , *

grams

1.2 3 •

1.1 3;

1.48

1.35

1.23

1.21

'•-- 1 . 4 6

1.21

l.udr>\,i
t c

; 29.44

26.08
35.33=
32.31

29.44

2H.9X
34.77

28.9H

/colon,;
grams

0.1 |1J

. o.!3

0.66

1.58

WaWe SPC

200 inc-sh

0.67
0.67

H.36

H.36

0.67

H.33

2*1 , grams

60 +100.
mesh

0.67
8.36,

0.67

A 8.33

•om/ed

7 cc

0.40
0.40
0.40
0.40 "

25.07

24.74
25.00
25.01
0.40

22.9H

0.40
0.40

15.00
1.5.00
0.40

1H.34

ws**

o.lo
o j o
0.10
0.10
0.7H

0.76
: 0.84

0.81
0.10
0.74

0.10
0.1,0
0.5H
0.63
0.10
0.64 ,

I'rclim'inary
curing

HP-,,
111'

" HH
Hi*"
60 •

60
60'

i 60
HP
60

HP
HP
60

60
III'
60

"Dehydrated ill 200" C/2 Imurs and (.'round with :i(jaie iimrliir + pestle.
•!|)u I'unl trademark lor ammonia stabilized colloidal silica solution (0.5236 g/SiO, ml).
| /.colon, mordenite structure- zeolite, Norton Co., Worcester, Massachusetts.
SUP hot press 150"(', 50,000 psi,'/2 hour.
1160" = cured al 60"( \ jl < ,-, *"

. • " ' • ' K . . • • •

**w/s = (iin HjO/gm solid in "mix. • ' >

table for one minute and stored al 300"K (27°C) at greater
than ()0r/r 'relative humidity for 24 hours, after which the
molds were removed and the samples coate<l with Protex-o-
Cote* and stored at 333"K (60°C) to cure for % days.

The hot pressed samples were prepared as cylinders
12.7 mm. in diameter by 12.7 mm high. The prepared
cement mixtures were mixed with water (w/s = 0.1) and
quickly transferred to the hardened steel hot press die. the
inside of which was previously coated with stearic acid
solution in acetone. The die was placed in the press and the
paste pressed to the desired pressure (50,000 psi, 345 MPa)
between two hardened steel pjurigers sliding through both
ends of the die. The die wajlfheated externally tbyjk split
furnace, while the temperature in the vicinity of the sample
was monitored by a tliermocoilple placed in a groove in the
top plunger. The pastes were pressed for 0.5 hr, measured
from the time the temperature reached-the final value o f '

.423°K (150°C). Both pressure and temperature were kept ,
constant during this period. The hot-pressed saniples were
then pushed out of the die by mea.ns of an extra long
plunger, cooled in air, and stored in plastic vials for ,
subsequent experiments. The details of the equipment and1

the experimental method,are given elsewhere.1 O i 1 '

*A commercial low permeability plastic sealing material.
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Hydrothermal Treatment of Composite Waste Form
V. L

Approximately 35'milligrams of each of the processed
waste forms and blank cement specimens were iiydro-
thermally treated in a tenfold (wt.) excess ot fluid to solid
form. Two hydrotherma! solutions were used intlris study1:
one was deionized water and the other was NBT-6a-brine,
the formulation for which Dwas supplied by the IJ. S.
Geological Survey (USGS). A gold ampule was sealed atsone
end; the waste andl,,the water were carefully placed into the
ampule, and the remaining end carefully sealed.

The experiments were performed in conventional 12.7
mm. I.D. c°old-sealk, pressure vessels12 using water as the
pressurizing medium. The temperatures of the experiments
were nominally .473 and 573°K (200,and 300°C) with a
nominal, pressure of 31 MPa (300 bars). ,

' Characterization ° '

Both solution and solid phases ! from each of the
hydrothermally treated specimens were characterized. The
solutions above the charge were carefuUy decanted, and the
solids were1 washed with deibnized water. The solutions?and
the wash waters were diluted to 25 ml. All the elements
reported, except cesium* r.ubidiuri'ii and uranium, were
analyzed with a computer-interfaced atomic emission
spectrometer. Uranium was determined by a fluorometric

\
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O'.i.ihtaiiu- elemental analysis loi elements above neon

was .ilitained !>\ encittN dispersive .Yray spectrometry nn a

vj i inni j ; electron microscope, t h e microstructures ol the

\\a\ie torms and . 'men*ryslalhne products were observed

siniiiliaiieouslj by scanning electron microscopy. I lie bulk

waste jurin was studied In grinding the samples and using

\-ra> diffiaciion !<• characterize the crsslalline component ft

pluses in llie waste form.

RESULTS

General Comparisons Based on Research in Progress

I he experimental parameters being studied include:

1. ( einent composit ions

2. Initial pio,.esMug condit ions (a) normal processing at

loom teinpeialtin1 or elevated le inpeiaune and (M hoi

3. Waste lorn) added •-; "̂  ••
4..()Uier additives "

V1 Accelerated hydrothcrmal "leaching" conditions
with (al deioni/ed water or (b | bittern brine, as a function
ol (c) lemperaitire.-(d) pressure, and (c) time.

A significant number of experiments to complete' the
matrix of variables are in progress, and thus the overall
results will not be presented in detail here.

Sonic comparisons between the results with composites
of supercalcinc ceramic within normally processed or hot
pressed cement matrices, [the latter prepared at 523°K and
345 Mhi (501)00 psi) | were given previously.13

The hydrothennal reaction products, as revealed By
scanning electron microscopic examination and X-ray dif-
traction. were predominantly the normal products of
hydrothermal cement reactions, such as lobermorite (in
addition to the tin reacted supercalcine phases.9 dominantly
fluorite structure UO; solid solution phase). This was -
found to be true for both calcium aluminate and calcium
silicate based cements. Characterization of the solids in the
bittern brine reaction products indicates only the presence
of cementitious phases, supercalcine phases, and simple and
mixed halide salts.

The denser hot pressed samples were found to be, for a
particular temperature, generally more resistant to radioac-
tive waste element release to solution than were the less
dense low temperature processed composites. Additionally,
bittern brines generally (but not in every instance) were
found to result in higher concentrations of leached species
released to solution.

Effects of Experimental Parameters
upon Hydrothermal Leaching

Tables 5 through 8 present the chemical analyses of
solutions from cement-supercalcirie composite samples

treiued hydtothermally for d or 7 days at 47.V'Kand 300
bars (31.. Ml'al. with deioni/ed water having a 10: 1 wt.
ratio of water to solids. Table 5 illustrates the results of
processing treatment [hot pressed (I and 21 vs. normally
cured (3 and 4) | of type III cement composites and shows'
the effect of composition (normal cements, 1 and 3. and
compositionally adjusted samples. 2 and 4). The lowest
valiies obtained for cesium release to solution (cesium being
tlie'most mobile species) were those in column 2, for the
combination of hoi pressed, compositionally a'djusied
samples; the next lowest was for column 4 (compositionally
adiusted, normally cured specimens). ' ~>

"I able () gives comparable values for calcium aluminatr:
.cement tomposiies. Similarly, values for^cesium release
were lower by an order of magnitude in the composi-
tionallv adjusted samples and were lower in the hot pressed
compared with normally cured samples. Strontium was
apparently well-fixed, as it was undetected in both com- c
positionally adjusted samples.

I able 7 compares the effects of both the supercalcine
grain-size-and processing conditions upon reaction charac-j.
teristics, fontype III cement composites The densification
effects dueL to hot pressing and the larger grain siẑ s of

,, supen|ticine (in the normally ^cured cement composite)
Ijboth. apparently, causing lower surface areas to be exposed
;Jto solution, result in relatively lower cesium release.

Table 8 compares the results of similar experiments
with calcium aluminate cement compositions. In this *
sequence are found, the lowest cesium release values among
the compositions investigated. The effect of compositional
control is dominant in this sequence, irrespective of the
processing condition or grain size of the supercaJcine
ceramic. This phenomenon is of particular interest, since at
the same time substantial amounts of rubidium were
removed in all instances. Of further interest are the
observations that in all cases strontium was essentially not
detected and all proved to.be superior with respect to very
low (or nondetectable) release of actinide simulators,
(neodymium and uranium).

DISCUSSION AND CONCLUSIONS

Theresults of preliminary experiments involving solidi-
fication of supercalcine ceramics in compositionally mod-
ified cement matrices and' investigations of their behavior
under drastic hydrothermal leaching conditions have been
presented. The matrix solidification times were relatively
short—one-half hour for hot pressing and 6-to 7 days for
normal processing (28 days is the usual norm for ordinary
cement solidification)—and yet the properties appear to be
very favorable.

The products of normal solidification [at slightly
elevated temperature (60°C) and atmospheric pressure] for
only 6 to 7 days, as revealed by X-ray diffraction
characterization and SEM studies of microstructures, were
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Comparison of Normal Portland l>pe III ( cincul \S
( oinpositiouallv Adjusk-d Formulations Bold ol Which

Hvdrothcrmallv Treated at 200 ( in Ik'ioni/ed

Me men Is

analyzed

Al
Ita
C;i

I":

Cs

l e
la
Mo

Na
Nil

Ni
Rn

Sr

Si
t
/ r

Hot

1
Normal cement
"• in solution.*

CU>-2O7-.l*

SI) I
Nl)

(J.4
35.«

Nl)
1.-

ND

1.')
67. :
1 7

I..5
1)

Nir

pcrssi'J

2

\d|(isled.
'-' in solution.

t< 1)206 1 \ 2

Nl)
u.f,

554 •

V i

7.'<

NU
Mi
H.4

Nl)

Nil

' I : 7

H.7

2.1.

I I . H 5

Nl)

W) ( i

Normal <fineni.
' in snlulMin.

< ( D-207 V

" • 4

H 4

Ml
4 4 :

Nil

' 1 . 5

Nl)

Nl>
- 4 ,..

.. S.S'

I.I
It

Nl)

i ii red

4
\d|Usted.

' in VIIIIIMJ

\\>

i

r> -
N i l

Ni)

• i '

4<.!;«

Nl)

N|>

41 i

: 4
• • !

^ I I i

Nl)

\ s

• ' o l e l e m e n t l e . n h e i l l i m n s n l i d . i i n l i i " \ j i n M i l u i i . m

;('\.\- cement.
\ C . \ - - s u p c r e a k i i i e u a s t e t o i i u .

X X D - - l i y d r i i t l i e r i n a l t i e a t i n e n l i n i l e i o n i / e d w . i t e ' . II ' : n i v

- 2 X X - " 2 ( l ( i ' C l i y d ' n i l l i e i i n v i l n c . i t i n e i i i . .< 5 i m ( .

- \ ( I 7 - - d u r a t i o n o l h > d r n t l i c r i n . i l I t e . m t i e n i i n d . i v s .

-3 '' h o i p r e s s e d I . o n e S t a r l \ p c I I I . - 5 ( ( i d < i u a >l I " i u - S ! ;. '

- S = l i o l p r e s s e d S e c . i r 2 5 H . - S c (>'l ( ' v i i i e d S e e n - s l i

- A X . - H X - reler to 1 able 4 l m i \ t u r c s .

I N D . n o n e d e t e c l e d .

.; N ot d e t e r m i n e d .

T A s s u m e s that all the e l e m e n t Comes l i o m w a s t e : N.i. ('u in>m ICIIK I:1

!'. Ill

expected cementitious phases (but modified to rellect the
compositional adjustments) plus crystalline supercalcinc
phases which were dominated by a solid solution tluorite
structure L'O2 -: The hot pressed samples revealed initially
the presence of crystalline hyUroxylated calcium silicate (or
calcium aluminate) phases as well. After hydroiheniial
treatment with deionized water, relatively minor total
phase change had taken place, but some recry'stalli/alion of
the matrix phases was observed. Well crystallized
tobermorite was a common product of the calcium silicate
based matrix phase.

Analyses of solutions from hydrothermal leaching
experiments showed that uranium and simulated trans-
utanics (Nd. La)-were highly resistant to even this drastic
leaching environment, and strontium was also found to be
relatively resistant. Considerable progress has been made
even in these preliminary experiments in diminishing the
amount of cesium released to solution. A rather surprising.
though tentative, result was that under certain conditions

the lower temperature product was c>|iijll\ IJIUMMC
compared to the hot pressed product. I urther. the jinoutit
ol cesium leached Indrotheimalh ;it -47.* K <2(S0 < i iroin
the cement stipercalcine UJS luu (2.5 ( >;>>mpaieJ !<•
similar data^or I'M "<'-<>> silasx at 5".? K(.?(XI C i 14 .? »
I Ret'. 14): lum;e\er. it appeals that the most !
stipcrcalcine composition hy itself itvioss lojclublo '

I he data presented tor the low-temperature
waste form..though prehminarv. thus snJkaie the dovelnfi-
nient of favorable'physical and chemical properties. sui>
gesting that a waste form using a ceiiwm-h.r>eJ biniiini:
mechanism may be utilized to produce a viable radioj<.tive
waste form for consolidating even intermediate to high-level
wastes. Continued research is in progress to investigate J
wider variety of chemistries and solidification condition* io
optimize the products, to invesiigaie effects ol variables in
the leach testing, and to provide a full .issessnwfit of the
fixation potential for "RW ions in a Km'-tempeiatuie
cement-based ceramic waste form.
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TABLES

Comparison of Hoi Pressed vs. 60"C Cured Calcium Aluininate Cements
Hydrothcrmiilly Treated al 200'Cin Deioiii/ed Water

Elements
analyzed

Al
Ha
Ca
Cr
Cs

l e
La
Mo
Na
Nd

Ni
Rb
Sr
Si
U
Zr

Hot

1
CCD-206-SBI*

-200 mesh waste.
'/< in solution

ND
1 ND

1.7
2.3
3.5

ND
ND
ND
588* *
ND

ND
26.9
ND
2.3
0.02
ND

pressed

2
CXD206-S-BS

-60/+100 mosli waste.
'/ in solution

ND
ND

., " G 6.5
2.5
3.5

N,D
ND
ND
671*

,;, ND

ND
28.9
ND
0.5
0.02
ND

<

3
CXT>2O6-Sc-B3

- 200 mesh waste.
'/ in solution ,

;? SA °
'"'• ND ..
i 88.8

2.8
2.5

ND
ND

° 0.2
70
ND

ND
33.3
ND
7.5
0.2

'ND

•At C cuietl

4
CCDt206-Sc-B6

-60,'+100mesh waste.
'/' in solution

0.2
ND
18.4
2.5 "
3.3

* ND
ND
ND 'A
743*
ND

ND
29.6
ND
2.9
0.02
ND "•

"•.Abbreviations as lor Table 5.
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SOLIDIFICATION OF HLLW
BY GLASS-CERAMIC PROCESS
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ABSTRACT

I I K " ^ > ' ! ! i p i > M t l i > ! » N u t : * 1 . I S S ^ - J K I t U U N ' < > : t i t - - v . ' l l t i l ! U . . t l i ' I I

I l l l t t w e r e s t u d i e d , . n i d t h e i^ lass » ' . e r . i i n u * i n "In- J t - . p - i i i c »\ »! t . i : :

w u s c o n c l u d e d t n b e t h e m u s t - s u i t a b l e ffwnpaied \ u : i i t h e

p i o p e r l i e s n l I I I . W b m n M l k a t e s. ' l . i^se>. l l i n s a . i t d i i p M d e L-I.ISV

c e r . i m i L w e r e t h n i i i : l i : t n l i e j l i n i i " ! e q u a l i n i c a J i M i e . m d ? u p e r u > r

in thermal stalnhtv -Hid mech.inK'al strennrh. I; «.ivaI-<' ' . I 'Uiuj , 'hat

the i;lass in this systeni tail be trvstalli/ed sini||l\ b\ pouruu' r Hit

a !heinuill> llVsulated eailisicr and then alluwnji.' I! t" -m'l t"

temperature.

INTRODUCTION

For the solidification of 1ILLW the glass piocoss lias

been extenstveh studied. It is pointed nut. however, thut

glass is apt to phase separate or devitrily and result in the

deterioration of leach resistance since the inside of the glass

is maintained at higher temperature during a long period

due to decay heat of the fission product, tiilass ceramic is a

product obtained by heal treating glass land convening it

into a thermodynaniically stable state. It! can be expected,

therefore, that the above-mentioned weuk points of I1LW

glass are removed in a HLW product made by the

glass ceramic process.

One objective of this study is to l'i id out the most
suitable glass - ceramic composition for the solidification of

HLLW. The glass-ceramic systems studied were similar to

those which were described as the candidates of HLW

glass-ceramics.' Simulated oxides of JILLW from the

reprocessing plant of PNC Japan were inciiirporated into the

base glasses m tlio' . i! : i"i int >>t Jl> to-.>l) wt . J_Lu:_ii/.Ji\!!i:iivi

•Miieltini: [e!i;jx"!.itiue i ' l ,g las \ i ' s w a s j t ; n i k \ i to I .'••IHi (

Y A n o t h e i n b i i v H v e ot th i s s t u d \ is ;>> i l e \ e l o p l h c s u p p l e

p n i c e s s i o : the i : iw. i | | i / , i r . i> i | i n t gl.iss, I h e pn>diu!t<>n *vj

111 \ \ glass coKimic n e e d s a h c a i u e a i i n e n i 1i>r c i \ s t , i ! l i / a -

t i on . and c u n s u i e i i n g I l i e Mt i i j i fcu in ln>t o p e r a t i o n , th is

l^tvcess is d e s n o d tv> be as s imple .is poss ib l e . I ho s t u d i e s

we 10 e a r n e d mi l lo c:> s i a l l i / e ' h e glass c.isi in v j t i ! s t e !

d i n i n g the n u i i M ' .it i,<<i<!inj: w i t l u n i ! an i :n iepe iu ie i i !

[nocess !oi c : \ s l a l l l / a t i o n .

COMPOSITIONS ;

The basic sy's!i.'i:is oi glass cei;i:nics studied ue ; e

l . faC) MgO \ l ; t ) . S i t ) : ( D s w e m l

2. liaO A l ; ( ) , S i l ) ; (Csvsieml

:.. C a(l TiO; A l : ( ) , S:(); l l ' s \ s i en ! i

4. Li ; ( ) A l ; t ) , Si() : H s\steml

Tlie simulated oxide*, oi 111 L W oi PNC Ja]ian weie

contained b> 20 !o .U) w t,1 m the base glasses oi these

systems. The composition oT simulated ill.W oxides in w r.

are: ,>0.(» \ a : ( ) . lU>5 / r ( ) : . S.l»(> MoOJ,. 5.»n |-e,(.)_,. 4.M

( s : 0 , ,vl).! UaO. 1.N5 Si(), 1.71 NiO. 1..U) M n O : . l . l o

T e O : . 1.12 ">;().,. O.hl> R b : ( ) . CK5" C i ; O , . 0.52 C.»().

3 » : L a : O 3 . 5.11 ( V O - . 2..11 P i . , 0 , , . N.45 N d ; O , . 1.02

S m : 0 , i . Classes weie melted at l.UXJ'C loi 2 hi and cast

into a mold and annealed. The homogeneous glass obtained

was crystallized b\ heating at a rate oi M)0 C hi t iom room

lempeiature to 500 C and subsequently heated ut a rate ot"

14.?
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ilk- I' . \ s i o i n . ' ilic >.im-ip<isiiiiins, i r / t!je

j
( v . t , ' ) we if siudk'd. and n i s \ o i u h i d e d ' tl'/ai !.,P-71

fil.iss ^oi;ti;ik was host, f hcniical compositiori ar.d crystal

pliavcs ..tic slinwi) in Iabio !. lit (lie ( and !• systems.

liu.'iniL'oiifoiti Lil.̂ s was not obtained because 1.'! :nai^e<J

pli.ise sepdi.ilinn.

Reiults

Results o| the evaluation I'm glass cetaniicsconlaining

_U to .!() IH.W aie -.umniau/ed as lollows. ' .'

1. I he leacii i.itc '<>) \)-t>2 ;(was the lowesl (Table 2>,

\ d x . J i ( '',: c u r da\' in ueight loss method, 5..> x H) '

""\\\ i\A) leadi tale, and '"U x 10 " i n SiO leach .1 ;i'iel The.'

deposition Hi ( aMoOj phase was tint harmful ' to leach;

resistance. :

_\ In t lkimal stiibtliiy (Table ' ) . I)-(>.":. ( - 2 7 . l)-21(i"and

I'- i weie Ljood .sluiwnij; almost no change in crystal phases

.ind leach rate. In I ' od . precipitation ol NaAISiO., (nephe-

linel and "towih ol spliene weie observed, and the lejch

rale iiictt-astvl h\ a Jacjor ot v (•rowth of l i SiO, was

ohseued in I d.v and the leaJi tale incieased. by a factor

ot .v • I , "' ; J1 ,;

-v In thermal conductivity |).<O was the highest over all ^

tempeiaiuies 11 i_u. I), which is most advMi"tjgeou.s in re-,

inoval el deca\ heal."

4. D-d.] was highest in bending sdength (1320 kgj'cm2)
and lowest 111 ihemial expansion coefficient (Table 4)1 D-6."1

also had a hiuh value of Tt. and T, and good thermal, shock
lesist.ince.

:". SIM shows that D-d: glass ceramic consists <tf

;tme-giained crystals of [he,si/e of 0.2 to 1.5 JJ.

In conclusion, the D-62 glass ceramic was considered
to W the most suitable for the solidification of MLLW.

PROCESS FOR CRYSTALLIZATION

Sn the experiments described above, the glasses were

crystallized by reheating from room temperature to crystal-

lization temperatures as in the case of production of

commercial glass ceramics. However, it willbe complicated

to apply such a reheat treatment process to the crystalliza-

tion of glass cast into canisters because of the very large
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TABLE 1

Compositions and Crystal Phases of Glass Ceramic

SiO

\ I , O .

no.
l e . O

l i O

( A) ,.
M J O

/ l i f t
l i O
i l l w

1. ;..!

(• lW.l l
phases

He a!
'IV.I'JIU

•1)1. . ,

•he\.i

1 i
('.:
( a

I I
11 r

•s!de <C

-( eKi. .

D-62.

r. >,

').s

(>.S

6.S

2n 'i

l'i,i ii

°, '
i\M>. •

1 lO, '

ini (

1 !.-•

a(> • \ l

v. l l i. iO

(

(

C-27.
Wl.'c

.'5.M

15,"
S | |

V I I

4.M

i ^ >
i -1. -1

•> - i

2 n i '

l l l l l . l l , .

a-M..<). •

a,.! lO

SMl ( .

• \l

1 ll!

• : M O i
o • •'^
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w t . ' >

^II it

|U.M

5.H

l i i .n

2 ̂ .1 1

M.u •
. 1 1 H 1 ' i

( .iSlO 1
< JM. 'd ,
Sphejli1

No.

1-63.
«t/;

5M.M

i:.5

6.11

4.1 •

" 5
2n 11

1'ld.M

l SiO. .

'HIM ( Si li l (

i !;•

>l() 1

: i i :
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ttl.'f
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3.5(1
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.v:<i
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'1II1

IdU."

C.i\|..(),'

1 e , O 4 •

( , i l i ( ) . -

'Mill C .

1 hi

P-71,
u t/;

4IP. I I

ft. 5
" • v5

Hl.li

•'MI M l

3i i.i i

II Id. d

( j M l , o 4 »

91 III ( . ,,
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. , - .Sp. .J r i ; . ;n •m- i l l ( ) • A I. O • 4 S i ( ) )
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TABLE 2

Leach Rate of Glass Ceramics

Leach rate (g'cnrr day)*

Sample NO.T

D-62
f-2 7
P-5H
I -63
D-210

P-71

Weight loss

3.6 x | d '
l.S x Id "
5. (t x 10" *

2.1 x 10 4

6.5 x 111 '-
1.2 x 11) "

5

i

3
1
5

Cs

.3 x1

.1 x

.3 x

.y x

.9 x

. 0

10 '
10 4

10 4

10 4

10 '

7.(1
2.9
9.0

1.1
7.4

SrO

x 10 '
x 10 *
X 1(1 4

x 10 4

x 10 *

* Leach rale al ter immersion at 90 C" tor 24 hi in distilled water,
•f Surface of 25 x 25 x 5-mm vi'inple was polished b \ 1.000-mesh

abrasive powder .

voknrie of glass. The most desirable is to crystallize the glass
by sltnvly cooling after casting into a canister. It.is a
well-known fact that a crystalline hotly is obtained when a
melt, which is inslable and hard to "form into glass, is cooled
slowly. It has been proposed to make 1ILVV products on this
basis.; In general, however, it is difficult to obtains fine
crystalline body with good mechanical strength as the
crystal tends to be coarse when it is cooled slowly. On the
other hand, a melt of basalt can be converted into a fine
crystalline body during cooling.1 As the D system men-

tioned above is close lo basalt in its compositions it is
expected that a. fine-grained crystalline body will be
obtained during the cooling process.

The following is a description of experiments carried
out for D-62 glass (Table I). The DTA in cooling of a D-62
glass melt showed the exothermic peaks corresponding to
the precipitation of diopside crystals at l)00 to 1000°C,
when the cooling rate was slower than 10°C/min.

The codling conditions necessary to obtain a fine-
grained crystalline body were studied. D-62 glasses were
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(a)

(d)

(e)

Fig. 2 The relation between the features observed by thin section microphotographs and heat treatment at various temperatures,
(a) 1050, (b) 1000, (c) 950, (d) 900. le) 850, (f) 800°C.
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I.Mill. .*

Changes of C'rvsial I'hases and Leach Kate of Glass Ceramics
Alter Healing a! 700 ( for 1,000 and 3.000 hr

Sample

N o .

|J f,2
( .y:

I1 ^ 0

I f>'<

N.

V .
I'!'
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IJesiripliini
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.-ii.,.,,.-
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p p - i : M i - •• •••'. •

111) p.-.ik
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V

•MSi 'J.
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• f, , in '
1 " / l'i 1

'• ( / I d :

2 ! / I d *

sveight loss, g

1,000 hr

•) (, y in '

I •) x in "
',.> x I d '•

5 / , x i l l '•
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•3 .

"< ,̂

• day

000 hr

X l ! l '

x Id

i n I . I . S I O . 1 1 I ' l l p . , i k

) . 1 . ! ! ! N ' i i l i . i : i ; - i 6 ^ / H J * f i . 5 / l ' i ' fi.f") / I d

' 7 i N . I . ii.in...- i :: / i o " ').3 • i o -

TABLL4

''Saluting Strength, Thennal Kxpaiision, anil Thermal Shock
Resistance of Cilass Ceramics

Thermal shock
'thermal resistant*,

Hfiiilinji expansion, 'Temperature
Sample strength, , x 10' (1 / (-'), Tg,* If,!' difference.

No. kg.'enr' 30 lo 3K0 C C C JiT C

i.)-f.2
f -27

l»50
1-63
1J-2I0
H-7 1

1320
7f>l)

X7D
1270
1050

9 HO

7 9 '•

91

Kl
7X

X5
»')

794
545
5 82
502
555
5 57

. • K i n o

K3K

• 7 1 4

734

696
684

15(i

120
1 2o
15(1'

' 120
l"20

' I j ; . (Iiladune n ie ir.imloinialinn point,
i 11, dilatometric delornulioii pojnl.

TABLE'5

Anneal Temperatures vs. Crystal Phases and Leach Rate

, . , . , , , „ „ , Leach rate,
C rvslal phases and XRD peak- . „ . , , ,

, . , . . . 10 g/ciii 'day
temperature, height, arbitrary unit in

"C parentheses Vvt. loss Cs, 0 S r ,0

1050 Uiopside, r c O ^ C a T i C C a M o O , 5.65
(K8) (8) (14)

1000 Diopsidc, l-'e,04,CaTiO.,.OiMiiO, 4.50 5.S5 12.1
(118) (S) (12)

950 Diopside.lOjO^CaTiO, .,
(160) (8)

900 Diopside,l ;e J0,.CaTi01 , 3.90 5,62 7.52
(164) (12)

850 Diopsidu, le . ,O, , CaTiO, 4.20
(154) (10)

800 Diopside, l e , O 4 . CaTiO, 4.32 6.82 <>.05
(1281 (10)

750 Amorplious (^luss)
Quench Quenched glass b()dy liinnealed) ~20
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(a) (b)

Fig. 3 ( ;isl , ini i L i \ sl.illi/.ilioii exper imen t . <a l ( asl i iu ' i iml Ion

canister, (h) ( r j s l , i l l i / c d j i rnduc t fcuitsi i le v iew) .

;incl i.'ra<lu.illy coo l inu lur t r> s /:i lion in the. .

incited at I3OO"C for I hi in alumina crucibles, moved into
the furnace al temperatures of 750 to 1050'C. maintained
for 2 hi at these tempeiaturcs, and allowed lo cool to mom
temperature. Thin1 section microphotographs are shown in
Fig. 2, and crystal phases and leach rate data are shown in
Table 5. It can be seen from Fig. 2 that fine-grained texture
was obtained at MOO lo 850'C. The leach resistances in
Table 3 are almost similar to that obtained by reheat
treatment (Table 2), and there was little change when the
maintained temperature was varied.

Since the optimum temperature to obtain a fine-grained
body was relatively low, it was thought that fine-grained
glass ceramics might be obtained by cooling the glass in a
canister which is sufficiently thermally insulated.

The experiment was carried out using a cylinder made
of stainless steel SUS304'with dimensions of 300 mm
dia. x 350 mm long x 5 riim thick. The wall cf the cylinder
was insulated with asbestos cloth 30 mm thick. D-62 glass
weighing 65 kg and melted at I25O°C was poured into the
cylinder (Fig. 3a) and allowed to cool to room temperature
after the insulated lid was put on. Cooling curves measured
by the thermocouples inserted in the center and near the
inside wall of the cylinder are shown in Fig. 4. The whole
glass was converted into glass-ceramic (Fig. 3b), arid the
properties are given in Table 6. Although the texture
became somewhat coarse because of a slower cooling rate
than desired, the glass—ceramic had good properties. A
little cavity appeared inside the glass-ceramic. This may be
attributed to the volume contraction (~2%) during crystal-
lization of die inner glass which crystallized after the
circumference. No adhesion in the interface between the
glass-ceramic and stainless steel was found, so defects
caused by stress development (cracking, etc.) were not
observed. ,.

(posit ion A)

3 U 5 6
T I M E , hr

8 9 M 0

Fig. 4 jCoulinir curve of filass ceramics cast in thermally insulated
canister; 300 mm in diameter, 150 mm high and 5 inm.-thick. A and
B represent measured position.

TABLE 6,

Properties of D-62 Glass—Ceramic Crystallized
in Canister During Cooling

Crystal phases
Leach rate \vt. loss

cs,o ';
SiO ';.,

Bendinj; strength ••
Thermal expansion coetf.
Softening temp.
Thermal conductivity
Density
Thermal stability

Diopside, le1O< .CaTiO,, CaMoO,
4.3 x 10 s g/cirr/day
5.6 x 10^ s / cm 2 / day
7.5..x IO"S g/cm2/day
1100 kg/cm2

81.8 x 1 0 T C O O t o 380°C)
>1100°C
1.93W/m/°C
3.00 js/crn3

No change after heating at 700°C1'or
3.000 hr
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1
SUMMARY

T h e ^ktss c e r a m i c in the diop.s ide s y s t e m H)-(il) was
Ipu iu l I " be s u i t a b l e for the s o l i d i f i c a t i o n 'it 111.1 W. "Jhis
glass c e r a m i c was p r o d u c e d by s low c o o l i n g ot t he glass
m e l t cas t i n t o a t h e r m a l l y i i i s u l a l e d c i i n i s i e i . Uy the p r o c e s s
d e v e l o p e d m this s t u d y a s t a b l e III.VV glass c e r a m i c can be
p r o d u c e d by a l m o s t t h e s a m e m a n n e i as in t h e III .W jjlass
p r o c e s s . *
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COATING OF WASTE
CONTAINING CERAMIC GRANULES

W. NHUMANN and (). KOr 1 1 R ,:,
Osterreichische StLidiengcseliscluif't fur Atomeneruic ( ievm.b.I ! . . Institute

Metallurgy, Research Centre Seilterstlorf. Vienna. Austria

ABSTRACT

Simulated hiph-lcvel waste granules produced by lluidi/ed-lied
calcination were overcoated by chemical vapor deposition (( VIJ)
with pyrocarbon and nickel in laboratory-scale experiments. Suc-
cessful development enables pyrocarbon deposition at temperatures
of 600 to 800"K. The coated granules have excellent properties for
long-term waste storage.

INTRODUCTION

Research and development technicians in the field of
high-level waste conditioning alternatives should not doubt
the suitability of investigated and established techniques,
e.g., vitrification, but should examine every possible
method to store the waste "as stable as practical."

According to this motto the'development work and
investigations described below were initiated and carried
out. With regard to the well established fluidi/.ed-bed
calcination, which has already produced large quantities of
calcined waste granules, this work concentrated on an
additional alternative for conditioning these granules. Un-
treated granules are not sufficiently stable for long-term
storage, particularly because of their solubility in water and
low mechanical strength. t]

, Coating these granules with a tight layer may improve
the related properties. Some considerations' and experi-
ments2 in waste coating development have been performed
previously. Nevertheless additional investigations and
further development are justified. Previous experience in
coating techniques, particularly in fluidized-bed, chemical
vapor deposition, was of great support. ^a

PYROCARBON COATING

With regard to the well-known requirements t,.i 4
protective layer, py^t^arbon was selected lor -ilie ouiinp
material. Pyrocarbonseemed to be one ot the Kest possible
coatings.' It was used for ot riigfi-temperjiure
reactor fuel particles and stood up ver> well <<> the
requirements. One must also consider ilut the properties
required for high-temperature reactor fuel are not necessary
for long-term storage of high-level waste. I or cvainple. high
neutron dose rate or very high temperature resistance is not
required. ;,

()r)e of the main advanlages of pvrocarbon e» us
excellent resistance to leaching. Of course, ihete aie MHIK
more advantageous properties of pyrocarbon.

• I'ission product retention

• Temperature resistivity

• Low thermal expansion

• (iood thermal conductivity

• High mechanical strength

Pyrocarbon properties are strongly dependent on ou t -
ing conditions, i.e.. deposition temperature, type ol coating
gas, etc., as well as the substrate on which it has to be
deposited. The substrate was given b\ the fluidi/ed-bed
calcines because of the considerations mentioned below. A
suitable coating process, which has to take into account the
properties of calcined granules, was -developed. It represents
a further development of PyC deposition by CVD and is
discussed later.
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TABLE I

Maximum Processing Temperatures

Salt cake

'ni.iv K 310 1., 7211

Sintered
process

Spray cakinc

970

<slas.s -ceramic

Pol cakine

6 < *

-•• NepheMne
syenite

Cakine

•^tioi.i 1070

Mill istKtalk
press

Supercakinc

1 17(1 hi 1370

Metal embedding
Al matrix

Phosphate

~!ll70

PyrocarbiHi
coaling

glass

1270 t*i 1670

l.i 1370 1270 1620 1620 900 6110 to SUM

added, therefore, (heir chemical'composition was based on
aluminum phosphate. IIK- density of the granules was
.(hunt !.42 a cm1, whkh indicated a hi^li porosity 1^40'>'
purest I p to 1250 K ihe granules remained undamaged
und did not even stick together.

Coating Performance

In waste coaling, high-deposit ion .-temperatures are
disadvantageous, ^losl coating processes^ including pyto-
vjitxm. ;«e handicapped h> the ttfj|iuied high temperature.
.Mshuinii i-\ penmen I-• lo dopii-sv tin- dcposiii.su u-mpytu-

liii.i1 •'• p\i<»i-ath<Mi M o w I2~U K vicro SIICC-SSIM!' In fhe

isc ii! j . o u k ' i i c JS coatniL' nas (uas o>nipositi<in 2°

i : \ \ : ~ ] V . t.itjl L-as How . ^ ( X ^ m " tii'iuK the

•oniiHT.ifrou.i- Mill M T \ liiirli I \oil .it tl.esc lonipeialuies

pj!TRii-s lend l<i:sti.k t.iLVtho!. paitMilaiK It NIIL-III VIIJULVS

ID J i r e i u a l .."I'.piKiH.Ki ikvti-.iv ttic toyjpe:ati.i!f u-sisin

IU In .m\ a ^ ' . J ^alciticJ ^jkc injile <•! lml-«j\to-c<miain-

Hi;.' .Tjntilo^ ^Hivk jnd Mk-ltini inLVthe; NIKKIIII imt .K'CUI in

the !]iiiiii/od'hcd H-acin»n mix-

Success!i'^rcWrch and J>vdopmeti! woik icsulied in a
further Mpnilkjnt Jepre«.ion <>; the pyioajiNin deposition
lempeijture Ihe u*e «J j cauK/er. rtKkel letracarhtmyl.
enables i ..oating tenipetjliuc ol about H0() k I sing |his
method, it is ptis^ible never to exceed a lempeuture hrriiK..
ol "s_; K idling tlic entnc conditioning process IIK*

II

llic mum *Jvjnuges jie
• Kediived tisMon pr.NJiKi

now
II I\

-uk it It ihemul
SmipJitkjti.m M pr>n.e«. pcitoirruiKe JS »cll as
,k-sipn and manutxiurinf .it UMK v-̂ uipmenl I.K the

Joice. e.f... the hejtee. In general. S.-IUIKHI ot
ind expenmcnul prohterm aie easier at

k»«t tentpetatutn. ,,

The temperature mixmum rei)Uifed is compiled «nh
tempctatures <•! other condUKtmng p(.«.«i« in I JWC ! lo

the imp>ifia«Ke .•« the >iKvevslu! reduction.

Considering these recent results, pyrocarbon coatings
shoulii,\be considered a preferable waste conditioning
alternative. Technical description and process performance
data are given in Table 2. sis?-

TABLE 2

Data for the (Oat ing Process and Device

' '•I'ln-jjiiHili.ni i h c i n i c j i u p * " dop<isi!ici!i irt ,i_l1uuJj/cil I v d ,
I l i iul i /r . l ! H \ I 2 < t i n i l i .muu- i i i r i p l n i i - !UIK.I
l»iiiniiM..n> _K vni liitli
I If.11 i n - i-K-nicnt lik-i rrK.il icsist.miA1 IKMU-II rr.iphiU' ru'.n •'

(Vialmg parameter.

'!.•! IMS slriMIl) Ptilscd
Miini- .MS % ( H

Jtrhi LMS \r '
.iul\ / i i \n< <)i
m|VT.i'iiii' <>iHi l, S.HI

P>nK'arb)in . Nickel

I'lilsetl '

\r

-I "II !\

l"»-umj>er.ituri' <k'P'>Mti.>n.

NICKEL COATING

IVspile the advantages of carbon coatings, additional
work was carried out lo provide ihe granule with a pure
nickel !3\cr.'' Based on ihe concept of depositing a
proieciive coaling bv < VI) at temperatures nist a little
above riK>m lemperaiure. HIM ineviiahh cimsiders decom-
position ol metal carKsnvls. The nnisi suiuble one is nickel
carbi>n\i. which decomposes at y?r> low lemperaiures.

Nicker^rHnilion can be achieved iit abinit 4""t) k.
w1i:vl; I» wio-ihiul the nicliiti^ tempeutute -n nivkcl)
Nkkel catbom] is a colorless, llamnuf-^ liquid I boding
point sl«> k at I aim! <»» which the vapor rs tn\ic. ind it »
about si\ limes as dense as air. This Required slight
inoditkations lo the coaling device beint used. especialK )o
ihe gas suppK s\ vletn. The nickel caihonv I container had lo
he healed lo achieve a vufficietn \aixii prevsuie. \ickel
carhoml was drfuied in argon, whkh aboa>.tedx> a earner
gas to pievent votklemaiittn «n the line which ako had to
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he heated, liecause i)t the low coaling temperature, only ;i
little expansion ol gas occurred in the reaction lube, which
lesiilted in a remarkable reduction of fluidi/ing forces. A
continuous gas stream did not yield sufficient movement ol
the granules. I'uKation of the inlet gas stream could solve
this piohlem ( lable 2>.

PRODUCT CHARACTERIZATION

\!icro-.>piical studies' on ceramographic sections show

adherent layets of PyC as well as of Ni. Pores and cracks on

the outer surface of granules were coated and often even

sealed. lhe average thickness of Ni layers is about 45 ixm

dig . / 1 ) and of PyC layers, about 100 /iin d ig . 4). An

average thickness is specified because the thickness data

depend on the position of measurement. In a.dimple in the

nregular shaped granules ihe coating is thiekei than on the

top.

I IK-, following properties ot uncoated granules could be

significantly unproved by coating:

• MM hank al strength: Single granules were tested by

^ompressui<;.theiii wjth a continuous deformation rate

until tfactuie occurred. Hie ina\imuin applicable load

increased with PyC coaling and Ni coaling by' about

an order of magnitude.

• Pint gent ration: I:oi every untreated granule of

tlui.vii/ed-'u-.,! calcines you can rub off a considerable

amount ol fines. Ibis unavoidable effect causes

undesiied contamination. Coaling with Ni arid PyC

pinhibiled'the contamination by dust.

• Temperature resistance: lemperature causes damage

in I'v (' ;i't 1100 K in an oxuh/im: atmospheie.

Nt-coated paitides slick tonellfei at about 100 K.but

the banter efleel is Mill guaranteed.

• Thermal conductivity: 'thermal conductivity ot every

granule is low duo to inlcvgranular spaces and

porosity. Although the high conductivity layers raise

the theimal conductivity values of the whole parti-

cles, e.g.. \ i by about three times and PyC by about

two times, the absolute values are still low. The data

obtained depend on the si/e and shape of the

granules.

• Sttitahi/iti oj metal cinheilding: In order to achieve

sufficient heat release and to prevent dispersion of the

granules, coatings improve the particle-metal matrix

contact because of the good wetting behavior o\ the

layers. Therefore a better filling of small iniergranulur

spaces can be achieved. In addition, the intragranular

poies are sealed so that no leaching across the

composite can occur. i _• .

• / <wi h resistance Calcines aie highly soluble in watei.

leach tests in Soxhlet extractors on K("-coated

manulos tesiilted in no detectable vvemlit loss, t'n-

cracked \i-coaied juaiiiiles also s'.n.w no weight loss it

Hie specimen includes only a! lew damaged granules.

• l'nr<>\ity: A drawback ot waste calcines is then high

porosity because a very large surface area is exposed

to the Iciichunt. I xperiments showed ijial leaching

water penetrates the whole particle. COfjtings prohibit

all penetration into the granules and preveni sucking
1 by a capillary el fee I. ,

Major disadvantages of this appioach aie"
• Giihlitioiiin.i! " / tines: The lines geneiated by calcina-

tion cannot be conditioned b\ ibis method.

• Technical pcrti/nnunce Coating pioceduies in fluid
i/ed beds are moie conipk'\ compared with'other
methods. ,. ,,

• \e<e\\itv <ij additional tmiJiiinuini; steps. Coate^
calcines teqtiiie containmeni to avmd dispe^mn and
toijnahle sufficient heal dissipation.

CONCLUSIONS

I'yC and Ni coating is a leasible aliemative to condition

high-level waste containing granules. I ow-tempeiaiuie I'yC

coatings deposited on simulated III W cakmes in labora-

tory-scale experiments showed 7 the advantages of this

method, A conditioned product tor long-term stoi.ige cm

be obtained by a process in which the temperature never

exceeds s:.s K.

Problems m coaling technology due to thiN now-field of

application could be solved by some modifications on the

rather "well-known • lluidi/ed bed CVI). The process is not

fully developed, but after further improvements in process

teclinology it will represent a serious alternative to the

management of waste fixation.
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SOLIDIFICATION OF HLLW INTO SINTERED CERAMICS
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ABSTRACT

SIIIIUI.I ' ,V>I III I W l i m n I Ik1 l"'<< i i 'pr '- 'eessini! pi , in! .it l n k . i i u a s

v l i J i l k ' i l inli i s m ' . c i o l c e r a m i c s In n o r m a l s u i i e n m 1 or l io i -press in i :

.-.jv h_.n.!oi i i"O ni Miiiii- nNiiK's. AiiH'iii; v a r i o u s l e i a m i c p r o d u c t s

i i lnajife ' l so I . u . t he niKsi pri.»ii'r.il'lc 'A.IS i i e p l i e l i n c - H p c sitiKri-il

' i o i u K r u r m i ' i l u n h . t dd i i i on oi ;SK) ami M ( ) . to ilu1 s i m u l a t e d

u . i s t e v a k i n o . 1 hi ' sol id s t i o \ w j j \ a n t a i - ' c o i i s p ioper t i ies in i e . u h r;ite

a m ! ni i ' i 'hani i 'a l s i rens;!!! , v . t i n h siit-'Ci'M t h a t I'IK' i i r a i n i i p i c i l i . . i j s a

p romis in t ! MIIK! v . j sk - ?.>rm. O t h e r I v p o "1 i c r a i n i i SDIJIK won 1

prep. t r ie ] u i t h ^iJtli t i iMis o! / r O , <»r M n O , , .mil sc i ik ' ol i h e i n

shuwi ' i l i'Hiiil LI I . I ; .K l e r M i c v

INTRODUCTION

I ho mosi ad\aiHagciHis solid form ot HI. IW is a vitrified

piodni.1 wh\d\ is •airii'iitly j ixoptod as tlie solid form of

ln;Jil\ ladioaciivo waste tor lonu-tcim >iorat!c. It is. desii-

ahle. l ioucvei . to develop alternative solid waste loims with

moie stahle piopeities than the vilrilieil lonn . since the

diflUMon oi radioiuiclules should be mininii/ed b\ all

iTic,":ns.

One ol the alteinames which ma\ exhibit lonu-teiin
sKibihiN is .i ceiaimc loim. such as •"Supercalcine" oi
"Synioe." ahlunigh..the chaiacteiislics ot those pioducts
.tie not vet well defined.

On the othei hand, the solidification piocess ol Inghlj
radioactive waste must he simple and comenible to
coiiiin'.iotis pioduclion. On tha! basis, the authors have
made some ptehmmaiy investigations to pioduce solidilied
ceiamics ot 111 l.W from the I'NC, repiocessing plant at
•Tokai b\ nounal sintering ot the simulated waste calcine
with the addition ut several oxides. At I he same lime, some
sintered ceramics weie labucaleii by hot-piessitvg as a
le.teience loi the comparison of properties.

DESIGN OF THE COMPOSITION OF
CERAMIC PRODUCTS

The majoi constituents in the waste are, as oxides.
N a ; 0 . Mo() t . / r ( ) : . CeO : , and lamhanide oxides repre-
sented .is Nd ;Ojaniong5|]ssion pioducts. Simulated waste
was piepareil tocthe present experiments as a mixture ot
carbonates, nitrates, and oxides of all constituent elements'
except actinides. Particle si/e of each constituent was
around I jum.by grinding.

Prior to the sintering tests, the compositions of the
ceraiiiic solids were designed on mineralogical considera-
tions. In ordei to immobilize each constituent, various
lelraciory crystals containing constituents weie first
selected, and properties oi those crystal phases were
investigated.

Crystal phases of the major constituents such j s \ a : 0 .
MoOi. and Nd :O^ were ..carefully checked from a mineral-
ogical viewpoint. I'oi example, melting tempeiature. ther-
mal expansion, heat ot foimatio'n.and lattice parameters of
crystals relevant to she capability ol= incorporating ions
were important with respect to the fixation of the nuclides.

A few candidate compositions were defined by combin-
ing the refractory crystals containing constituent elements.
The representative compositie-p designed is shown in
Table 1. The main, crystal of the composition is. as shown,
nepheline. and other1 elements are immobilized as alunfl-
nates or aluminosilicates. The additives required to form
those crystals can be calculated, therefore, as shown in the
table. In the case of A. 14(ol got" additives are mixed with
*>S.I g >.}( the simulated waste giving 4Q wt.'" waste in the
ceramic solid. Other candidates are /ircohia and manganate
ceramics with additions of ZiO ; or MnO : ami SrO to the
simulated waste. The contents of the waste of the /.irconia
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TABLE I

First Candidate Composition of a Nepheline-Type Ceramic

Waste o.1

Constituents

Nn.O
ZrO,

Cs.O
Y (),
U ; O , ....
Nd,O,
Ce6:

Ni()"
l-c.O
liaO
SrO
MIIO,

Cr.O,
Rh'.O

udcs

(irams
(Wt.'/f>

33.8

').')

5.1
,,'•3

3.(1
• 1 4 . 1

5.7

t;r
6.7
3.3
2.(1

Kl.d
(1.6

0.7

9 K.I

N:i,O
ZrO,

/r()j
(\,0
Y.O.,

• l . a .O '

Nd,O
CcO,

"""sfo •
l f , ( )
BaO •
SrO •
SrO •

Additives, grams <v.i./<i

Compounds ; A l jO ,

• AI,O,

• SiO,
• A I , O , •

. •AM),
: • Al : 0 ,
, • ALO.

• A l j O ,
ALO,
, • AI,O,
MnO,
MIIO,:

• 2S.O, 56.14

4SiO, 1.K5
(1.59
(1.94
4.27
3.38
2.89
4.36

MnO, + BaO • MoO,
Dispersed

74.42

Total cit additives
Composition A
Composition l i

SKA, SrO

65.54

(4.83)*
4.35

. 2 2

69.89 2.2
(74.72)*

146.51
(151.34)*

' N u m b e r s in p a r e n t h e s e s i n d i c a t e a d d i t i v e a n d t o t a l s l o r c o m p o s i t i o n U.

ceramics may rise lo 60 wl.'<\ Chemicals with grain si/c of
around I /jm were used as additives.

SINTERING OF THE CERAMICS

The simulated waste and additives were weighed and
mixed in a ball mill with and without binder. The mixtures
were then put into a mold and preforms were fabricated for
normal sintering. The preform si/e was 50 mm in diameter
and 10 to 15 mm thick. Nomial sintering was performed>in
an electric furnace at temperatures from 1000 to 1400 ('.
The waste content in tiie ceramics varied from 10 to
40wt.'.'f for ncpheline typo and from ,i0 to 60wt.'V for
/irconate and manganate ceia-tnics.

Dense ceramic solids were obtained by sintering at I 200
U) l.i00°C for OtO inin in each material providing the
content of the waste is properly adjusted. Ceramic solids
were also fabricated by hot-pressing the compositions
which yielded dense ceramics by normal sintering. Hot-
pressing was performed at 1200 to 13,00°C and at a
pressure of 300 kg/cm2 in an alumina mold!

Sintering tests of a few compositions gave the following
results.

I. Dense nephcline-lype cetamic solids were obtained
from the composition of 30 to 40 wt.'.V waste oxides by
normal sintering at a temperature around l300"C lot 00
to ()0 min. Hot-pressing also gave dense nepheline ceram-
ics at 1 250 to 1300"C for 30 mm.

2. r'irconatc ceramics good in appearance were fabri-
cated by normal sintering or hot-pressing when the waste
content was around 40 to 50 wt.". The operational data
are similar to those for nepheline-type ceramics.

"3. Manganate-typc ceramics were fabricated similar to
nepheline ceramics with a waste content around 50 wt.%.

4. Minor additives have considerable effects on the
densification of ceramic solids. Addition of increased
amounts of SiO to nepheline-type ceramics and addition
of SiOj and SiO to zitconia and manganatc types are
effective in the densification of these ceramics.

5. Addition of a vinyl acetate binder to the mixture
of chemicals is also effective :h densification.

A. When the sintering temperature is high, e.g.,
1400"C. some ceramics arc half melted, and when the
tempera lure is low, almost all are left as preforms.

Titanate:type ceramics were fabricated by sintering the
simulated waste with additions of TiCs. SrO. A12O3, and in
some cases SiOi. Some looked well sin'^red.

CHARACTERIZATION OF CERAMIC
SOLIDS

Characterization of the ceramic samples obtained in the
sintering tests was carried out. Crystal phases of the ceramic
samples were analyzed by X-ray diffraction. Figure I
illustrates X-ray diffraction patterns of ceramic solids

156



3.05

(A)
JL~JU*--W W ^ M V L

Hoi Prut
1420 *C i JO mid

»300 kg/cm* In N, go

1.88

(B)

Hoi Prtn
l3OO*Ci3Omin
1300kg/cm* in Nj goi

Normal Sinl«r

IZO0#C*240min in air

(C)

Normal Sinter

1300'C i 240 min in air

25 30 35

: N«pft«l(rt« O :

O : NdAIOj

4 : FtAIOj
]"BaMoO4

40

P •• Pollueitt

Z •• ZrSiO,

45 50 55

Fig. 1 X-ray diffraction patterns of solidified ceramics.

obtained from nepheline-type composition. The main
crystal phase, nepheline, is clearly identified in diffraction
peaks, and other expected crystals, such as Ba, SrMoO,,,
NdA103, FeA103, ZrSiO4, etc., are detected. Figure 2
illustrates the X-ray diffraction patterns of other types,
such as zirconate, manganate and titanate compositions.
ZrO2 and fluorite crystals were detected in zirconate
ceramics, but many unidentified peaks remain. Diffraction
peaks observed in manganate and titanate ceramics were
unidentified except for a few peaks of SrO • Mn02 in
manganate and SrO • TiO2 and beta alumina in the
titanate.

Bulk densities of ceramic samples were measured.
Although theoretical densities of mixed ceramics are hard
to calculate, they are. tentatively estimated from those of
composite crystals. Estimation shows that theoretical densi-

ties are 3.2 g/cm3 for nepheline type when the waste
content is 40 wt.%, 4.4 g/cm3 for zirconate containing 50%
waste, 3.9 g/cm3 and 3.5 g/cm3 for manganate and
titanate, respectively, with 40% waste. Bulk, densities of
ceramics obtained by hot-pressing weremore than 95% of
the theoretical density (T.D!) when the temperature during
processing is appropriate. Temperature range for proper
hot-pressing for each type is from 1200 to 1300°C. Normal
sintered ceramics, on the other hand, showed that their
bulk densities are dependent not only on temperature and
time for sintering but also on the composition of additives.

Dense nepheline ceramics (>90% T.D.) are obtained
only when the sintering is performed at a temperature of
1300°C for 90 min or more on the composition containing
excess SiO2. Zirconate ceramics need a higher temperature
and a longer time for densification than nepheline ceramics;
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1'ig. 2 X-r;iy diffraction patterns of ceramic solids. A and B,
zirconate (normal sinter); C, manganatc (normal sinter); D, titanatc
(normal sinter).

that is, a temperature of 1350°C or more and 200 min of
time are needed. Bulk densities of manganate and titanate
samples showed that densifieation was initiated at lower
temperature, around 1100°C. Bulk density reaches 90%
T.D. at that temperature. Figure 3 illustrates the change in
bulk density of nepheline ceramics vvith sintering tempera-
ture.

Leach rates of dense samples were measured. Sample
disks were cut and ground, and, after the measurement of
surface area, sample pieces were immersed in boiling
distilled water. The weight loss after 24 hr immersion gives
the leach rate. Dense nepheline-type ceramics hot-pressed at
125O°C or more and some sintered at 1300°C showed leach

rates
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of 5 X 1CT5 to 5 X 10 6 g/cnr • day. Zirconate

ceramics sintered at 1300° C had a leach rate of 5 x 10~4

g/cm2 • day and those of manganate and titanate types
were as low as 10~3 g/cm2 • day, even for samples sintered
at l?00°C.

Ceramic solids usually include pores, especially when
they are made by a normal sintering process. Since the
leach test was performed on bulk samples, open pores
directly affedt live leach rates. Thus the production of
sintered ceramics should eliiiiinate open pores by strict
process control. Nepheline:type ceramics with appropriate
additives and with 30 to 40wl.% waste may constitute a
solution to the ceramic solidification of HLLW.

Thermal expansion coefficients of the samples were
measured. Nephelinc types have coefficients of 90 to
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l;ig. 3 Change of density with temperature during normal sintering
of nepheline-type ceramics with 30 or 40 wt.% waste.

105 x 10 7/°C for solids containing 30 to 40 wt.% waste.
Zirconia types have higher values of 130 to 160x 10" 7 ,
manganate types have values of 110 to 150 X 10 7, and
titanate types have values of 80 to 120 x 10 7 . Thermal
expansion coefficients of the solids increase with increasing
amount of simulated waste because of the,Na2O content.
Thermal expansion of ceramics can be estimated if they are
theoretically dense by the additive law of the composite
material.

Thermal conductivities of the ceramic products were
measured. Dense ceramics of all types show values of 0.01
to 0.015 W/cm • °K. Thermal conductivities of natural
rocks are around 0.02, and those of the solids obtained in
the present tests are a little lower.

The mechanical strength of the ceramic solids was
measured as bending strength on polished samples
5 x 5 x 30 mm. The values obtained for dense ceramics of
each type are similar and are in the range of 100 to 200
kg/cm2, which is close to values of sintered bricks of clay
minerals.

PROCESS EVALUATION

The sintering process is generally simple and productive.
When hot-pressing is necessary, however, production be-
comes intermittent and time-consuming. The authors
considered this in fabricating the waste-containing ceramics
by a simple sintering process. Although the answer is not
quite clear yet, the results were encouraging, especially
when the waste was sintered with A12O3 and SiO2 to form
nepheline-type ceramics.

The other point to consider is the form of the waste.
High-level waste from a reprocessing plant is in the liquid
phase, so it is desirable to use I1LLW as the starting material
and put die additives in it, which will be our next
experiment.

SUMMARY AND FURTHER DEVELOPMENT

Tests were performed to develop an alternative solidifi-
cation process of HLLW from the PNC reprocessing plant.
Since the properties of ceramics are expected to be
appropriate as a solid form of radioactive waste, ceramic
solids were made with simulated waste powder and additive
chemicals by normal sintering and hot-pressing. Composi-
tions of the waste-containing ceramics were designed from
mineralogical considerations. Four types of compositions
were tested: a nepheline type with additives of AI2O3 and
SiO2, a zirconia type with ZrO2, and manganate and
titanate types with MnO2 and TiO2. The contents of the
simulated waste were varied from 20 to 00 wt.%. Sintering
tests and characterization of the ceramic samples revealed
the following.

• Dense ceramics were obtained by normal sintering at
1 300°C and by hot-pressing at 1200 to 1300° C for
nepheline and zirconate ceramics. Bulk densities of
the solids were better than 90% T.D.

• Bulk densities of manganate and titanate ceramics
reach 90% T.D. at a sintering temperature of 1100°C.

• Minor additives such as SrO or NiO have considerable
effects on the densification and properties of the
ceramic solids.

• X-ray diffraction analysis showed that the expected
crystals were formed in nepheline-type solids either
by normal sintering or by hot-pressing. X-ray diffrac-
tion peaks of other type solids are not well identified.

• Leach rates of neplieline-type solids are on the order
of 10~ s to 10~6 g/cm2 • day for samples sintered at,
1300°C. No samples were fabricated which have leach
rates of less than lO"4 g/cm2 • day at 100°C.

• Thermal expansion coefficients, thermal conductivi-
ties, and bending strength were measured. Bending
strength of the solids was as high as that of the fired
clay bricks.

Further development is necessary in order to adopt
ceramic solidification as an alternative for the solidification
of HLLW. One of the main objectives is to improve the
properties of the waste-containing ceramics, especially the
chemical durability. The sintering operation and composi-
tion of the additives should be refined. For the simple
solidification process, HLLW and liquid additives will be
examined in the near future.
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EMBEDDING METHODS OF SOLIDIFIED WASTE
IN METAL MATRICES

W. Nl-UMANN
Oslerreicbische Studienguscllschalt fiir Atornenergie Ges.m.h.lL, Institute

of Metallurgy, Research Center Seibersdorf, Vienna. Austria

ABSTRACT MATRIX MATERIAL

The embedding of simulated waste calcines by three different
methods—vacuum-pressure casting, centrifugal casting, and metal
stirred with the calcines—was investigated. The 'experimental
performance is described and advantages and disadvantages noted.
The feasibility of embedding fines by stirring in metal >vas shown. In
addition, an estimation of the influence' of porosily on the
properties of composites was carried out.

INTRODUCTION

Solidification of high-level liquid waste is the main
conditioning procedure for long-term storage. According to
the safety requirements in this field, it is necessary to
provide containment for the conditioned product. The
containment should act as additional protection against
damage of the solidified waste by mechanical impact,
leaching, and temperature effects.

Vitrified waste cylinders are to be stored in stainless
steel canisters in which the glass melt has been poured, as
an example. Two additional functions of the container are
necessary to store advanced waste products as well as
calcined waste granules, i.e., avoiding dispersion and im-
provement of the release of radiation-induced heat. The
latter cannot be provided by a canister alone.

These requirements are best fulfilled by embedding the
granules or pellets in a metal matrix. Safety considerations
in this field demand a product of very high quality. A
careful selection of matrix material and development of
suitable embedding methods must be carried out.

In the following tests an Al ;12% Si alloy (G AISi 12;
Al. 12.0 to 13.59?. Si; 0.3 to 0.57c Mn, max. 0.4% Fe:max.
0.15% Ti; 0.1% Zn, -"Nig, Cu) was used because of its
excellent casting properties. Experiments witli similar alloys
have been conducted in the laboratories of Eurochemic'
and 1NI:L.2 Comparative tests with lead (Pb. 2% Sb. - - 1 %
Sn) were performed by the use of only one embedding
method, i.e., vacuum-pressure casting.

The matrix material has the properties required con-
sidering the following functions of the container:

• High corrosion resistance, particularly against water
leaching

• High mechanical strength (tensile strength a^ =
1 8 x 107 N/jTii)^^.

• High thermal conductivity (X =145 W/mK)
• Excellent resistance against radiation
• Compatibility with the solidified waste
• Fission product retention
• Temperature resistance (melting point 850°K)

In addition, economic considerations have to be taken into
account. The selected matrix:material is

• Easily available (commercial alloy G—AISi 12)
• Cheap (~4.3S/dm3)

As far as easy handling and transport are concerned, the
following properties exist for this alloy:

• Very good machinability
• Excellent casting properties
• Low specific weight (p = 2.65 g/cm3)
• Hard to contaminate au'd easy to decontaminate
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POROSITY 7.

Kg. 1 Calculated difference between ccnterline and ambient tem-
perature (AT|> of porous specimen/A'l ]j of hulk specimen! as a
function of porosity.

PROCESS REQUIREMENTS

Running a process with high-level waste requires an
embedding method which

• Should be as simple as possible to carry out with
automated controls or by remote handling

• Generates little secondary waste by volatilization of
radioactive components, dust generation, or con-
tamination of parts of the equipment which must
often be replaced

• Fills all the intergranular voids

Regarding the last point the influence of porosity
should i;e noted. The thermal conductivity decreases
significantly with increasing porosity. According to these
results, the centerline temperature of a waste cylinder
increases with increasing porosity (Fig. 1). The estimate of
this increase is given by the ratio X/Xo versus porosity, f,
which was calculated by the use of the following equation

X _ 1 - £ ( 1 )

Xo 1 + 1 If2

This equation was found to predict the behavior of porous
materials, especially metals, and, considering the great
difference in thermal conductivity of matrix material and
of the ceramic granules, the equation characterizes the
conductivity of composites also. Porosity in a composite
additionally increases the centerline temperature; e.g., 10%
porosity in a 50% metal—50% granule composite raises the
temperature from 373 to 450°K.

High porosity is a particular drawback concerning leach
resistance. The metal niatrix acts as an additional barrier
against access of a leaching medium. Porosity accelerates
the leaching process since less intergranular barriers exist to
retain the leaching medium.

The resistance against mechanical deformation strongly
depends on porosity. Porous Al Si test specimens showed
no elastic deformation. That means small loads produce
large plastic deformation by the collapse of the metal
bridges between pores. Such deformation may decrease the
leach resistance since the intergranular barrier could be
destroyed. „

EMBEDDING METHODS

Vacuum-Pressure Casting

It was found that the metal did not penetrate all
iiuergranular voids if gravity forces only are used. These
results are in close agreement with experiments ofi;

Limb.2 liven a pressure difference supplied by evacua-
tion of the intergranular spaces could not fill all the voids.-
An additional driving force was necessary to push the metal
melt between all the granules. Very good results could be
obtained by increasing the pressure differential by a
pneumatically driven piston.

The granules were filled in a crucible made of graphite
or high-temperature resistant stainless steel. Solid metal was
located above the granules in a crucible. After evacuation
and heating by induction, the metal melted and began to
fill the large voids first. At this moment the piston suddenly
supplied a pressure on the metal surface and forced the
melt between the granules. The piston was then removed to
avoid subsequent undesired interaction with the metal melt.
Cooling coils on the bottom of the crucible made possible a
stepwise solidification from bottom to top avoiding shrinK-
age voids.

Advantages of the method are
• Simple procedure -=•
• Easy to scale up , ., „. -
• Very low porosity of composite
• No shrinkage voids "
• Very high granule content

Disadvantages are
• Vacuum required
• Possible contamination of piston surface

This method also allows casting of a protective zone around
a nearly perfectly filled metal-granules composite.3 The
casting procedure remained unchanged, but the granules
were filled in a cage made of stainless steel screen. Between
the cage and the crucible wall a gap was provided to be
filled with matrix material during casting. In this manner, a
zone free of high-level waste containing granules could be
achieved which acts as an additional protective barrier
(Fig. 2).
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Advantages of the composite block wilh piuleciive
/one are

• No welding necessary
• N " matrix cutit;ti.jici interface
• Impioved leach resistance -
• Improved mechanical si length i«

Disadvantages of this product are
• Contamination-free /one can be guaranteed only if a

minimum granule si/e is defined
• Additional containment

Centrifugal Casting

The addifionaf driving force described above could also
be supplied by rotating the container. In "a bench-scale
apparatus one crucible was filled with preheated granules,
another one with the metal. After metal melting both
crucibles were tilted in a horizontal position and pushed in
rotation around a perpendicular axis, so the metal was
forced out of the melting crucible and into the mold with
the granules. The gas in the intergranular voiils was
simultaneously pushed away if vacuum was not supplied.
This method is usually carried out in practice by gold-
smiths. An internally mounted grid prevented segregation
due to centrifugal effects, which would occur because of
the different specific gravities of porous granules
(p = 1.4g/ctn3) and metal (p = 2.65 g/cm3). The grid can
be replaced by a screen cage mentioned;previously.

Annular waste cylinders -could be produced by a similar
centrifugal casting technique like casting of tubes.

Advantages.of this method are
• Almost non-porous composite (Fig. 3)
• Very high granule content ,
• No vacuum necessar>!

• Possibility to cast various forms .
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Disadvantages an:
• Maintenance ol (
• Djllieuhies in scaling up
• Diificuli handling

Thixo Casting

'Che e.xpeimienial woik 'wi th vacuum piesiuie casting
icprescnls a turthei development oi this method. Studies
with' centnlugal casting apply a well-known technique to
the problems undei eonsideiati'on. I lie following method is
based on a newly developed embedding technique. "Che
granules were Mined in the metal melt.

In all the casting techniques, the great ditieience in
density between metal, and waste calcines causes segrega-
tion. Theielore an inhomogeneous distribution in the
composite will occur unless a mechanical obstacle pmhibils
the driving up ol the granules. But lines cannot be ictained
by a screen or othei device. The problem to be solved using
this method is the conditioning ,of calcined lines.

A chance to keep the calcines homogeneously disposed
in the metal seems to exist only if a higli,,viscous, almost
pasty metal melt (such as the state of metal used m, thixo-
casting) delays the driving up~ until'*'solidilicat,ion occurs.
The problem,,which remains is the initial dispersion ol the
calcines in the melted matrix. A possible solution seems to
be stirring the lines together1 with 'the granules by a
mechanical,stiirer. - „

The feasibility of this method u> achieve a homo-
geneous distribution was experimentally tested bv stirring
the fines together with the granules. Calcines (32''' granules,
\27r lines) were heated by induction together with the
Al Si alloy. At a temperature of a few degrees above thuc
melting point the mechanical stirrei mixed the components
until all calcines were surrounded by metal. Then cooling
started andi solidification began immediately^. The first
results were encouraging, and further tests were performed
with various types of stirrers to improve the dispersion. A
stirrer like a feeding screw transportedIhe fines in the melt

Kig. 3 Calcined granules in an AISi matrix.
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lig. 4 (cimpiisitc containing irapmcnts .is well as lines. ^ o

very well; nevertheless hettei results could be obtained with

;i stiner which looked like.;;t kneading hook.

•Advantages of this method are
,» Simple proceduie? ;

u ' •->
• No vacuum leqtiire'd

• Hues' could lie embedded (J ig . 4)

• liasy to scale'up

Disadvantages unr

• (Wntaminaiion'oi the slinei

% Porous composite

• Kesincted calcjjies content

<REFEBEIMCES

1. J. v̂ .iii ( i i f l , t|. I sclirich, j i i d T . l )en l lcu \ . Cnmlitionin)! oi SoLid
Hiu'ti I owl )V:isto I 'rmliais bj Disporsion ink) Metal Matrixes, in
Rii.iuiuviirr lljv/c I nun the .Sucii'i^liul CytU', AICliF Sympn-
s u n n , Vi i l . 72s Se r i e s 1 5 4 . K. A. ; [on i i i i ! s en <] d . ) . 1 9 7 6 .

2. K. M. l:;ni)Ji, h'ingPjicpDiP, l)tn/npinciii i>l a Mclal Matrix tyr
IQmiwvrcial Waste, DOI- Report KT-

, , . . , * ' , , , , •' , - I 144. Idaho National I'lSiiineiiini; l"ahoratorv, '1978.
0 1 c o u i s e t h e i e a i e m a i n ' p r o b l e m s l e t t , sy ihiti , ,. . ,A' ,° .- " . . , ,- /.n <• / - i

' ... . 3. K. Knclita ami W. Neumann, Mital ImhciJiJiny <><, Simulated*extended test series are necessary to get the process icady

I'oi a "hot running."
IH W-d'ruHiiIci: (in " (ienma-yl S(;Ar-Ri-pi>rt-2K5fl, Ausirian

AtiMiiic I IUT)J \ Research I.hi., V'feana, 1(>J7-.-.

.A B

163



DEVELOPMENT OF CERMETS FOR HIGH-LEVEL
RADIOACTIVE WASTE FIXATION
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INTRODUCTION

A piogiam lias bui'ii Miiliatcd to develop and eva'hiate an

alternate high-level ladinaclive ° wasle tixalion me tin id

\viik'ii \ iclds a ceinicM waste hum. Ibis method i:. based on

toirliiuilogy,, pievionsly developed IIJJ the prepaiation of

special eeianiie noiitron. dosimetiy mateiiajs. ' Only minoi

adaptations vvete vequiied lor the application -of'• this

' piucess to9 (he solidirieatk)ii and fixation ol high-level

wastes as cermets.2 Uoih the pioces'jing method ami the

lesulting pmdlicl possess unique and advantageous leatiues.

Significant waste volume reductions togethei with, high

w a s t e loadings and low process volatility losses ol fission

pmduet radioiso(i>pes have been realized in out exper-

iments. The cermet form possesses high theimal conduc-
1 tivity. good leach lesistance. durability, and high nieclian-

^rcal 'strength.

C This Cejmet was'i'e toirti fixes mosi of tlie ladiuactive

elements in wastes as micion-si/e particles1 o f cf\ stalline

cciamic oxides, aluminosilicates. 01 lilanates. all uniformly

dispersed in a metal matrix. The metal maliix is composed

ol "fiydrogen-iediicible metals ahead\ piesent 111 the waste

<u added to hSrmulate an alloy"composition pioviding high

tbcrtnaT c o n d u c t s i n and resisiance 10 cormsive envi-

| i . i u : h ' n : >u \\ : i i l l " •• • • < ! • • i i i l - - : - - i i 1 - i ; V " . ' • i i v . ' i

1 1 - j 11 i - . i r < 1 1 !•• - I l i ^ ' l i : : ;•• , h . i h i , , i ! - . t P - . - i ; ; . : ! ! : u : , j i i i o - i ^ r . , i t i > i

l e i n h ! « . ' i l - . - ! a i i i i " i n . i k e t i n , . o i n i r i a i n - . n l 1 . h i e . i l • . ! . i j i ; ; ! i r . '

I • i t M > . I l i e i C K U i i k p h a v ^ ' - . f i " ' V i d i . ' .: ' ! ' - . ! I f . f l " "'• •' w a ^ t e

l l \ a M ( i n . v . l n l c t h e t n c : ' ; i l a l l o y ; i h a - , e u t l i e •. e i n i e !

T i n - J I ' > c n L : i | ) ^ i i l . i ! c - - . ih - . - . . e . ' a n i k p . i i ' t j e s . u u l p r o v i d e s a

s e c o n i l l e v e l ' i t h \ a M o n .

CERMET PROCESSING

I he basic pmcess loi llits ceimet totmation has been

lepor ted . 1 ' ' hmvevej. significant process inoilitications

have been made in iccent months. A flow sheet loi

laboratory-scale, batch' pmcessitig is shown in Fig. I. where

each operation is pet (aimed as an individual step. Shown in

this flow sheet aie the additive materials and subsequent

pioducts geneiated dining processing. Developmental ef-

forts now: in progress should simplify the cermet piepar-

alive process so as to be amenable to continuous full-scale

opera tilings as illustrated m the abbreviated How sheet.

The fust step i;i this pioeess involves dissolution of the

waste and of specific additives tequired for the formulation

of the desiied ceramic phases and the metal alloy matrix.

Dissolution can be accomplished in nitric aci.'|_.or. if the

metal additives are in a soluble h u m . direclKf "Sj'JiJiolten

uiea. When dissolution is pdifoimed in isltrfe>.iA;id. the

solution is concentrated by heating, and then uiea is added.

Alter the waste and additives aie in solution in molten urea,

the precipitation and calcination steps can be simulta-

neously pcrfoimcjJ b> injection of .the urea solution into a

rotary calciner. The lesulting calcine has been found to be

siimewhat agglomerated. Theietoie. j spray calcmei is mm". .

An).,
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REDUCTION AND SINTERING

CERMET

Fig. 2 Process iini'rovenH'nts smipliu prt'pjrjiion ul trniK't hi(;li-
K'ifl waste lonns. . ;i

being fabricated which should yield a calcine powder that
can be readily densified. .. j ;i

Subseciucnt to calcination, the powder is compacted by
extrusion or pressing into any of a variety of shapes. Water
is now used as a binder because it has the advantage of
being more easily removed from the compact during
sintering than were the previously used organic binders. In
the final processing step the reducible metal oxides, such as
oxides of copper, nickel, iron, cobalt, etc., are reduced in a
fl2 or CO atmosphere to metal and form an alloy which
encapsulates the unreduced-ceramic oxides. Thus, the final

dform has a metallic appearance, and this cermet is the
storable form. Recent developments in our cermet sintering
tecluiology have very significantly reduced the required
sintering times and temperatures.

Several aspects of this process, outlined by the flow
sheets, merit further discussion. Throughout the chemical
and physical processing steps, volatility losses of cesium,
strontium, and particularly ruthenium are very low. fn
processing various simulated or actual wastes the maximum
volatility losses encountered were 0.27" fovkesium, O.239r
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CERMET CHARACTERIZATION
AND EVALUATION

f e n n e l characteri/alion and lcs l in | expciiiiicnts aic at

various levels of completion. The largest elTorl lias been

perl'onned on simuialed waste cermet's designed to iepre-

sent Nuclear I-'uol Services (NI'S) acid /Tliorex waste. SRP

sludge and acid wastes, and the projected Uainvvell wastes.

Simulated wastes- containing key fjdiotiaeeis. such as
i : l 7 C s , ••'""'R11, and H "S i . are , being used to evaluate

volatility losses dining processing and the leachahility of

icsultafit cermets as a function of piocessing parameters.

One experimental conversion of each ol three high-level

wastes., i.e.. SRI' sludge. SRP untreated acid, and NT'S acid

Thorex. has been performed in hot cells, and the resulting

cermets arc being evaluated.

Txtensive observations on typical cermet samples b\

optical and SIM metallography ha\e been made. The
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A v .mol \ ot le.iJi Lest5o have been p e i f i ' i m e d on

ladiot iace i -Ci in ia in ing s imula ted was tes at 0 K N 1 . and Pa 0

cilic \oithwest l.ahoraioij (P\L)."While the data obtained
,iii iirP.se tests indicate low ceimet lenehability? the results
ifa;ie pielimin'aiy. Refined cermet leach.testing tc.chnii|iie>i to
..generate quantitative leach"'data are being developed at
ORNL. In the series of leach tests performed at PNL. all tests
but one were complicated by galvanic coupling between the
cermet samples and various metals within the different
leach testing apparatus. The orie meaningful experiment
was a .i-day Soxhlet test whidushowed a cermet weight loss
of 0.00.2'.,', coiresponding to a calculated leach rate of
" X 10 ' 'g en r ' d . Results based on •'^"'Cs analyses
showed a total cesium release of 0.024T;Uwhile m>
luthenium was detected as j;/jving leached in this testt.,This
Sovhlet test was the only <>se for which data are available^
foi comparison with a glass waste form During identical
.Soxhlet testing of 7S-6K glass at PNL. a rate of
2 x 10 gem" d was determined using a weight loss
method. No value for cesium release during this test was
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DENSIFICATION OF CALCINES AND DIRECT
CONTAINMENT OF SPENT NUCLEAR FUEL

IN CERAMICS BY HOT ISOSTATIC PRESSING
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o ! t i i e d e s i i e d ' m i H e i a l c o m p o M i i o n s c o n t a m i n i ; l l ie w a s t e

e l e n i e n l s c a n h a v e t e n t h o u s a n d t o o n e m i l l i o n t u n e s m i n t

M i l l i e a i e a p e i kg t h a n a l u l l v d e n s e b l o c k o l t h e s a m e

m a ' . e n a l a n d t h u s w o u l d h a v e ( . u i i e s p o n d m u K I n u h e i t o t a l

d i i s o l u t n m K i t e s . T h e u s e o l h o t i s o s t u t i c p i e s s i n g ( H I P ) i m

(. ( . . i iMi l ida l io t i a n d L o n i a i n m e n l o l n n J e a i w a s t e i n t o

" l o c k - l i k e s o l i d s " w i t h t h e " i n i i n u U i h i l y t \ • >t t h e m o s i

s t a b l e n u n e i a l s " " h a s b e e n s u g g e s t e d ' I h e l e l j t n e h l : ig l :

p : e - . s , i i e u ^ e d in t h i s p r e s M i n : l e j u i h i u e . .is w e l l .is <(II.

l l i ' C i ' - i ' i n i e i . s i ' i n a l ; j p p l R . i t i o : ! 1 1 t > ! p . ' e s s u i e . m . i k o s i t v e • ••'.

HOT ISOSTATIC PRESSING OF
REPROCESSING WASTES

ij
Hot i sos l a lR |iiessing;Je;.in be app l i ed lo piodCice dense

b l i n k s .it a wide lansi1 o | par t ic t i la te was te* . S o m e

e x a m p l e s aie given m l|i'g. I . S t a l l i n g ma.lerial c o u l d be

d i lk - i en t iv pus ol s\ nijiietiL' m ine ra l a s s e m b l a g e s . 1 '[ \\

cou ld also be I i i e r h u l l s ija a su i t ab le m a t r i x (e .g . . m u l l i t e l .

und isso ived lesidi ies t i o jh the fuel d i s so lu l ion t a n k s in a

iv-processing p l a n t , oi a [ihes o b t a i n e d b \ i n c i n e i a t i o n ol

d i f l e i en t o i g a n i e lad io l ic t ive m a t e r i a l s . • L.uch o f these

s u b s t a n c e s can be d r i e d , o p t i o n a l mine ra l t ' o iming a d d i t i o n s

can be m a d e , and ihe l i iaiurial can be Tilled i n t o me la l

c m U a i n e i s w h i c h are I'iniJiy e v a c u a t e d and w e l d e d t i g h i . If

ilio ma te i i a l has been de.!.i\ d i a l e d and d e n i t r a t e d at ' ) ( ) ( ) ( '

HI h i g h e i . e v a c u a l i o n |i.-an be m a d e cold oi omit ted. ' 1

A l t e r n a t i v e l y . l inal evacii i i l ion is m a d e a! 7 5 0 to S O O T . A

ciintaii iei wi th its c o n t e n t is ihen i i e a i e d b \ I I I ! ' t o a lul ls

dense bodv wi th a min i i t jum ol ac t ive s iu face and in a l o i m

sui tab le lo i l ong - t e rm stjjiiage. An i n i p m t a n t l ea lu i i ; ol the

H I P p m c e s s t i o n i .in e n v i j o n i u e n l a l po in t ol view is tha i the

meta l ^oi i la ine i wi th \\v; was te p i o d i u t s can be h e i m e t i -

^.ill> v.i luil at a c o n i p a i a l u c k low t e n i p e i a l u i e T h e

1 (••« i



in the equipment, and the separate metal layers will, during ii'iii silicate matrix. The fission product content is 21'.;.
the pressing process, bond together to one thicker metal Standard 72-hour' Soxhlet leaching tests on ciushelld

envelope. Figure 2a shows a typical microstructure of crystalline materials appear to give much higher leach rates
simulated waste of type PW-4b treated to supercalcine than relevant for long-term corrosion. Results fiom investi-
(McCar.thy-1) and IHPed to full density (4.2S g/enr1). It gations of ihis.for aluminium oxide are discussed later in.
contains about 70% fission products. As the heat generation ;: this paper. However, bearing this in mind a typical result
from such a product would be quite high, one possibility is might be of interest. Table 1 gives some values tor a 30rf '
lo distribute the material in an array of axial holes in a • sirpercaleine of a I'W-4b 70'? mullite mix lilPed to full
metal cylinder, e.g., copper. After filling the holes with density (3.53 g/cm3). The fission product content was 2 \c'<.
supercalcine powder a thick metal lid would be emplaced The material was crushed, and a fraction 250/jm to 3oO/vm
and an outer metal envelope hermetically sealed. During the was sieved out. The specific surface measured by BLT was
HIP process the supcrcalcinc would be fully densified and : ^ l500em : /g (which is much higher than for glass but
in intimate contact with the copper structure for good heat supported by SliM studies of both materials). The higher //
dissipation. A compact, riiultibarrier waste form couUi be leach rales obtained for the fission products than for the '
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n u i K ' i a l c a l l e d C O I U I H I I I I I I - O I s a p p l i m ; . o A l : ( ) | . h a s h o c n ( . w . i ?• 5 ^ M N m " ) i s L i i i n p a i a h l i - - I n i l i o s i i . o n j i i l i " I t h e l i d

s o l o c l e d a s . . j l i o i n n s l s u i l a b l c m a l o i i a l I x v a t i M ' n l U s ( . ! 7 l l + 4 5 M N • m : ) a n d [ h o >_• i ' - Jn 1 a • n e i v . a l l

availabililv. good physio;il pmpoi nov ;HHI ovcollont olioini- (.^S1' * 2J MN.'ni1'). The losls we'ro mado in ^-pnini bonduii;

cat ciiriosio11:iosisI;inco. with 20 mm span on .'• x .?- x -(.S-iiim lesl bais.

Willi support 11din the Swedish ntiliiies an iiiiensivo Attempts tn. dotoimine the conosioti lute m ynHind-

dovelopmeni piugium to doinonstiale llie feasibility ol wateis of typical oomposiiion in tho Swedish bedrock (pli

using si.icli nialoiials in canisteis u( 1 lie roquiied size has 7 to l>) luivo boon carried out with a number ol techniques .

been carried out . 7 A high.purity law material (more than in Sweden and abroad. An objective of these tests would be

9').8'/?' AliO.i) was selected in oider to be able to compute to compare the synthetic corundum material with the

the properties of the synthetic nwtenal with the. natural natural mineial. Data from the natural occurrences of

mineral. The feasibility study has shown that it is possible corundum in alluvial materials, and particularly in laterites.

to make such canisters, of fully dense material (more than show the long-term stability of alumina. Corundum hardly

99.5% TD) using HIP (F-"ig. 4) . The canister has an II) 'of seems to weather at all even in heavily leached lateritie soils ̂

0.3 m and a 100-mm-tliick wa!L It can contain 150 UWR which it is known took of the order of 10 million years to

rods or about 400 kg uranium oxide. The totai length ol-' form.11 JV-



, « i l 1 0 0 ( ' en b e l o w , il m ; i y l a k e \ c a i s In l a k e n i l t h e siiilact.1

l a v e i s d i s t m h e d b y s a m p l e p i e p a i a t i o n a n d o h l a m i c l e v a i i l

s t e a d y - s l a t e f o i j n s i o i i i ; i l c v II is w e l l - k n o w n l l i . i l g u m l i n g

01 c l a s h i n g p r o c e s s e s c a n a c t i v a t e m a k ' i i a l s . e . g . . In c i i i s u t y

h i g h d i s l o c a t i o n d e n s i t i e s m h i g h l y i c a c t i v c p o i n t s m i

c i y s t a l s . T h e s t u d y n l ' i h e l o w t e m p e i a l u i e s o l u l i o n - ot

i | i K i r t / b y M o i e V el ; i l . " i l l u s l i a t e s t i n s v e i v c l e a i l y . [ 0 1

"'"' s t a n d a r d S o x h l e t t e s t s ij-l I l l l V d o - A U O , , . t h e s a m p l e s

u o i i s i s l e d o l e i u s h e d m a t e i i a l in th'J- s i / e l a n g e 250 t o

.i50 fim. The surface aie'u ol typical samples was 400 cm" g
as dcteiniined by standaid 131 I measurements. With some

, samples an attempt was made to simulate aging by
pietieating the crushed material in an atitoclaye^at \40'C
Wit 30 days in a sodium carbonate solution (10 niM CO, 2 .
pll 10.5 at 25°C). A stainless sleel screen envelope contain-
ing approximately I grain of such a sample was used. The
Soxhlet leaching was performed at M00°C with the 10 nil
ciip drained every sixth minute. The tests-were interrupted
at regular intervals (minimum 3 days), and weight changes
were measured. Figure 5 shows total corrosion and cono-
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Fig. 5 Apparent corrosion and coiro'sion rate as function of time of :

• hot isostatically"pressed a-Al.Oj (>99.8J"r AI2O,). density 3.974
g/cm3, in Soxhlet leach . testing (~100vC). Both as crushed and
crushed and aged samples (by ;iutoclaving in a carbonate solution) .•<
have been tested.
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IMMOBILIZATION OF HIGH-LEVEL WASTES
IN SYNROC TITAN ATE CERAMIC

A. I . RINCWOOl; and S. [•.. KlfSSON
Austnili;ii) Nhitional U.,nivvtsi(y. ( ;i!)lKirni,°Ati

ABSTRACT

'ihe elements ociumni', in Inch-level nuclear (C.iolor wastes can -
be salely immobilized by iiKoipoi.tlmi: them witiun^thc trvstal
lattices of the lonslitiient phases ol a tilaiute ccramii. SY'NKOC.
Close structural analogs <il these phases ("hollandile," perovskile.
and zirconolile) ociui in natuie and have survned Im periods of 20
to 2000 million years in geolo;;i;.al conditions tar more extreme than °
would he encountered in anv proposed r.idwasle rcpositun.
Moreover, ancient nalural zirconoliles, although i»ctauixt. appear
to have successfully immobilized V and I'll lor periods e\icediii)",
500 million years dcspitc,alplui-p:,iitide tlu\es tar moreinlense than „
those likely to he leceived by the titanate ceianiK. Accelerated o

leaching tests in water and saline solutions show that SYNKOC is
unaffected aflei 24 hours at extreme conditions (up to 900' C and

. 5000 bars), whereas iiorosilicate glasses decompose within a few
hours under much less severe hydrotheimal conditions (e.g.. .VSOVC
and 1000 bars). The combination of these leaehin^results with the
geological evidence lor lonn-tetm stability indicates that SYNROC
should be vastly superior to borosiltcate glass in its capacity to:-
safely immobilize high-level wastes.

A variant of the SYNROC process appears to be particularly*
well-suited for immobilization of. 11. S. military wastes. The modi-
fied ceramic waste form consists of the three major SYNKOC phases
(holliindito, perovskile, and zirconolite) plus a variety of refractory
Fe-Al Mn bearing titanates and spinels, which are. ..tlicrmo-
dynamically compatible with (4re SYNKOC phases. The SYNROC
phase-rsyrve to immobilize fission products and octimdes, while the
additional refractory pluses. serve -to immobilize-the Ix" APMn
oxj'jcs, which constitute a very large proportion of the calcined
sludges. These additional phases include psfiidobrookile (AI,TiO5

l ;eTi,Os ss), liercynito (l'eAl2O.i), nlvuspincl (l ;ejTi04), ilmenite
(I-eTiO,), and "BAIT" (essentially BuAlj.l-e.Ti, , q , f ) . Warn- .„_
loadings about_4J;jmes_ higher Ihirg jlioste of glass could readily be °
achieved, offering considerable o'coifoii.'ic^id sat,'ety_benefits relative

to glass technology.

INTRODUCTiOfM

Hie '->ale nnniohilj/ation:- of high-Jevel wastes (HI.W)

resulting"-tiom terjrocessing of spent nuclear fuel tequirei'

tlieii isolajion•ftoin ihe bnisphete.lyr periods of lO"" to'106

yeais. It is widely; assumed that this objective can be

achieved by burial of the wastes in an apptopriate geologi-

cal repository. However, because repository integrity?

cannot he gtiaianleed with ceitainty over thtps^very long

• petiods. it is essentiai to provide an additional isolation

hairier based on the" stability of the waste form itself. We

will detuotistiate below Ihat.titanale cetamics produced by

the SYNROC process constitute exceptionally inert, and

resistant waste forms and eanseJrve as tfie'primary barrier

prevenlii|glthe contamination of the biosphere. <,

INCORPORATION OF HLW IN
CERAMIC MATERIALS

iWosilicate glasses containing up to 25% HLW are

currently candidates for immobilization mediaHiowever,"

there is an incrcasfhg body of evidence to suggest that they

are far from being optimum materials for this purpose:

Bbrosilieate glasses readily devitrify and alter'"3 in a period

of days when subjected to niodest hydrothermal conditions *

(.water pressure of 30,0 to 1000 barsj temperatures 300 to

400°C). Alteration is accompanied by a deterioration of

-mechatilcal properlies and an increase in the teachability of

highly dangerous species such-as cesium arid actinides.

Detailed studies show that glass-alteration mechanisms are
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jj.im-.y- rv irJiirutcK olid

Jkj--'-. . '"'PMjA-i.t JN jqiif ' i i^

;-• 1 i v j vr.i'»itig n i a t e t u )

!'•. j r . J l;^r-i"i.H' i ' iu A l l o t

•.• « i . i ld rv." j d i : u \ e d w i t l i j

.HI. ] v > ! d - p i e ^ ' d llit>' i Nl

••„!•. rx- ' . . .

11-. .. tm v-. • * . i i j b-.- il'^u^i w i t h \

JJ.i> ^.li.'-. ••'• v l l l l f ^ C t O JcV3>|.r,t |fc|/j! |<l| | .

b-.j I'̂ û J with\a ^i lid'jnd= ihô n
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USE OF NATURAL ALUMINOSILICATES AMD POROUS
CERAMIC MATERIALS FOR THE INCLUSION

OF RADIOACTIVE WASTES

I \ LAZARTV. 1 A SHASHl'KOV.
V: (.}. Klilopin R;ulium

ABSTRACT

l).i'.i

in.1

MIII; !hi\p",.-"us'iii 'TfMMU mater ia l s . MKII as dij iwimte.

:<". ttn. i tK. i ! | ' o r . i ;n 'n nl r . i i i iu.Klr.v u a s t e s arc

pri-M-nfi-J h i ; L b o r u t n n - v . a k 1 e x p e r i m e n t s on s imula ted litiuid

AjsU^ l! has been sli'twri tha t ' h e i ipcra l i ' ins tt! s n l u l i o r f a b s a r p t i o n

h\ p o r o u s mater ia l^ , d m n i ! a n d u k m . i t i o n oj salts in pores , ami llie

subsequen t * onversioii info izlab-A phospha t e - s i l i i a t e p r o d u c •. 'sfcm

•'." f\- pruiniMtii; i n u n a lttliT)nl.Mi;ii.al pnjni ot view. IInv pnidui . I is

i h.ir .uTi 'r i /cd b \ a v u l u i m ka^Muii; : j l i ' u! tho order ut Id '

L1 . i : i s • d and puful res is tance in LrvMalli /alicm. I h e o m t e n ! "I

\ . i r i u . j \ • i \ i d f s m the u a s i e s eaii a t ta in 15 t<> 20 \ u . " . T h e data nn»

"the d e p e n d e n t e >>t phis t i i i ly and npen poros i ty of the t lay- l ike

I'! 'diii Is on \ a _ O . S r ( ) . / r O _ . . and \ l n O ; m n i i ' m art' also given.

INTRODUCTION % '

Ym solving the prohiufr. ol biosphere prtttection againsl
long-lived radionticlides. one should take into account all
the stages of waste management from processing to end
disposal. The integral safety provided by a protection
system is determined by safety parameters for each
constituent part of this system (barriers). None'of these
barriers nor their features taken separately assure the
reliability of radionuclidc localization.-So, a low-leaching
rate of radionuclides from a solid composite and a higher
leaching rate from a different Waste form bear no single
valued indication in favor of the first composite without
considering the protection system as a whole.

The recently outlined option for a necessary series of
protection barriers in a radionuciide-eontaining solid com-
posite1 must envisage waste storage. In addition, this
option should not only- reflect the higher reliability of the
protection system with increasing number of protection
barriers but should alsb be complemented by notions about

VU. V, KIZNI ISOV.\md R I. I Yl BISI V
Instituti. I cnmintul. USSR

their correlation and compensation. The-waNte composition
and thcrmal-ph; sical characteristics £il = Kuiriers should
naturally be taken into consideration as well. , "

In I ig. 1 a possible approach to the qf&ntitalivc
evaluation of leliability for the complex.,protecti;orksy5tem
is shown. It is seen thai the required reliability of the
protection system, regardless of,the evaluation method.
Aiojild be guaranteed by protection barrier combination's.

„ Stage curves within the barrier show the use of different
materials and different conditions in the storage "area.

On the basis of the presented concept for simplicity of
, technological operations=and with decreasing cost of liquid

MLW^and MLW treatment, we study the incorporation of
these wastes into clay-like and porous inorganic materials.
The available published data : ' s on the utilization of these
materials and their properties are scarce jn comparison With

a the information x>n glass. We report here some results of our
investigations. ^ ' " " ' :Sa - »•

USE OF POROUScMATERIALS

Investigations on the use of porous materials were
aimed at elimination of technical difficulties i£f calcination
processes in fluidi/ed-bed equipment or in spray drying,
and the difficulties of one-stage processes, e.g.. can melting.
When liquid salt-rich waste was fed onto a small melt
surface.6 This is also connected with using cheap materials
and facilitating the waste processing flowsheet as a whole.
Our investigations have been conducted on diatomitc and

» shamote, the! characteristics of which are given in Table 1.
The composition of simulated feed solutions is given in
Table2: •
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TABLE 2

Composition of Simulated Wastes in
Experiments on Porous Materials

Concentration

Components

NaNO3

Cst-JOj

Sft N 0 3 ) ,
LaiNO3,)*3

AI(NO3 ')3

l-cfNO, )3

Zr(NO3)4

riNO,

Molc/liler

1.95
n.06
0.06

o 0.21
0.16
0.02
0.01 „
3.00

,g/Hter

166.0
LI.4
12.3
6 7 . 1 •-
34.9,,
5.3.,'
3.4 ,

189.0

Wt.^'oxides

50.3
6.7 o
5.0

28.0
7.0
1.5,
1.5

V'-

„ Absorption of waste solution and drying and denitra-
tion pf salts in the pores, following conversion after
phosphate addition, were studied.,The work was performed
on porous materials in the form of small cylindrical blocks.
The blocks were placed in vessels of proper diameter, the
feed solution was poured out to the upper level of the
materials, and after-exposure(fhe solution was/Jty evap-
orated. Therefore', several operations of "absorption dry-

iti)j" weie earned <>ui. which maH<ss it possible to introduce
iriiu the material tuna- than 40 wt." salts (as oxides). Then
the salts were deniirated at'JOC/'f. On evaporation, drying,
and calcination, the material retained its1 mechanical struc-

? l/;iie. and no visible damage was observed. All the work was
fcondiKied undei,, normal opuiaiing conditions. The content
ot lesidnal nitrates was shown to be less than I X 10 *
mole g. .i, '• a ,

The stuijj of distribution of oxides in the.jblock volume
revealed, irif the case oij diaiomite. the change in their
(joncentr;.',;;ms depending o n the height (1.1 to=1.7 limes)
and de|K>nding on the diameter (1.2 Jo A.% times). On the
addition of sodium metaphospKate at 1000JC ''to trie
''oxide-saiuialed" diatujnite or shamote (4 weight parts per
I weight part of porous oxide-containjng material, i.e., ~2
mole per 1 mole, respectively), the material was dissolved
completely: <>n cooling, a homogeneous glassy product was
prepaied. The complete dissolution occurred ajso on
decreasing the weight ratio to 3 : I (molar ratio <M .5 : 1).
life" same result can be obtained on the addition of
oMfiophosphnrie acid. ,

The .sodium leatlung rate from the final products for
the first days wa,s ol tlieo order <>f ib s

s ^ c m 2 • d. Jn
addition, the feed (diatomite and shamote). intermediate
(oxide-contyiningj diatomite and shamote),!J and final
pliosphale-silicati; produefs were investigated by means of
differential' thermal analysis. IR-spectrwscopy, and X-ray
phase analysis! The feed calcine prepaied from the solutions
of the same composition fii the absence ofeporous materials
under'the sarae 'conditions was investigated by all these
methods.*; >''' ; a > ' „ • .„

&X-ray phase analysis has shown transformations in
calcine resulting in many crystalline compounds. Among
,tlie°individual nontransformed oxides, iron oxide (Fe2O3)
remained intaci° The absence of nitrates and nitrites was
confirmed.

o During calcination the interaction of .calcine compo-
nents with carrier material was observed in pores. The
sodium silicate phase (Na2Si03) was particularly identified.
The large interaction was established by IR-spe=ctroscopy as
well. °

The final products at the molar ratios of charge to
porous material (including oxides)FequaI to 2 : 1 and 1.5 : 1
are X'tay amorphous, which is'indicative of glassy "
phosphate-silicate form. °The resulting diatomile. products
iwere quite X-ray amorphous; in shamote a minor non-
identified crystalline phase was evident. The glassy-oroduct
was also confirmed by IR-spectroscopy. ^

The results of differential thermal analysis of the ,
diatomite and shamo'le products are presented in Figs. 21

and 3, respectively. The data obtained support deep
transformations in the feed calcine and point to the
interaction of calcine^ with porous materials. Furthermore,
jt is shown that thiTglassy phosphate-sjiicate products are
highly resistant to crystallization. On DTA-curves, only
slight endothermal effects, probably due to softening
processes of the materials, were observed.
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USE OF CLAY-LIKE MATERIALS

In one o| the communications we have already ad-
vanced some arguments-ill1 favor of using clay-like materials
101 incorporation of ladinactive waste.2 It should be added
that these materials hold the greatest promise for including
finely dispersed radioactive sludge, precipitates, spent in-
organic soibents, waste caicines. etc. In this report results
are presented on the investigation of the incorporation of
individual metal oxides into ceramics based on Cambrian
clay in order °to determine their influence on plastic
properties of the mold mass and open porosity of sintered
products. The investigations were conducted on Na 2 0 (in

. the form of NaOII). SiO,;jZrO2. and Mn02 .
Air-dried clay was,crushed"and mixed in a ball mill with

some, of these substances introduced in quantities of 10 to
5O'wt.%: after mixing with water the plastic paste was
prepared and cylindrical products were pressed at ~5
kg/enr. The products we:e dried and sintered at 900 to
1100'T. , "

An exception to these operations was NaOII. Plastic
molding in the presence of this component was impossible
even in the amount of 10 wt.%. Therefore, half-dried
forming of pellets in1 press-forms was performed (at a
moisture level of 5 to 10%). .The products were sintered,
depending on sodium content, within the range 750 to
850°C. The. mixtures containing 50 wt.% SrO possessed no
sufficient plastic properties. In the case of 10 to 30 wt.%
SrO. the paste hadegood plasticity over the entire investi-
gated range of ZrOj. and MnO2 additives.

The dependence of open porosity of sintered products
on the content of individual components is shown in
Table 3, It is seen in this table that in all cases the open
porosity increases with increasing content of the substance
introduced into clay. On incorporation of .SrO and ZrO2,
close results were obtained; namely, low porosity (0.1 to

TABLE 3

Dependence of Open Porosity of
Ceramic Compositions on the Incorporated

Components

Components

NaOII.,,

SrO ° e

MnO2

0
ZrO2

Content, wt.%

10
20 •„
30

10
= 30 °
c 50

^ 10
30
50

10
30
50

Open porosity, %

1.2-1.9
' 3.4-5.7,

2.1-7.3

,1.0-1.2
0.4-1.0
5.1-10.5

0.8-3.0
° 1.0-4.5

14.0-16.0

" 0.1 0.4
0.1-0.8
4.9-10.0^

1.29c) at a content of 10 to 30 wt.% and a sharp increase in
»porosity (4.9 to 10.5%) at an oxide content of 50 wt.%. A
similar dependence was found with MnO2 incorporation,
but the values of open porosity were higher— 0.8 to 4.5%
and 14 to 16%, respectively. This can be due to decomposi-
tion of dioxide"and oxygen release on sintering. Higher open
pofosity occurred in the case of NaOH; it attains 2.1 to
7.3% with.20 to 30% content of NaOH.

CONCLUSIONS

The use of porous inorganic materials, such as diatomite
and shamote, compared with other techniques being devel-
oped for processing of radioactive waste, has shown that
laboratory-scale experiments present some technical and
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technological advantages. First of all, the use of pojous
inorganic materials facilitates the calcination process of
liquid wastes and the process operations under rather mild
conditions. Moreover, the final phosphate-silicate glassy

, product is made of cheap, available materials,. Jh"i's_.product
^is^at least competitive with phosphate glass since l^e,
sodium leaching rate is 10 * g/cm2 • d and is resistant to
crystallization. The performed operations provide°'thc in-

- corporation of 15 to 20 wt.'f. waste oxides:
The use of natural clay-like materials fot incorporation^

. of various fine dispersed radionuciide containiJigjsibstances
also looks promising. The .compositions based "on these
materials are prepared by means of plastic forming tech-
niqubs and incorporate waste oxides up to 50wt.%.
However, more definite conclusions about the techniques
being developed can be drawn only after the scaling-up

0 operation and after verification of the results obtained on
real wastes.
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V. IMMOBILIZATION OF RADIOACTIVE
WASTES-CERAMIC AND GLASS
PROCESSING

VITRIFICATION OF ICPP HIGH-LEVEL
ZIRCONIA CALCINE

. R. BERRETH. D. GOMBERT II. and H. S. COLE
Allied Chemical Corporation, Idaho Falls, Idaho

ABSTRACT

Hiph-lcvcl failioaclivc.calcined defense'wastc (-,50 wt.'.V, CaF2 )
is vitrified usiiif! a frii containing 66'^ SiO,. 24'V Na,O. 8'7 15,0,.
and 2'.;; Cu(j. Ivtl'ects of Na, B, Li, Zn, Cii, and P on viscosity and
acid lcaclr resistance were measured. The t̂ lass contains up to 9'7
lluoridc. Glass properties were measured. f

o • ..

INTRODUCTION

Defense, type nuclear fuels are reprocessed at tthe Idaho
Chemical Processing Plant (ICPP) to reclaim the unspent
uranium.' The resultant high-level radioactive liquid wastes
are temporarily stored before solidification by a fluidi«?d-
bed calcination process.2 High-level wastes at the ICPP have
been routinely calcined since 1963 and stored =in near-
surface engineered storage facilities.3 "Approximately 1700
m3 of calcined waste has been produced. Composition of a
zirconia type calcine, the most prevalent type produced, is
shown in Table 1. Except for the fission products cesium
and strontium, this calcine is quite resistant to leaching:4

however, regulatory criteria may require that calcined waste
be converted to less dispersible, more leach-resistant mate-
rials. An alternative being investigated at the ICPP is
conversion of the calcine to a glass.5 Zifconia calcine is
quite refractory due to iijs alumina^and xirconia content;
also, it contains fluorides which are potentially'corrosive at
melting temperatures.

Glass formulations have been developed for several
types of defense waste* and for use with commercial-type
high-level wastes.7"1 ° None of these glasses contain the
high fluorides or zirconia content of the ICPP waste. To
reduce processing and off-gas cleanup complexity during
remote operation, our glass development work was limited

to glasses with viscosity'below 500 poise at 1050 to

; I15O°C. Two basic types of high-level waste vitrification
'processes have been investigated. One type1 is an in-can
melting process' ' where melting temperatures are limited
to ~1050°C.,The other,is the use of a melter such as the
Joule-heated ceramic lined glass melter being developed for =

use in remotely operated facilities.': The'glass developed at
the ICPP is primarily for use in a ceramic melter process,
although with slight modification it^shuuld also be suitable =
for in-can melting.

EXPERIMENTAL METHOD

Over I 00 glasses were prepared at 1 100°C usingca wide
range of glass-forming additives combined with 33 wt.fc
simulated calcine. Glasses were held at melting temperattire o

tlbr 3 hours'before pouring into graphite molds for cooling.
All of the glasses 'Were of aborosilicate tvpe. Based ofpa set
frit composition, a raatrix study was performed where all
combinations of five minor frit components (Li;Oi P ;O 5 .
CuO. CaO. and ZhO) at a set percentage were varied to

; measure' the effect of the components on melt viscosity and
acid leach resistance. For the study. Na^O and B2O3 were
held constant in the frit at 24 and 14wt.^. respectively,
and the'SiO; was varied with the Elinor components. In
addition, the effects of varying N a : 0 and B2Oj on melt
viscosity and leach resistance were also measured.

Several leaching methods were evaluated on the experi-"
mental glasses. These included Soxhlet (boiling "distilled
water), simulated salt brine solutions, groundwaters, and
buffered \M acetic acid solution tpH 3.8) at 25°C. For
leaching. 100 ml of solution.! was used with 4g of glass.

, Glass samples were ground to a -16 to+32 mesh size range.
Variation in leach resistance was most pronounced in the-
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TABLE!

Composition, Wt.%, of Calcined ICPP Zirconia Waste

AI,O,

13-20

ZrOj

18-24

CaF,

50-56

CaO

2-4

NO-

0.5-2

B,O3

2.4

r Fission
" products
and actinides

0.2-1

b

Miscel-
laneous

= 0.5-3

acetic acid solution. Buffered acetic acid leaching was used
except4 where otherwise stSJed. Based on analysis of the
melting and leaching data, seven glasses were chosen to
study the effect of °25 to 40 wt.% calcine concentration on
viscosity and leach resistance. The variation of calcine
constituents, such as dolomite and alumina, and melt
temperature (1050 to 1200°C) on melt viscosity and leach
resistance was also measured. A frit composition was
thereby selected which produced the best glass within the
limits of the experimental tests. s
=.,;.." Experimental glasses were analyzed for"fluoride content
using a potentiometric method which involves fusing a 5-g
sample with NaOH, dissolving the fused mass in a sodium
citrate-trielhylamine-NaCl solution and" analyzing the
solution with a fluoride-specific ion electrode.' 3 „

EXPERIMENTALRESULTS °,. 9

The viscosity of experimental glass melts was deter-
mined on a relative scale ranging from 1 = ~50 to 100 poise

to 5 = ~500 poise. Two major constituents in the experi-
mental frits are soda and boron oxide. Melt viscosity
decreased from just pcmrable (^500 poise) at 12 wt.%

nNa20 to a readily pourable melt (50 to 100 poise at ~24
wt.% Na2O) as shown.Jn Table 2. As the B2O3 content
increased from 8 to 18% in the frits containing up to ,24
wt.% Na2O the viscosity increased slightly, but at 28%
NajO viscosity decreaseda with increasing B2O3 . Leach u

resistance decreased slightly (less than<?a factor of 2) with
increasing B2O3 content at 24% Na2O content. Addition of >
jiisi 2 wt.% P2O5 increased melt viscosity significantly; at ,
4% P2O5 the glass was too viscous to pour. The effect of
P2O5 on leach resistance" is not so pronounced;,generally
leach resistance is high when P2OS is present up to 4%.°
Viscosity, with the addition of 2 to 4% Li2O, either ,
remained unchanged or decreased sligKfly, but Li2Onat
4 wt.% decreased leach resistance as much as a factor of 4.
Leach resistance and., viscosity decreased rapidly with the
addition of. up to 6 wt.% ZnO. Addition of CuO up to 4
wt.% appears to decrease viscosity and, at the same time.\
aid leach resistance. r " " „ ••• >" °

At 33 wt.% calcine the effect of combining the minor
frit constituents on glass viscosity and leach resistance was
pronounced in several cases. Relative viscosities and acid
leach resistances are showri in Table 3 for the possible
combinations, at 0 or 2 wt.% of five minor additives, in the
presence of 24 wt.% Na2O and 14 wt.% B2O3 . The best
leach resistance is 'obtained using CuO and P2OS , either
alone or together, or in combination with onear two other
minor additives. Lithium, zinc, or calcium .alone or in If

= TABLE 2

^'Representative Frit Compositions Tested Plus
Viscosities and Leach Rates of Experimental Glasses

1 Containing 33 Wt.% Zirconia Calcine

Frit
No.

37
34

°64
50

"58

66
67
51
63
68

15 57
60
61
70

108

41
., 35

42
73-'

SiO2

70
68
64
60

°. 56

56'
52 :

66 .
5 8 '
56

58
56

> 5 8 , j

56
54' "'

68
66
64
62

Frit composition, wt.%

Na2O

12 "
16

. 20
24
28

24
28
'24
24
24

24
24
24
24 u
24

16 »<
°16

16 o
l£>-

14
14
14
14
14

18
18
8,

14
14

14
14
14
14

"14

14
.. 14

14
14

P,O,

2

2
4

2
2

? 2
2

CuO Li,0 ,ZnO

2
2'
2
2
2

' 2
2

"•2

-2
., 2

2 2
2 4
2 2 "
2 4
2 6

2 u "»
4
6

Relative
viscosity

5
" 5

5
2

=•• 2

3
n = 1

" 2,,
4
5 *

,-.2
= 2

3
2
1

5
4
,3
5

Acid leach rate,
v/t.% lost/19 hr

0.6
i° 0.7

0.7
0.3

- 0.6

0.2
1 . 8 ••

0J °
0.1
1.0

0.5
2.0
0.2
0.5;j

l O . f c •>

oil
0.3
,0.7
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TABLE 3

, 'Effects of Minor Frit Constituents on
'\ Viscosity and Leach Rate for a

i.Glass Containing^WtS Zirconia Calcine

Frit5

No.

,107
50 "

105
103
104
106

63
61
99

101
98

100
''. '91

57,
90

102

93
94
97
95
92

96
88

Q 62
<? 89 ^

7 8 ,

80
74"
86
87
79

.•' 8 1

SiO,

"*62£i
6o"~
60
60
59
60

58
58

\57
53
57

=57 "
57
58 =

,,5,8
58

56
55
55
56 •>

55 o

55
56
56

"55.,
-55"'

"53 =
54"
53
53
S3
51 ;

frit composition, wi.%*

Li ; 0

•i
'•

2

2

2
2
2

2

2
2

2
2
2

2
2,

2
o2-
2

P,OS

2,

c

2

2
2

2

0 2

, 2
2
2
2

2

2
2 " '
2
2

2"

CuO

' 2

2
. 2

2 "

2 '•

>:2

" ,2

°2
2
2
2 ;

"2
2 „
2
2 '

•, 2

CaO

3

3

3

3.
3

°

3
3o

3

3

3 „
3

3

3
3
3
3

ZnO

•

2

2

2

2
2

°2
w

2

"2'
2

2

2
2
2

2
2

Rtlat vc
viscosity

3
2
2 ^ .
1
2-
1

3
"3:'
1
2 =

2
1

•>, 2

2, " .-

1

1
' 2

2
2 "' - J

" 1

2"
2
1
2 D

2

° 1

1
2

' 1
2

; 2

Acid letch rate,
wt.% lost/,19 hr

3!o ,
0.3
0.6

« 4.0
10.0 "
10 .0 •;

o.f
0.2
0.2 °

a 0.3:-
<• 0 . 5 c

0.5
a. 1.0, v

1.5
1.7
2.0

• " - = 0 .2
0 da

•S).2

0:3
0.6

1.0
1.0

'" 2.O.,
2.0 9

3.0' ° ';

0.4
0.4°
0.4

J 0 . 9
, 5 . 0 „ ••"

1.0

*l-'rit contains 24 wU%N20 and 14 wi.% B2 O3

combination with each other, or with other minor addi-
tives, generally produce a-glass of decreased leach resis-
tance. Combining P2Q5 with one, two, or three minor
additives will generally produce a highly leach-resistant
glass. Glasses containing four or five minor additives,
though, are not as leach resistant as are certain glasses
produced with two or three additives.

Based on the above studies, seven glaifes were selected
for additional testing. Of the seven glasses (Nos. 50, 51,66,
86, 94, 95, and 101) tested for ability4o produce uniform
melts at 1050, \\ 100, and 1200°C with calcine conteniXof
25''; 33, and 40 wt.%, glass 51 consistently produced a Ipw
viscosity melt and leach-resistant glass, except at 1050?C
and 40 wt.% calcine, where it was too viscous to pour.. Up
to 10% of the calcine in glass 51 can be replaced with
dolomite (a calciner start-up material) and up to 15% of the

calcine can be replaced with alumina (mixed waste)5 without
significant increase in melt viscosity or leach rate. "

If the fluoride present ,in the calcine were to volatilize
during melting, corrosion of off-gas systems could be a
problem. Results of fluoride retention in 50 to 100 g, glass
samples during melting are shown in Table 4? On, theste
small samples, from 5 to 30% of the fluoride volatilized. On
a larger scale, miich less of the fluoride would be expected
to volatilize, because of the much larger volume ta surface/
area ratio and the cover of calcine that6will be maintained
over the melt. Also, severe corrosion of refractories in
laboratory melting systems has not been noticed, which
suggests control of corrosion in off-gas systeihs may not be
too difficult. °° " ° ° .,

When glass 51 (33 : wt.% calcine) is melted aet' 1100°C, i t ,
retains about 60% of the CaF2 in a crystalline form.0At
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TABLE "4

Effects of Melt Temperature and Calcine
Loading on Glass SI Fluoride Content

Calcine,
wt.%

25

33

, 40

,, f. ' ^

Fluoride content
in glass

<v wt/;; i- •„
" CAT lost*1

r, Wt.% I'
(% [• '"lost)

;" Wt.%1'

(%l? - lost) /

Melt

1050

4.9
(15)
6.9
(10)
8.2
(11)

temperature, °C

" 1100

4.9/ =
(15)
6.2
(19)
8.7 s

(5.4) =

1200

4.,
(30)
$.7
(5.4)
6.7
(27)

.calcining process should be capable of scrubbing -the^
—"f luor ide . " _ » ' "

c" Glass'SI has good ability to vitrify *irconia calcine and
is not sensitive to expected variations in waste content or in,
waste composition^ Devitrification of the' glass does "not
result in loss of Soxhlet leach resistance. Leach resistance in

» a strong acetic acid solution (pH 3.8) can decrease, perhaps
°° up to a factor of 10. Vitrification is one method which3

„ could be applied should regulatory criteria require an

? c o "alternative for disposing of iCTP high-level wastes Vitrifica-
tion is a relatively simple process which should be jeadily

. adaptable to remote operation. c °

-G? TABLE 5 »

Sox hie? Leach Rates of Glass 51 Before and "After Devitrification

Treatment
'condition

; Time, d Temp.,"

"1 700
0.. 1 800
11 14 800

60 700
60 800

• = leach ratc'̂
C wt.% lost/19

0.7
0.9 P
15

t" 3.2,
2-4

® „ ' .1

ulass is completely

Wt.%
lir lost

H.O
5.6

, 1Q..0

"4.2

•' amorphous. There is

° SoShlet

Cs* .. „

glcm* • d
x 1 0 - ' a

25.0
13.0
24.0

9.9 »

; distilled water, 1

Wt.%
lost

4.9
»L2.5 :

4.1
3.0
8.3

o
o

Sr*

g/cm2 • d
x 10~5

12.0
5.9
9.7
7.0

20.0
; 5.0

1 days

Wt.%
lost

3.5
2.8
4?8
3.5
2.2
4.0

Bulk --<?

g/cm2 • d
x !0~ s

8.4
6.7

11.0
8.3
5.3
9.4

TABLE 6„
sbme^jndication that as the crystalline CaF^ dissolves in the
melt, leach resistance in aciflpdecreases slightly t(< a factor
of 2). On holding glass 51 at 700 and 800°^ fo/ periods of I
to 60 days, the ^crystalline CaF2 content decreases,,about
35%= and a hlortdahlite [(Na,Ca,RE)3Zr, „,xSi207)

„ (F,OH,O)2 ] structure appears. Acid leach rate (Table 5)
^increases from 0.7 wt.% lost to ~3 \yt.% lost in 19 hours,

=but Soxhlet leach resistance remains essentially unchanged
" a t ~ 8 x 10~ s g/cm2"- d. , °

TlVe leach resistance of glass 51 to various leachants Is
shown in Table 6. For this study, it was not possible to
measure leach rates of less than 2.6 x 10~~6 g/cm2 • d. It is
evident, though, that ieach rates decrease rapidly after the
first few hours of-leaching. In acid the leach rate appears4o
approximately double with every 25°C rise'in temperature.

CONCLUSIONS

. „ Vitrification of zirconia calcine appears feasible at
temperatures (~l 100°C) which "should be practical for
remote operation. The glass is uniform without observable
occlusions. Some fluoride volatility may occur, and an
off-gas system similar to that presently used in the ICPP

Leach Rates for Glass 51,33 Wt.% Zirconia CSlcihg, 13

in Different Leachants =,' o

-. ~ " • ° Leach rate •,

' Leachant

Acid (HAc-Ac""
buffer, pH 3.8) -

„

Raw ICPP well water

Distilled water .,

Brackish WIPP
groiindwater n

Sqxhlet (distilled
water) \

Temp.,
°C

25
u 25"

50
95

~ 25
25i
25,
2-5"

>N 25_
" 2 5 a

0

95

° Leach
time^hr

' 19
°$4
19
19
19
94
19
94
19 =
94

- ' 264 ..

g/cm2 • dr
x 10" 5 "

16 ± - 2 °
0.6 ± 0.3
2.9 ± 4 =

11.0 t 20
-2.1 t 1

- *

. 3 ± 1 -
#

J 3 ± 1
" , 0.4 ± 0.3

8 ± 2

Wt.% lost

}\, "0.5
- 0.09

0;9
3.5
0.07

*
0 0.09

. . . . • - " *

, 0.08
0:07

a

4.5

° *Bei%,¥mit of detection (2.6 x 10~6). r> \
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DEVELOPMENT AND CHARACTERIZATION OF THE
GLASS-CERAMIC VCP 15 FOR IMMOBILIZATION
OF HIGH LEVEL LIQUID RADIOACTIVE WASTE

W ( , U l i ? ' K . ' M l i r ' s S V I N I K A M I * W M l 1 1 1 K ' . . i n ! I S \ l l ) l "
* K c i h ! < » r M . - | i i i i i ) > s / i - i i l i . _ i i i i i K . i t K i t i l n - « ' « i » M I . ' ' k L i r l s n i i i v "
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ABSTRACT

l inn. .1 H;isvi i-r.nnii m . i i n \ ttjs s\ mht-si/s-il i \ ( I * i .nid >hc

II WV-iitiiMinni)! prmliu I . i V M ' I M -A.IS ̂ mi - s t i> \ i i i \ l •.

. i i i ivi ' ,uul liii'liK r.iih.i.i. l ive si .ill's. In . "inp.inii:' tin- ,-l

iU.itri\ with lhi - t'Liss I'vniliiits. .in irnpioici i it ' i i t in ilnriii . i l

, i ' ifn>pertli's w.'is Inuml. Inn the le.u hull' n-sist.iiii.f » «-

Q ^jbcttcr. 1 ho IIKIIII ;iil\.int.u'o *>t tlu-vl.iss-t I'I.IMII. s\ sti-ni is its Im-hfr

thcrnioi lymini i i i'<itiilif>nutii. whi i h nu rc.isi-s tlii- I tiitru*nii st.tl>iht\

lnul s.iti'ty !,>! sn l i i l i tk i l II \W in lin.il s tu i . i jv:

INTRODUCTION

"lite solidification of "high-level-liquid waste generated
from reprocessing aof irradiated nuclear fuels in a boro-
silicate glass system is the most favcVred treatment method
to make it suitable for final disposal, I he safety in final
storage and the available developed technology impose
certain restrictions on the product properties. Work in

'different countries is -being carried out to develop an
optirn'urn piatrix which fulfills the necessary' requirements.

liordsiiicate glass products containing higlily radioactive
waste oxides arc multicotnponent systems with fission
products, transuranium elements, corrosion products, and
process chemicalswhich are incorporated in an undercooSed
metastable equilibrium state. The fraction of nonglassv
substances in the HAW glass product is very small and
consists of undissolved substances like oxides (CeO2. ZrO2)
and noble metals (Ru. Rh. Pd) and the developed second
phase (molybdate. titanate, tellurate). all of which can act
as nuclei for crystallization;

l! sullkii-tirk
relaii\el> Indi Nt
relaxation litiic

un>lei< ooicd. the tdiiu> phase l u \ J
ilit\ I he stjhjnv i\ Jetined H> the

is the pen-id neifNsjn. ti>r clunpev i»t
>n I lie mainr intlucikinp lj«.l<>r is the

niiibililv lit stniiltiral units JktatoJ b\ the VI\*.OMU in the
medium, provided nut .1 ^rysijIli/jtiiMi piocess is possible
iiiil\,in j liquid state. I ho wvcosin value jt the transtormj-
lion temperature 01 the jdaNS I >(K) t »is jhout 10" : ,Pa • s
.mil the ihaiiA' 111 the structur.il configuration may take

0 t) 'J

pl.Kt* in a relaxation time nl minutes, hours, or daV's When
xtscoMlv increases u\ HI1' Pj • s. structural changes are. in
practice. imp«.srii*!e in J definite time and the teiavition
lime is increased to greater than I(MK) years It has Seen
calculated that configuration changes at a viscir.il\ ot
10"4 Pa • s n\d\ iw.cir alter j pem>d ot \(f years.' i.e..
when the lempeiattMe oi iinjl storage remains 200 ( . glass
structure6 even in the presence ot'crysiiii nuclei, does not
change for a long period (perhaps over IO( years) and there
is no risk of spontaneous crystaih/alion. But an absolute
safety guarantee does not prevail when the temperature
increases 1>> any means ol accident.

, A controlled crystallization' caused by a two step
annealing process (nucleation and crystallization) which
leads to the development: of a glass-ceramic structure
improves safety. In this case a greater stabilization of the
sysieni has been established due to a greater thermo-
dynamic equilibrium reached by heal treatment.

In ll>71, the research and development discussed in this
paper was started at the Kernforschungszentrum Karlsruhe,
which led 10 the development of the glass-ceramic matrix
VC 15 and to the investigation and description of the
derived product VCP 15.:~*
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THE COMPOSITION AND DEVELOPMENT OF
GLASS CERAMIC PRODUCTS
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k. product VCP 15 contains l i ( ) : . K :O.
AnA l i :<): all ilircc .in.1 known asu nucleation agtfrits. In
.iJditit'ii to its suppression oi ( s \i>Lililit>. 11(); acts as one
• >! the main crystallization aaents,

I he laHncation oi ^lassveramicsis similar ID vitrifica-
tion teJinologj, m its meltinj! procedure. HAW solution was
demtfaied and admi\edto prefabricated pulverized VC 15
!ni After beinj! dried and calcined, the mixture was melted
4 hours1 at ,1 200 (' and then poured into a steel canister.

. Hie product was cooled to below the nucleation tempera-
ture. Ihe cooling step was followed by a two step7annealing
process at the nucleation and crystallization temperatures.
The temperatures mentioned were determined from the
differential thermal analysis (DTA) diagram (Kig. I) and by
dilatometry. The nucleation and crystallization tempera-
tures used were 430'C" and 630^". respectively. The partial
crystallization of the product increased its density and
caused volumetric contraction. Hence the,block disengaged
from the walls of the container and a gap around the block
was formed. This complication was eliminated by adding a

-0C 200 K)0 ^00 500 S00 700 tOT 900 10001W0

TEMPERATURE, *C

' .it V( P

G.

calculated ifuaniity ol low melting metal alloy (containing
Pb. Sb. Bi. etc.I tn the container after the firs* annealing
step Ihe gap is thus filled and the surface of the block
covered by a metal laser which represents an additional
barrier against leaching of the product.

Ihe glass-ceramic product VCP 15 has been character-
ized for a number of properties as were the glass products.
(IP1»H. previously.' The changes in some of the properties
caused by partial crystallization are as follows:

• Density trorn 2.X kg • m :J (for glass) to
3.0 kg • m J (for glass-ceramics)° ^

•' TJiermal conductivity„ from 1.2 W • m ' • K '
(for glass) to 2.2 W • m ' • K '» (for glass-ceramic)
(1-ig. 2)

• Viscosity at 1150'C (Fig. 3) s

The evaporation losses were ^etermine'd by methods of
thermogravimelry and radiometry. Tlie volatBity of the
total mass or of a particular substance was characterized as
the evaporation velocity.5

% " "

CRYSTALLIZATION BEHAVIOR AND
PRODUCTSTRUCTURE

Ttie glass-ceramic has been prepared by a°conventional
glass melting process. The basic matrix VC 15 is a glassy
substance prior to annealing. Its crystalline structure is
developed aftej the annealing procedure, i.e., after the
nucleation and recrystallizajjon processes. The X-ray dif-

' fraction pattern of the proddn is very complex and shows,
besides the weak lines typical for noble metals. CeO2, and
titanate. the lines for crystalline structures like perovskite,
diopside. titanite, pollucite, etc.6 Some of these minerals
serve as a host phase for certain elements contained in the
highly radioactive wastes (Sr. Cs, rare earth, actinides). The
same minerals are found in the Australian SYNROC
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Fig. 3 Temperature dependenci'^/Pcrf viscosity ol the melts.
(I> VC 15. (2) VCP 15 (20 wt.'V jfjAW*oxide-). (3) VCP 15 (20 w l . ^
HAW o\ idc, 5 wt.'/; ( k l j O , ) . (4{iyCP 1)5 (18.8 wt. ' ; HAW oxide,
l .2wt. '< P f O 5 . 5 w t / ; (JdjOjJ-: t5) CIP 98 /12 (15 wt.-'? ..HAW
oxide). "

product7 which contains, in comparison with V(IP I5l a
„small quantity of a residual glassy pliase. The StM
photographs of the fired and fractured surfaces of VC !$>
and VCP 15 show a fine crystalline structure with crystal
size below 100 nm.

The controlled crystallization influenced certain prod-
uct properties, making them more suitable for .the final
storage. The values of density, thermal conductivity, and
mechanical strength increased after recrystallization. where-
as thermal expansion and specific heat decreased con-
siderably. A summary of the main properties of HAW-
containing glass-ceramic product VCP 15 is given in
Table 1.

TABU I

( (imposition ami Physicodii-ii»ic«l Properties of the Hifhh
- (4av>-< eramk Product VU» 15

V( )< triT

HAW " \ ide

( umpiMiiHN^of V'(

SHI

1.(1 .

\M>.
\ M.O

Nii It

k<>
li.U

( OfUP<»l(KH1 Of VCP

15 M L wt.':

< t

I 'M

I 'M

c

i i

' ^ ;

15 Product, wt.'!

SV'i
15.il '

4.(1

(xhemic»l Properties

Dt-nsiij ik? • m I
\ |M . .S | I \ (P.. • M il IJ Sll (

Iflliperriure 1 < ) .il Ml V.P- v
lherm.il c\pjiiMotvrK ' x Ml ' 1 j i

Mid I..4II0 <
f 1i.trj» tcristtS lemperatutes ( (1

' I , . , ir.insl(!rm.i'.i«>n point
Mj,, delurmatinn point
Tp, sDtfvnint: pointo

liiormjl I'Onduclivity "
(W • m ' • K ' I

At 4(10 <

o Al 167 ( -.- o •-•
1 lectrkal conducliviti

(S • m ' ) x 10' at 115(1 C
Specific heat (J • kg ' • Is ' ) x 101

v 1 vaporutiun vvkteity fnim the melt at
1150r (in • s ' t x io "

Mftlranicjl strength
Impact lest fnv • I ' I x 10 "
Microliardness {V.f • mm ' 1

l-ncrpy storj.to after 2.3 x 10' ' rads
(J v>M ' >

Nu-difliision coefficient al !150'C
(cm2 • s4 ' )

"Ud'ut-dilfusion coefficient at 500 C
„ (enr • s ' ) (Ref. 6| ' a

2.') «,

*.*
10X6

4 4 0

="?(|4

' 72"! ..

2.!.':
2.20

1.1 o

1.46°

1.9

hJ
7X0

1.08 x 10'

1.5x10'

<2 x10 ' '

" K'M

11.2
••

507
6 5 0

(.75

2,.(to
2.03

1.4

2.1

6.4
720

HYDROLYTIC STABILITY OF THE
PRODUCT

Hydrolytic stability of a solidified higfily radioactive
waste-containing product at high teri^&tures is an impor-
tant property for final storage. Based on storage conditions,
the leach rates in some media are, of interest at normal and
elevated (boiling) temperatures. Higher storage tempera-
tures are caused by heat production from radioactive decay.
Elevated pressure can be expected when stored in deep
geologic formations, thus a combination, of elevated tem-
perature and pressure can e>ist.
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I he Soxltlet te>t was jv.-d as an internaiiiHialk 'known
,; H'-k -metli>nl lor k'a».h lestin^ All tests were made
:KCi«r<Im»; u^ ISO standaij proposals (Table*-, Inactive
leaching experiments showed nuinjy Si. , \ a . and H <.oniain-
ma >>jKtarkes. i.e . the glass-phase components, were
le.K hej out limn the yfuss .ind also trmn the jdasN-ceja.iiiii.
.i:ia!ri\. I he remo\al >>t the glass phase Ir^m the prodiK!
s.irKke van He seen Nearly >m photomicrographs u3*ei the
i-'iimpltfthin o! a So\hle,t test. The selective leach rates of
radioactive components liorn '• '% acti\e specimens were
Mr.eral orders ol magnitude l.iwer iFian in the inactive
experiment's; hence these selective results should he used to
estimate 'he radioactivity release by leaching as opposed to
usint1. tlit? overall leach rates o! inactive components: I he
lower leach laies of radioactive components l.rom glass-
ceramics in comparison with glass can lie explained by the
mineral host phases ol the glass-ceramics previously men-
iioned which bind radioactive elements more firmly than in

TABLE 2

Leach Rale Values fur HifhK Radioactive (.la*-t entities
VCP 15

I each rale
Methods and substances (kg • in • s

" In* live Specimens
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11.1

Highly RadKiacdvc Specimens

EXPERIMENTS WITH HIGHLY RADIOACTIVE
SPECIMENS

I he highly radioactive glass-ceramic specimens of
VCP 15 were prepared, as cylinders'' H (diameter ^ mm.
volume -350 cm' (., with the characteristics show:' in
I able 3. These specimens are being investigated according
to a long-term investigation program. Besides the leach tests
mentioned, a series ol other measurements has been
conducted which includes macroscopic (7 scanning) and
microscopic (a. (J. 7 autoradiography) distribution of
radioactivity, ceramographic investigations of,, the structure
(optical and SI M>. and storage experiments at normal and
elevated temperatures in air and dry sal} formations. Some
specimens are three years old. and previous investigations
have shown no considerable changes in their structure or in
other properties. Leach tests of highly radioactive speci-
mens showed considerable leach rates for a few nuclides
such as l 3 V s . 1 3"Cs. I44Ce... I25-Sb. I 5 : l 5 4 h u . and
2 4 ' A m . Other aclinides were not detectable. Noble metals
Ru. Rh. and Pd were also not detectable in the leachant
because of their elemental state3in the'specimen and
resultant high degree of insolubility (caused by denitfation
of the HAW solution).

CONCLUSIONS

When the results of KfK borosilicate glass product
,(GP'l).S 12) (Ref. 5) and of glass-ceramic product (VCP 15)
are compared, one can see that most of the properties of
the glass-ceramics are better than those of the glass,
especially thermal properties. The leach rates are also
slightly better. The most important advantage of the
glass-ceramics is their greater thermodynamic equilibrium
and consequently unproved product stability for long-term
storage. !i\

R. i

„ (

1

1

1

1

1

• •ni U-mprr.ilurc \'J
ir.iwnn In 1 loi.ill
.11 tiwty.t ini.ili
.u iron I M U I I

' 4 ( s - ' ' '( s li.,
4 4 ( i' i'r
'•' Ku Rh w
: ' S h
" • ' " l u
4 1 Am

Not tlcicrnnned.

TABLE 3

f. < X I I I

2.9 x |o
.•< .h x 1 0

1.9 x 10
2J x 10

n.d."
h.4 x.lo
2.5x10
4.1 x 10

—i

1 n

1 7

1 '
1 2

1 2

I 1

' t 1

i :

Characterization of the Highly Radioactive Glass-Ceramic
Product VCP 15 Specimens

Specific radio-

Burn-up, Cooling Fission product (f. p.)
Jud MWd't .time, V concentration, wt.1?

itctivity,,Ci I

i o Total

I BR 6 0 . 0 0 0 10 .2 214

I W R 2 8 , 6 0 0 S.t) 2 fM. p.-+

4 Wb W0
52 4523 45~5
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PHASE SEPARATION IN NUCLEAR WASTE GLASSES

M . TOMO/AWA.* (i. M. SINGH*.* V. OKA/ ;uul .1. 1. WAROI N;-
M;itc'nals 1-niiiiK'orini! Department ;iiu(?t("lioinistry Department. RenssekierPol\ Iccfmic Instihile.

. I ru\ . Ne\vL'York

ABSTRACT

\ n e t l e i l i w a d d i t i v e w.i-, j . i u n d in s u p p r e s s tin.- l i qu id in l iqu id

ph.1st- s e p a r a t i o n in a nu> le:ir w a s t e !il;;ss; n a m e h . the a d d i t i o n ol

' i . ' » l . >..itb<iii i n t h e n u c l e a r w.isii- ;'l.iss 7 7 - 1 0 7 e l i m i n a t e d Ihe

\ cll>i\\ l i ( | uk l . n i a k m i ' llii1 ies i i l i . ini i ' l jss a p p a r e n t h homo: 'eneciui; . .

H c l r o n m i c r o s c o p y s t u d y s h o w e d , , h o w e v e r , a h c t e i o i i e i i e o u s

IHK r o s t r u i l u r e even in a p p a r e n t l y liiinii>t.'enei.<us , / l . iss s p e c i m e n s . o

'I ill . . n l ..n u iMit i . in ;!P!V:in. l.i r»-.lti. -• tin- vi .him.- iv-..-i | . . . . •-• t ] , , .

s e n mil pli . ise. In i m k T I u e h i r i l \ Ihe ineeh; i i i i s in- invulve i l . i h e e l f e c !

i>l o \ n l ; i l i o n s t i i l e . e s p e i i a l l y I e* I e ' ' r;ilit>, on t he innniseihi l i tv 1

l e m p e r ; i l u r e ol .1 m o d e l s y s t e m . N;* ,O Si(> ; H j O , c lass , w i t h 11.5

m o l e i ron o \ i d e u . i s d e l e n n i n e i l . I h e r e su l t s e;in be e x p l a i n e d (?)

t e r m s 1 >t i on ic l ieki s i ren j : lh ot m m ions .

INTRODUCTION

When nuclear waste is incorporated into glasses, a
water-soluble phase containing molybdenum often, sepa-
rates in the liquid stale'"3 causing a substantial decrease in
chemical durability.

The composition and temperature range of liquid-in-
liquid (glass-in-glass) phase separation are defined by the
immiscibility boundary. When the immiscibility boundary
is above the liquidus temperature, it is called stable
immiscibility while immiscibility below the liquidus is
called metastable immiscibility. A well-known example of
metastable immiscibility is in the Na2O B:O,, SiO2 sys-
tem4 which is used to produce high silica glass.5

Phase separation, observed in nuclear waste glass during
melting, appears to be associated with stable immiscibility
and is the obvious point of concern because it causes
macroscopic inhomogeneity and consequent deterioration
of chemical durability. In addition, the possibility of
metastable immiscibility in nuclear waste glass should also

be considered since this type of phase separation can take
place when glass is held at a temperature near the glass
iransiiion temperature and can cause deterioration of
chemical durability.''

The position ol an immiscibility boundary is influenced
by various factors. The field strength of cations6"1 ° is
recognized as an important parameter; the cation with the
gieaier field siijenglh has a greater tendency =for phase
separation.

l-.arlier it, was reported11"13 that the replacement of
SiO; by silicon can suppress the phase separation tendency.
However,' silicon makes the glass <nglt extremely reactive
with refractories (or canisters) and electrode materials in
electric melting and is. therefore, not desirable.

The purposes of this investigation were to characterize
the phase separation in nuclear waste glasses and to find an
effective additive which could suppress the phase separation;
without causing+detrimeri'tal phenomena such as high
reactivity of the melt.

EXPERIMENTAL

The identification of liquid-in-liquid phase separation
was made by visual inspection. Metastable immiscibility was
observed with a single-stage replica electron microscope.
For this purpose, the freshly fractured surface was etched
with 5'7 HF solution for 5 sec at room temperature, and
the replica was produced by shadowing; with vapor-
deposited platinum at approximately 45° and reinforcing
with carbon. For transparent specimens the metastable
immiscibility temperature was determined by observing the
opalescence after heat treatment at various temperatures.

Nuclear waste glasses investigated were BNWL type
77-107, 76-68 and 72-260. Compositions of these glasses
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^ TABLE 1

Composition of Nuclear Waste Glasses Investigated

77-1117 2 parls (il frit 77-268 + I part of waste PlV-9
76-6H 2 parrs of frit*76-|01 t I part of waste l'W-Sa-3

77-260 2 parts ol Irit 77-269 + 1 part of waste PW-7C

77-268

S i O ,

• n ,
X;

, K.
/ i

,(),

,o

CaO
O3

Wt.'/f

56.7
-19.4

3.(1
6.(1
7.5

~" 3\0'
4.5

76-

SiO,

Na,O
ZnO
CaO
liO^

101

via

59.7
14.2
11.2
7.45
3.0
4.45

0,77-
if

SiO,
B,O,
Na2O
K 2O
CaO
IiO2

AI2O t

CuO

269

Wt.'/f

' ,rS3.7 "
cf-3.4 .

11.9
3.0
1.5
9.0
3.0
4.5,

••'Carbon

IX

reported by BNWL are shown in Table 1. In addition,
model glass composition 10Na2O 50B2O., 40SiO2

= (mole '/<) with 0.5 mole % iron oxide addition was studied
to observe the relation between the immiscibility tempera-
ture and the oxidation state of glasses.'The oxidation state
of glass was modified by changing the melting temperature
and was measured using both chemical analysis'4 and ESR.

RESULTS AND DISCUSSION

Liquid-in-Liquid Phase Separation in Nuclear Waste Glass

Of the three simulated nuclear waste glasses investi-
gated, 77-107 exhibited the most serious visible phase
separation problem and, therefore, an attempt was made to
suppress this phase separation. Since the ionic field strength
is the major factor in phase separation tendency., efforts to
suppress phase separation have centered around lowering
the field strength of cations present in the melt. As a result,
it was found that a small addition of carbon is effective in
eliminating liquid-in-liquid phase separation. Specifically,
with 0.3 wt.% carbon added to 77-107, the yellow liquid
separation disappeared completely.

The function of carbon here is to reduce the field
strength of cations. Nuclear waste glass 77-107 contains
various cations such as iron, titanium and molybdenum
which can be reduced. An ESR study of Fe ' + was made to
see the effect of carbon addition. At low temperature
(12°K) the Fe 3 + signal at g = 4.2 was much larger for
77-107 without carbon than for glass with carbon, indi-
cating the reduction of Fe3 + to Fe2 + with carbon addition,
as shown in Fig. 1. Compared with silicon, carbon is a
milder reducing agent and is not expected to make the melt
highJy reactive with containers or electrodes in electric
melting. In fact, carbon is used routinely in glass industries
to manufacture amber glasses.

Earlier the use of carbon was mentioned to suppress
phase separation,11 but silicon was preferred since it is

6 4 2
Q-FACTOR

O.IT

Fig. 1 i:SR signal at 12°K from l-e** in 77-107 with and'without
carbon.

oxidized to SiO2, one of the glass components. In view of
the highly reactive nature of the siliconrcontaining melt and
'the widespread commercial use of carbon, it appears that
carbon should be the preferred reducing agent to suppress
the phase separation in nuclear waste glasses.

Glass-in-Glass Phase Separation in Nuclear Waste Glasses

Visibly homogeneous glasses can be heterogeneous in
their microstructure, and this heterogeneous microstructure
can strongly influence various properties of glasses includ-
ing chemical durability.6 '15 The electron micrographs of
fractured and etched surfaces of nuclear waste glasses are
shown in Fig. 2. As can be seen in this figure, all specimens
showed a heterogeneous microstructure. With the addition
of carbon, the volume fraction of the second phase appears
reduced. These specimens were quenched from tire melt,
tliusjt is not possible to obtain quantitative information
from these micrographs. However, at least in some speci-
mens, discrete second phase particles are protruding,
indicating a silica-rich composition of these particles. With
this type of microstructure, the matrix composition which
controls the chemical durability of the specimen loses silica
upon phase separation. Thus the chemical durability is
expected to decrease with an increase in phase separation.

Effect of Oxidation State on Immiscibility Boundary

Carbon was found to be an effective suppressant of the
liquid-in-liquid phase separation. A possible explanation is
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Fig. 2 hlcctron micrograph of nuclear waste glasses prepared at RIM, using frits and waste supplied by BNWL. (White marker is 5000 A.)

A. 77-107 melted,at 105C)oCibr 3 hr. ,.. D. 76-68 melted at 1050°C for 3 hr.

B. 77-107 melted at 1150"C for 3 hr. E. 77-260 melted at 1050°C for 3 hr.

O. 77-107 with 0.3 wt.'.f carbon melted at 1150"O for 3 hr.

• M • - " " ' " . 1 9 5
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that carbon reduces the multivalenl ions (such as iron ions),
and the reduced field strength of the ion reduces the
immiscibility tendency. To confirm this, a study was made
on the effect of oxidation state, e.g., Fe2 + /Fe3 + ratio, on
the immiscibility boundary of a model glass with composi-
tion 10Na2O 50B2O;j 40SiO2 (mole %). This glass can be
melted at fairly low temperatures, ~IO5O"C, and has an
immiscibilify temperature of ~688°C. To this glass, 0.5
mole % iron oxide was added, and various Fe2 + /Fe3 + ratios
were produced by changing the melting temperature undec
the same melt atmosphere. The immiscibility temperature
was de termined by heat treating specimens of
5 mm x 5 mm x 5 mm size at various temperatures for
various lengths of time (20 min to several hours) and
observing the appearance and, disappearance of the opales--
cence. ».--=,- =^,

At a constant oxygen partial pressure, i.e., air, the
oxidation state expressed as Fe2J/Fe3 + changes with the
melting temperature in the following manner.'6

In
/FeH\ _ A
VFc2+/" T

- • F + B

where A and B are constants, and A is proportional to tHe ;:

standard enthalpy change AH° for oxidation reaction
Fe2 + ^ Fe3 + and is negative.

In the present study, melt temperatures of 1400, 1300,
1260 and 1100°C were chosen. The Fe 2 + /Fe 3 + ratios of
the resulting glasses determined by chemical analysis are
shown in Fig. 3. Data points for 1400, 1300, and 1260°C
show a trend expected from the equation. The data at
1100°C, however, deviates from the straight line indicating
that the melt had not reached equilibrium at this tempera-
ture in 20 hr. The corresponding immiscibility temperatures
are plotted against the fractional ferrous content, as shown
in Fig. 4. In this range of fractional ferrous quantity for this
glass, the immiscibility temperature is uniquely determined

700
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£ 660
ui

>- 640

.J

m
6 2 0

2
5

6 0 0

" 11260*6"

MIOO'C

\Tl30CfC
• •^J400C
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F.2>F«

0.2

total
Fig. 4 I 'fleet of oxidation state on the immiscibility tempera-
lure of 10Na2O 50B2Oj 40SiO2 mole ','f with 0.5 mole ',?• iron
oxide. Temperature near the data (Joints indicates the melting
temperature.

by the oxidation state. The greater the amount of ferrous
ion, the lower the immiscibility temperature, consistent
with the observation on phase separation in nuclear waste
glass. Thus it appears that the idea8"10 of the ionic field
strength being the dominanjSfactor in shifting the immis-
cibility temperature is/valid in the range of oxidation state
shown here. This simple interpretation may not hold in
general, however, since' it is known "that ferric iron ions
(Fe3 + ) can occupy both tetrahedral sites and octahedral
sites, and ions ia' these two different sites are expected to
have a differepMnfluence on the immiscibility temperature.

Ill/

CONCLUSIONS

i ' °
Addi||on of 0.3 wt.% carbon to nuclear waste glass

77-10,7 f,was found to be effective in eliminating the
separa|ion of a molybdenum-rich yellow phase. Electron
microscope observations, however, showed a glass-in-glass°
phase'separation in all of the nuclear waste glasses studied.
Consistent with the effect of a reducing agent, i.e., carbon,
ojythe phase separation of nuclear waste glass, an increasing
fraction.of ferrous ions reduced the metastable immisci-
bil i ty temperature of a model glass system of

' 10Na2O- 50B2O3-40SiO2 (mole %) with O.S mole % iron
oxide.
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COMPATIBILITY OF ACTIWIDCS WITH HLW
BOROSILICATE GLASS: SOiUWLITY

AND PHASE FOMMTNJN
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^European Institute for Transuranium Elements, Karlsruhe, Federal Republic of Germany and

+Abteilung Behandlung radioaktiver Abfalle Kemforschungszentrum,
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ABSTRACT % ,

Actinidc oxides in the amounts expected* in HLW glass are
completely soluble in the glass. At 1400°K, the solubility of PuO2

in borosUicate glass, is about 4.5 wt.% and is unaffected by the
addition of 20 vrt.% HLW oxides. The presence of 10 wt.% Gd, O,
fives rise to a segregate phase of the type Pu0 7Cc0 2Gd0., O2 and
hence decreases the solubility of PuO2 torl-.3 wt.%.

INTRODUCTION s

6 In addition to fission product elements and the prod-
ucts of cladding corrosion, high-level waste (HLW) contains
a number of different actinides. For a stable HLW glass
product these actinides should be homogeneously dissolved
in the glass. The formation of actinide-containing phases is
undesirable because they may adversely affect the proper-
ties of the glass. For example, they may increase the rate at
which actinides are leached from the glass; they may cause
the glass matrix to crystallize during storage; or they may,
as a result of helium production, decrease the mechanical
strength of the glass. It is important, therefore, to establish
the limits of solubility of the actinides in HLW glass.

EXPERIMENTAL

The solubility of actinide oxides (UO2, NpO2, PuO2,
AmO2 and CrhO2) in two simulated (hence not radioactive)
HLW borosUicate glasses was investigated by electron probe
microanalysis. One glass contained 20 wt.% HLW oxides,
the other 20 wt.% HLW oxides and 10 wt.% Gd2O3 (the

neutron poison in the ^reprocessing plant). To determine
whether the HLW constituents lower the solubility of the
actinide oxides and enhance phase formation, the^behavior
of the actinide oxides in the base glass was first established.
The compositions of the base glass and the two HLW glasses
are given in Table 1. o

HLW Borosilicate Glass Specimens

-' The investigation was performed on specimens of the
base glass and the two HLW glasses that had been doped
with known amounts of one of the actinide oxides. FfcSf
example, a specimen of glass 98-20 doped with 10 wt.%
PuO2 and a specimen of glass 98-30 doped with 2 wt.%
PuO2 were used to determine the behavior of PuO2 in HLW
glass. J a

The doped glasses were prepared by mixing a known
quantity of the actinide oxide powder with the powdered
glass, t h e mixture was melted at=1400°K and held in the
molten state for 2hr to ensure a homogeneous product.
The glass was slowly cooled to room temperature
(10°K/min) and during cooling it was tempered for 1 hr at
900°K.

Electron Probe Microanalysis

A shielded Cameca MS46 electron probe microanalyser
was employed at an acceleration voltage of 13 kV and beam
currents of 20, 50, and 100 nA. The composition of the c

plutonium-containing phase in glass 98-30 doped with
2 wt.% PuO2 was determined using the standard analytical
procedure in which K values (K = I/Io, where I is the
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TABLE I

Composition of Simulated HLW Borosilicate Glasses

Constituent

(JICISS components

SiQ,
TiO2

AI ;O 3 .
H2O, o
CM
\ a , O S ' :S

lission products*
SrO
H J O

Cs,O 1S

/ • R I v O

leO, f

MoO,
Ku

* Rh
I'd
TcO, :|:
C'd('K'
Zr()2

Y.O.,
La, 6.,
("CjO,

Nd'jO, S

PrjO,

Cladding corrosion
products

I t -2O3

<-'hO,
NiO

Actinides
= uo2

 :;

RuOj =

NPO2 o

(Am.C'mlOj
( id neutron poison

Gd2O3 ,

' " o, Concentration, wt.%

Glass98-20,
base glass* + 20 wt//r

simulated HLW

40.2
3.3
1.1

10.8
2 2

21.9

' 0.50
« " " 0.76

1.36
(UK
(I.3K o

2.47

1.116
(U'J

1 11.64..
0 * 0.53

0.05 :

2.36 ,
(1.28

0.71

.. 1.60

•2.9'O

0.67

. • • • • "

1.87
11.53
'039

0.52
0.4 1
0.12
0.02

Glass 98-30,
base glass* + 20 wt.%

Simulated HLW +
10wt.%GdiO,

35.1
2.9
1.0
9.5
2.0

19.1 =

0.50
0.76
1.36

0.38
, 2.47

1.06
(1.19
0.64
0.53
0.05
2.36
0.28
0/71

, l.df)
'"2.9O»
0.6 7

1.87
0.53
0.29

0.52
0.41
0.12
0.02

1(1.0

-• *Composition (wt.'S) : SiO2 50.5, Ti()2 4.2, AI2O3 1.4, B2O3

13.6, CaO 2.8 and Na20 27.5.
' tCo-iccntrations correspond to those arising from a LWR-fucl

irradiated to a burnup of 33000 MWdt"' (Ref. I). - ° ,,
:fMnO2, substitute used.
SNdjOj content comprises (wt/r) : NU,O, 2.23, Sm,0 , 0.46,

Gd;,O3 0";06, Pm2O, 0.05 and l-u2O, 0.10. *

characteristic X-ray line intensity from the"specimen and l0

is that from the pure standard) are obtained for each
constituent and then corrected for the influence of atomic
number, X-ray absorption and X-ray fluorescence using ,a
standard ZAF program. In this work the program "of Tong2

was used.
The amounts of the actinide oxides dissolved in the

borosilicate glasses were determined by direct measurement
against a number of glass, standards^' each of which

contained "a known amount of one1 of the oxides under
investigation, The usual analytical procedure could not be
used because of problems associated with the analysis of
oxygen, sodium, and boron. For these elements not only is
it difficult to obtain reliable K values ubut, also, matrix
corrections cannot be accurately calculated.

., The glass standards contained only a small amount of
either aff actinide oxide or a fission product oxide. For
example, the uranium glass standard contained 10wt.%

. UO2, the neptunium standard4 wt.7r NpO2, the.plutoniurh
., standard 2 wt.% PuO2, and the cerium standard 5 wt.%

'•'Ce2O3. The amount e>f an oxide that could usefully be
added to the borosilicate 'glass to produce a standard was
restricted by its solubility; precision analysis required that
the oxide was homogeneously dissolved in the glass3 and
that no segregate"phases were Formed. =;

The low concentrations of the actinide oxides in die
glass standards ^resulted Vm poor X-ray counting statistics
that were a source of inaccuracy in the analyses. The errors
resulting from the poor Counting statistics, however, are
judged to be small and in the worst case were probably of

„ the order of the standard deviation that resulted from the
point to point variations in^the nieasured^concentrations.

o Borosilicate =glass is an insulator and prior to electron
probe microanalysis both the NLW glass specimens and the
glass standards were coated with a conducting flayer of
aluminum aboiiij 5 nra thick.

RESULTS 4 , B» „

Solubilities of Actinide Oxides ° ,->

Figure I shows alpha-autoradiographs from two borosil-
icate glasses; one doped with 2 wt.% PuO2, the other with ̂
10 wt.'/f PuO2. Inclusions , containing plutonium were
absent from the former glass, and the PuO2 was hompge-

\neously dissolved". The 1 a11e,r glass contained many PuO2&
''inclusions; most of these were small ( :. 100 /um in size), but
a few were of the order of 200 to 300 ^m in size.

The results of the solubility study are given in Table 2.
The data consist of solubility values (with standard devia-
tions) determined by HMPA in the presence of a segregate
phase containing the= actinide and solubility values that

- were inferred from the absence of the actinide rin the
segregate phases formed. The concentrations in Table 2 are
the solubilities at the temperature of mixing (1400°K).
Although the glass melt was cooled slowly, it is unlikely

_, that room temperature equilibrium was obtained because
the rate of diffusion of uranium and plutonium in
borosilicate glass is slow.3 For example, at 813°K (below
the glass recrystallization temperature) the'diffusion coeffi-
c j e n t f o r 2 " U i s 4 . 1 x 10 ' 7 cm2/s. •• ,

Actinide oxides in the amounts expected in HLW glass '
are completely soluble in the glass (Tables 1 and 2). Indeed,
there is1' a significant difference between the expected
concentration of each actinide oxide and its solubility limit.
For example, in glass 98-30 the solubility of UO2 was at
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Base Glass + 2 wt % PuO2 Base Glass * f0 wt % PuO2

Fig. I Behavior of I'uO., in borusilicatc fdass us revealed by alpha-aiHoradiojn-ajihy. y

least 6 times greater thairyts expected concentration,'the
solubility of NpO2 was 8"'times greater than'iits expected
concentration, and the solubility of PtiO2 was 100 times
greater than its expected concentration. The solubilities of
AjnOj and CmO2 were at least 50 times and 5 times greater
than their expected concentrations, respectively.

° The solubility of PuO2 in borosilicate glass is about
4.5 vv-t.% (Table 2). "This conc&itration vvas Unaffected by
the addition of 20 wt / / HLW oxides (glass »9X-2.0). The
presence' of 10 wt.-% Gd2O3 (glass c)8;30), .however, led lo
the formation of a segregate phase of Jhe typij
Puo.7Ceo.2Gdo.1O., (Fig. 2 and)Table 3) and consequently
decreased the solubility of PuO2\> 1.3 wt/ | . \Tie matrix of^
the glass contained 7.1 + 0.4 wt.% gadolinium and-;
0.8 ± 0.1 wt.% cerium. a ~- G" '

The solubility of fission product cerium is'dependent
on the plutonium content of the glass. In the presence of
plutonium concentrations in excess of the solubility limit.
oxide phases of the type (PuxCC| S)O2 precipitated, and
less cerium was dissolved in the glass matrix.

TABLE 2

Solubilities of Actinide Oxides
in Borosilicate Glass „

Actinide
Concentration, wt.%

oxide

1 NpO2

PuO,
AmO2

CmO,

Base glass,,

> 10.0
, >4.0

4.5 i 0.3
>5.0
>0.09

Glass 98-20

>5.4'
3:5 ' 0.3
4.4 s 0.3
?5.0
>0.09

Glass 98-30

, >3.2, < 5.4
3.2 - b.r •

- 1.3 * 0.4
>5.0
>0.09

T^BLE 3

Composition of the Plutonium-Bearing
Segregate Phases in 98-30 Borosilicate

Glass Doped with 2 wt/ / PuO2

Klemen t

I'u
(kl
C e
/r

„()'

Concentration, wt.7r

67
8

"" 1
- \2 .,

If
''Determined by difference.

In addition to plutonium containing phases, HLW glass
also contains many srmill (< 5 /im in size) fission product
inclusions (Fig. 2). Inclusions of -.molybdenum and the
fjlatinum group metals, ruthenium,'' rhodium, and palla-
dium, were the most abundant. Figure 3 shows an accumu-
lation of platinum metal inclusions at the bottom of a glass,
sedimentation column (80 mm high). Two types of inclu-
sion are apparent. Spherical,, incltisions are an alloy cof
rhodium ajid palladium, whereas acicular inclusions are an
alloy of ruthenium and rhodium.sThe finding of palladium
in the acicular inclusions is an apparent orfe only and results
from the superimposition of the Ru L/32, the Rli Lj3, and
the Pd La, X-ray lines.

CONCLUSIONS

1. The solubility of PuO2 in borosilicate glass is about
4.5 wt.^f. This concentration is unaffected by the presence
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Pd

Fig. 2 Segregate phases'in gIass^98-30 doped with 2 w t . . : PuO. ;is revealed 1>> electron -micioprobe X-r.i\ 'scanning.

of fission product elements.in concentrations corresponding
to a fuel burnup of 33 GWdt !

2. When the PuO> concentration in borosilicate glass
exceeds the limit of solubility the following occurs:

(a) In the absence of fission product elements, PuO;
inclusions form. =

(b) In the presence of fiision product elements, in
concentrations corresponding to a fuel burnup of
33 GWdt: ' , . a phase of the type (Puv.Ce, „ )O2

precipitates.

,. 3. In tlie presence of fission product elements in
concentrations corresponding to a fuel burnup of

33 GWdt ' and Put), in excess of the solubility limit, up
to 7 wt.'.; gadolinium is soluble in borosilicate glass. Kxcess
gadolinium is incorporated in the (Pu^Ce, ^ )6 ; type
inclusions. *

4. Gadolinium concentrations in e>reess of? about
7.0 wt.'.'f enhance* the formation of phases of the type
(Pu^Ce, X)O, and. consequently. decrease,the solubility
of PuO,.

y 5. The results of tlie solubility study support the view
''that borosilicate glass is a suitable medium for the
incorporation of HLW. Indeed, in borosilicate glass it is
possible to dissolve waste with much higher actinide
concentrations than those expected in HLW.
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° Fif.,3 Accumulation or noble metal inclusions at the base of a column of 98-20
glass doped with 5 wt.< I'O, ariti I wt.'.J PuO2. The glass had been held in the
molten state lor 25 hr. ° ?

(,
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ABSTRACT

Five potential solidification products for high-level waste (four
tx>rosilicatc glasses and one celsian glass ceramic) have been
investigated in leniis of crystallization. In ail glasses and in the glass
ceramic, crystallization and recrystallization, respectively, ;l were
observed by heating above 773"K, however, at very different
periods of time (0.Id tf t s; lOOd). The noble metals precipitated
into various phases. Crystal growth proceeded at the phase
boundary glass -noble metal. In all products rare earth phases
crystallized. Silicate phases rarely formed. The leach resistance
(by "the grain titration and Soxhlet tests) decreased after heat
treatment in all cases. The changes were found to be within one
order of magnitude for all products. - u , ,.

INTRODUCTION^

Glasses are thermodynamically unstable and may spon-
taneously crystallize during long-term storage. In so doing,
physical and chemical changes are brought about which
may influence safety-related properties such as leach
resistance. Therefore the extent,of alteration and changes in
leach resistance should be known. A°joiht program of the
European Communities on characterization of waste forms
was started in 1977. Five, potential solidification products
for high-level waste (four bqrosilicate glasses and one glass
ceramic) are being investigated. The part of the program
taken over by the Hahn-Meitner-Institut refers to effects
of heat, i.e., crystallization, on the product properties.
Some results will be reported in this paper;

The investigation is based on DTA, viscosity, SEM,and
EPMA experiments and comprises the determination1 of
"characteristic" temperatures of the products as well as the

detection ,'nd identification of crystal phases, [n order,to
characterize the chemical stability of heat-treated products

"on a relative ;iasis, leach tests were carried out using a grain
» titrationand Soxhlet method.

EXPERIMENTAL o ©

The preparation and the heat treatment of the simu-
lated inactive glasses F-SON 58.30.20, D-VG 98/3, UK-209,
UK-£189 and D-B 1 -3 were done at AERE Harwell.1 ,

Heat Treatment >•'
'•> - - \ O

The as-cast glasses were annealed at 773°K for 2 hr.
The parent glass of the glass ceramic'; was heat-treated
successively at 883°K for 3 hr and 1073°K,for 10 hr to
induce "nucleation and allow crystallization^ Thereafter;
the samples were held at temperatures of 773,873,973 and
1073°K for periods of 2 hr, 1 day, 10 days, and 100 days.

Leaching Methods s > ,

In the grain titration method, 2 g"of glass powder with a
grain size 0.315 to 0.500 mm was heated for one hour at
373°K in 50 ml of distilled water.3 Then 25 ml of the
supernatant solution was titrated with 0.01 N HC1. The
release of alkali from the glass powder is estimated by the L

} acid consumption.3

A direct measurement of the leach rates from the
weight loss of the glass samples was performed after
leaching 1 g of glass powder with the grain fraction 0.200
to 0.315 mm, with 200 ml of distillecowater in a platinum
net for 72 hours at 372°K in a Soxhlet apparatus.
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RESULTS AND DISCUSSION

Differential Thermal Analysis (DTA) and Viscosity
Measurements

The glass F-SON showed medium exothermal peaks
around 1025 and 1 I75'K, whereas a strong broad peak'
occurred at about 1245"K. The other three glasses,
D-VG-98/3, UK-209 and UK-1X9; showed more or less
weak exotliermal peaks at about 925GK and in the range of
975 to 1015".K. At higher temperatures peaks appeared at
about 1095°K with VG-9X/3 and about II75"K with the
UK glasses. The parent glass D-B 1-3 showed the strongest
DTApeaks of all tested samples. Exothermal peaks were

"observed at 995, 1065 and 1095°K. Transformation tem-
peratures, Tj,, were determined from the DTA curves. The
measured viscosities of the glasses in a temperature range
from 925 to I 500°K. revealed values of 30" to 5 X 106 dPas.
Viscosities at temperatures below 925°K have been1 ob-
tained from extrapolated curves with an assumed viscosity
of 10- 3 atJas at Tj,. These values are listed in Table I.

gave evidence of their very low concentrations in the glass
matrix when compared with the precipitated quantity.
Figure Ic revealed that the Ru phase mightcontain silicon.
SEM micrographs at higher magnifications (>8000x)
showed, however, that this phase consisted of fine grains
embedded in the glass matrix. The resolution of the EPMA

•was not high enough to decide whether the Si signal
belonged to the Ru phase or the matrix. RuO2 was
detected after evaluating the X-ray diffraction patterns.
Figure Id shows an X-ray mapping for Pd. An identical
picture was obtained for the Te distribution. A comparison
with Fig. lc indicates a silicon-free noble metal phase.The
droplet-shaped precipitation is typical of this phase. X-ray
diffraction analysis revealed that it might b̂,e Pd3Te or
PdTe. , " " " ^

Crystallization and Recrystallization

The heat treatment of the glasses caused an increase in
'the number and yield of crystalline phases. The number of
ciystal species and their yields varied considerably from

TABLE I

Properties of the Glass and Glass Ceramic

(Mass preparation
tempera I uro.

T M . ' K
100 ilPaji

temperature. ~

T 1 0 1 1 . 'K
Transfor illation

temperature.
Tg/'K

ViSeosily at
973"K, dl'as

Viscosity at .
1073l'K, dPas

F-SON
58.30.20

1425

1475

823.

3x 10"

1.6 x 10'

D-Vb 98/3

1475

1 325' " s-

793

U5 x 10s

8 x 1 0 '

UK-209

1275

;: 1490

773

1.6 x 10''

4 x 10«

UK-189

1225

1370

-
773

5 x 10'

1 x 104

D-6 1-3

1475

1365

823

-10"

~3 x 10'

Precipitation of Noble Metal Phases

The X-ray powder diffraction patterns of the as-cast
glasses showed only a few weak traces for the glasses F-SON
and D-VG-98/3. SEM and EPMA investigations revealed
microscopic inhomogeneities for all glasses except D-B 1-3.
Spots of strong enrichment of Ru, Pd, RJi and Te were
detected. As an example Fig. la shows the SEM picture and
Figs, lb and d show X-ray mapping of Ru and Pd,
respectively, of the glass F-SON annealed at 773°K for 100
days.

The solubility of the noble metals in the glasses is
obviously extremely low, independent'of the very different
glass compositions. These constituents precipitated in the
glasses in various phases (Figs, lb and d) though their total
concentrations are very low. X-ray mappings for Ru and Pd
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glass to glass. For all glasses heat-treated above\ 773°K,
crystallization effects became detectable but different
annealing times Were needed (Table 2). The shortest time,
was needed at the highest temperature, 1073°K, but this
did not always lead to the highest crystal yields or the
greatest structural change of the glass ceramic. Figure 2
shows SEM pictures of tlie most structurally changed
samples. Figure 2a shows the glass F-SON heat-treated for
100 days at 1073°K, Fig. 2b a sample of D-VG-98/3 after •'
10 d at 1073°K, Fig. 2c UK-209 after lOd at 9 7 3 %
Fig. 2d UX?189 after 100 d at 973°K. Figure 2e shows the
untreated glass ceramic D-B 1-3, and Fig. 2f shows the
product after a heat treatment of 100 d at 973°K.

All glasses contained waste constituents that can act as
nucleating agents, especially the noble metals. Figures le
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Fig. 2 (a) SI-IM micrograph of the glass I'-SON 58.30.20.U2 heated 100 days at 1073"K. (b) SKM micrograph of the glass
D-VG-98/3 healed 10 days at 1073°K. (c) SluM micrograph of the glass UK-209 heated 10 days at 973°K. (d) St.M micrograph of
the glass UK-189 heated 100 days at 1O73"K. (e) SKM micrograph of the glass ceramic D-B 1-3. (f) SBM micrograph of the glass
ceramic D-B 1-3 heated 100 days at 973"K.
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TABLE 2

Heal Treatment Conditions for Detectable Crystallization
Effects of (he Glasses and Structural Change of the

Glass Ceramic

Tempera-
ture,

K

773
873
973

1073

I-SON
58.30.20

1(10
10

U !
0.1

D-VG
98/3

> 100
100

10
0.1

Time, days

CK-20y

• 1 0 ( 1
1(1

1
.0.1

I K-189

100
10
1

0.1

D-B 1-3

• 100
KM)

10
1

and"f show F:SON and UK-209 after heat-treating 10 days
al 973°K; they clearly demonstrate the dominant role of
the noble metal phase in the crystallization process. Crystal
growth proceeded afler starting at the glass noble metal
phase boundary.

As seen in Fig. 2 the parent glass D-B 1-3 is myst
crystallized compared with the other glasses. The same
result has been obtained after spontaneous crystallization at
temperatures of about 1O73°K without nucleaiiun. There-
fore it can be concluded that the tailored composition of
the D-B 1-3 glass frit of the glass ceramic is more responsible
for crystallization than the waste compositions.

The original fine structure of the glass ceramic (Fig. 2e)
was lost after heat treatment as shown in Fig. 21". Recrystal-
lization was caused by the thermal instability and has led to
developing more heat-resistant glass ceramics.4

The least thermally stable glass was F-SON exhibiting a
relatively high crystallization yield as shown in Fig. 2a.
D-VG-98/3 was least affected (Fig. 2b). The comparison of
temperatures for maximum structural changes (Fig. 2) with
the viscosities at 973 and L073°K (Table I) does, not
suggest a direct connection between the crystallization
tendency and viscosity.

Crystal Phases

The evaluation of the X-ray diffraction patterns with
the help of the ASTM powder diffraction file revealed that
the crystalline phases "compiled in Table 3 may be present
in the products. In ail products rare-earth phases crystal-
lized. Tetravalent cerium formed a cubic structure and
trivalent neodymium and Ce, Pr, La formed hexagonal or
cubic oxides, respectively. Moreover, other rare earth
phases such as silicates, phosphates, and molybdates could
be detected. A large quantity of rare earth titanale was
contained iii the glass ceramic.

The solubility of molybdenum in the glass melts is
known to be limited. The small amount of homogeneously
dissolved Mo in the glasses enhanced the precipitation of
(Ba, Sr)-molybdate and Mo- nosean in the glasses F-SON,
UK-209, and the glass ceramic D-B 1-3, respectively.
Silicate phases rarely formed. In the glass VG-98/3 only
tridymite could be detected by X-ray diffraction, whereas

-_ in F-SON (shown in Fig. 2a) the dark rod-shaped phase
consisted only of silicon and perhaps oxygen, which
suggested that it was also tridymite.

The relatively high magnesium content of the UK
glasses led to the formation of'Mg- and (Fe, Mg, NiJ-silicates
and (Fe, Cr)-spinel. Originally the glass ceramic D-B 1-3
(Fig. 2e) mainly consisted of hexagonal-celsian- cymrite
(while needles), rare earth titanate (white square-shaped
crystals), and other species listed in Table 3., After heat
treatment the fine "crystalline structure got lost. The
h-celsian cymrite phase transformed into the more stable
monoclinic celsiaiC and additionally Mo-nosean was
formed. a

Leach Resistance

The results of the leaching experiments are listed in
Table 4. The influence of heat treatment on teachability
was different for the various glasses. The greatest effect h?°
been detected for the glass F-SOKand the lowest one for
D-VG-98/3. The leach resistance was" found to be either
unchanged or 'deteriorated afler heat treatment and de-
creased in the order of UK-209, D-13 1-3, UK-189, F-SON,
and D-VG-W/3. ,• " -

After up to I'QO days at 773°K the leaching values did
nut change (Table 4); they represented the leach resistance
of the various untreated products. None of the products
achieved the leach resistance of commercial chemically
highly resistant glasses. The UK-209 met the specifications
for a chemically durable glass. Hydroiytic resistance of the
glass ceramic D-B 1-3 and of the glasses UK-189 and F-SON
is comparable with that of special technical glasses. The
VG-98/3 exceeded the upper limit of the regulations and
could not be classified. The thermal effect on the hydro-
iytic resistance was highest for F-SON glass resulting in an
increase of about, one order of magnitude (Table 4). The
teachability of tlfe ether products also increased but did not

a exceed a factor of 5 (Table 4).
Although the glasses crystallized noticeably and the

structure, of the glass ceramic clearly changed at 1073°K,
the hydroiytic resistance of all products but the F-SON
glass did not change after heat treatment. As yet^the

" increase of the leachability could not be related to the
crystallization yield of the glasses. The Soxhlet leach data
revealed roughly the same sequence for the products. The
weight loss appeared to be extremely high, the reason being
that grains which became smaller in diameter during
leaching than the mesh size fell through the platinum
screen. A Soxhlet test as used at° Harwell5 avoided this
effect. The leach rates of most of the products were also
unaffected by any heat treatment. Nevertheless, the se-
quence of decreasing leach resistance in the products is the
same as for the grain titratibn method.

CONCLUSIONS

1. The solubility of the noble metals in all glasses was
exceeded. Nevertheless, at the glass melting temperatures at ^
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TABLE 3

Possible Crystalline Phases in the Glasses DetectedJby
{ X-Ray Diffraction Evaluation "c,

1 '-';>'"

Phases

Ruthenium dioxide,
RuO2

» Ruthenium
Palladium telluride,

Pd3Te
Palladium telluride,
*PdTe
Palladium oxide, PdO

Palladium, Pd
Cadmium tellurate,

CdTeO3

Rare earth tellurate,
(RE)2Te309

Cerium dioxide, CeO2

Rare earth oxide,
(RE)2O3 !

Rare earth phosphate,
(RK)PO,

Rare earth silicate
Rare earth titanate, :

(RE)2Ti20,
Rare earth, molybdatc,

(RE) Mob, .,
Rare earth boratc, °

(RE)BO3

Barium strontium molyb- ,
^date, (Ba,Sr)MoO4

Molybdenum nosean,
c Ng,AIMoO4(SiO4)6
B Tridymite, SiO2

Magnesium silicate,
MgSiO3

Magnesium iron nickel »-
silicate, (Mg,Fe,Ni)Si2O6

Celsian, BaAl2SiOjO8

Pollucite, (Cs,Na)AlSi2O6

Iron chromium oxide,
FeCr,04

Iron magnesium chromium
oxide, (Fe,Mg)(Cr,Fe)2O4

F-SON
58.30.20

X

X "

X
X

X -

X
X

X

X

x •

o X ,

D-VG
98/3

CX

X

X

X
X

->

X

X

X

UK-209

•= X

• '

X

X

X

X

oX

X

X

UK-189

X .,
X

X

X

X

o

X
X

0

X

O.1 X

D-B 1-3

°

n

X

X

.x

X ..'.,
X

least Pd was soluble, since otherwise it could not precipitate
as Pd-Te compounds.

2. The parent glass, of "the glass ceramic easily crystal-
lized. In contrast, all .the other glasses were quijte stable
when heat-treated; however, at higher temperatures they
also crystallized. The high crystalline fraction in the glass
ceramic was due to bulk crystallization. In crystallized
glasses the glassy portion still remained high.

3. Some waste constituents crucially affected the
crystallization process but did not lead to comparable
results in the various glasses. Thus the composition of the
glasscfrits was more responsible for crystallization than the ,
waste. • " • 0

4. Crystallization and recrystallization in the glasses and
glass ceramics, respectively., is not expected to have drastic1'
changes on the safety-relevant Ieachability under interim
storage conditions. u ' £ > '

ACKNOWLEDGMENT

The author thanks J. Borchardt for helpful X-ray
diffraction indexing work and W. Lutze for fruitful
discussions. This work was supported by the European
A t o m i c E n e r g y Community under contract
029-77-1 WASD. * .

208 ©



--.:-•>

>v.

' • ' ' • ' ' • • • Q . ^ v ••

£. ft . v? "

! ; • ' -,.'"' ;-,<

Leach Resistance

Heat tfeatmentconditions '

Temperature,
°K

773
i'\

973

1073

773

873

973

1073

Time,
d

0.1 to 100

0.1 to 1
10 -
100

0.1 (0 1
10
100

0.1
1
10

100

: 0.1 to 100

, 0.1 to 10

- 0.1 to^lO

/•' ) 0 °
0.1 to 100

Or

TABLE 4

of HeatTreated GlasscvaAd Glass Ceramics^•-•'
= • • • „ ( - > . - - • 0 >•'-. _ , . -

Hydrolycic resistance after grain (Uration method;
consumptionaof OiOl N HCI, mi/g

F-SON
58.30.20

2.49 +

1.75 ±
2.41 +
3.06 +

2.49 +
8.36 +

12.14 ±

2.62 +

3.76 +
12.85 ±

7.08 +

20 +

19 +

26 +

-.35 +

0.35

0.13
0.10
0.10o

0.14'
0.11

0.11
0.13
0.13
0.21

sv

9

10

9

D-VG
98/3

4.05 + 0.40

3i36 ± 0.15

5.25 + 0.13

,3.07 + 0.23

4.73 + 0.16

3.57 i 0.5,0

UK-2.09

0.17:

0.17:

0.66 :

0.21 :

0.7V :

0.18 i

t 0.04

+ 0.02

t 0.02

t 0.05

t 0.02

t 0.01,

UK-189

0.63 ±

0.79 i

0.73 ±

2.24 +

0.56 t

Weight loss after Soxhlet leaching.

12.3 + 3.SE

8.1 + 2.4E
20.0 ± 2.2 \

7.3 i 2 J I

15.0 + 5.1

0.9 .<

•-- 1 . 1 i

,.2.5 <

2.0 i

1.3 ±

:(U

: 0.6
: 0.7

: 0.6

: 0.5

4.8 +

4.7 +

5.9 +

4.1 +

0.14

0.09

0.07

0.08

0.13

%

2.9

2.2

1.5

1.3

v D-B 1-3

0.28 ± 0.08

0.33 ± O.ol

2.07 ± 0.04

0.43 + 0.15

• 0.76 ± 0.04

0.27 + 0.05

2.3 i 0.6

2.0 + 0.3
8.7+ 1.3

2.3 + 0.5
4.2* 1.0 -'

0 2.0 + 0.7

a
' pP

'•'•

\ _

=?

REFERENCES
•r- ••- - t

"l .G. Malow, V.vBcran, W. Lutze, 1. A. C. Marples, J. T. Dalton,
A. R. Hall, A. Hough, and K. A. Boult, Testing and Evaluation'of
the Properties of Various Potential Materials for Immobilizing
High Activity Waste, First Annual Report EUR 6213EN, Com-
mission of the European Communities, 1978. • . '

2. A. K. De, B. Luckscheiter, W. Lutze, G. Malow, and E. Schiewer,
Development of Glass Ceramics for the Incorporation of Fission
Products, Ceramic Bulletin, 55: 500(1976).

3. DIN 1211, Technique to Test the Water Solubility of Glass

Materials at 98° C and the Separation of Glasses into Hydrolytic
Classes,Deutsches Institut fur Normung e.V., Berlin, 1976.

4. W. Lutze, J. tforchardt, and A. K:1 De, Characterization of .Glass
and Glass Ceramic Nuclear Waste Forms, in Proceedings of
Scientific Basis for Nuclear Waste Management, Boston, G. J.-

' = McCarthy (Ed.),"Plenum, NY, 1979/
Massachusetts, Nov. 28-Dec. 1, 1978.

5. K. A. Boult, J. T.Dalton, A. R. Hall, A. Hough, and J. A. C ,
Marples, Leaching of Radioactive Waste-Storage Glasses, in"
Proceedings of-Ceramics in Nuclear Waste Management, Cincin-
nati, CONF-790420, U. S. Department of Energy^ Technical
Information Center, Oak Ridge, 1979/

209



VISCOSITY AND ELECTRICAL CONDUCTIVITY OF GLASS
MELTS AS A FUNCTION OF WASTE COMPOSITION

M. J. PLODINrX and J. R. WILIY
I:. I. (JLI Pont do Nemours and Company. Savannah River Laboratory. Aikon. South Carolina

ABSTRACT /

Radioactive waste at Ihe Savannah River Plant contains high
concentrations ot nonradioaclive compounds of iron and aluminum.
Simulated waste compositions containing varying ratios of iron to
aluminum were added to glass melts to determine the effect on the
melt properties. Waste containing high aluminum increased the meh
viscosity, but waste containing high iron reduced the melt viscosity.
Aluminum and iron both leduced the melt conductivity.

INTRODUCTION

Borosilicate glass is being evaluated for use as a matrix
to immobilize Savannah River Plant (SRP) high-level
radioactive waste sludges.'"1 ° One process being studied is
vitrification by spray calcination and Joule-healed electric
melting (EM). The resistivity and viscosity ot the glass melt
are two of the most important properties for controlling
the.vitrification process.

The optimum range for melt viscosity is 10 50 poise.
In cilia', viscosity range, the glass is fluid enough to melt and
homogenize and ensure adequate heat transfer: however, it
is not fluid enough to allow excessive convection currents
to occur. Excessive convection currents could cause
corrosion-erosion of the melter materials (refractories and
electrodes) and make control of the melter more difficult.

The optimum *ange for resistivity is between 1 and
10 ohm-cm. The glass in the optimum range is conductive
enough to pass appreciable amounts of electric currents
without requiring high voltages; however, it is not so
conductive that excessive current densities are required at
the electrodes to produce heat. Excessive current densities
would reduce electrode life.

The effects of several simulated sludge* (Table I) on the
viscosity and roistiviiy of melts containing the SRP
reference tnl, Irtl 21 (Table 2). were determined. Sludge
loadings and compositions spanned Ihe expected range for
SRP waste glass.

DEFINITIONS

The glasses thai vSere studied obey the following
equation for mass flow:

(i = mSn
( I )

where (I is shear stress. S is rate of shear, and in and n are
tunciions of composition and temperature. When n = I. the
glass is Newtonian and m = r) (rj = viscosily). When n <> 1.
the glass is pseudoplasiic. If n or m depends on the amount
of shearing, the glass is thixotropic.1 ' The resistivity, p. of
the glass is ihe product of the electrical resistance. R. and a
cell constant. I. which depends on the measuring apparatus.

p (ohm-cm) = R (ohm) x IXcm)

EXPERIMENTAL PROCEDURES

(2)

Glass samples were prepared by healing mixtures offril
and sludge in an AI ;O3 crucible,for at least 3 hours at
1150 12U0JC. Viscosities were determined using a rotating
spindle viscometer.'; Calibrations with both room tem-
perature standards and a standard glass (NBS7IOI were
used. Resistances were measured with a high-lemperature Pt
electrode of the type developed at Battelle-Pacific North-
west Laboratory.1 3 The electrode was calibrated with room
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TABLE 1

Composition of Simulated Sludges

Sludge

Hijih iron
Composite >
Hij;ll aluminum

Fe,O:,

61.4
31.6
6.0

Al,0

5.6
46.4
86.3

Component, wt.%

, MnO,

4.1
10.3
4.9

U3O,

14.2
6 . 1 ,
1.5

CiO

4.2 '
3.3
0.4

NiO

10,5

0.9

TABLE 2

Composition of Reference
Frit, Frit 21

Component V/t.% Mote;;

SiO,
Nu,*O
B,O,
Tib,
CaO
1 1 O

52.5
18.5
10.0
10.0
5.0
,4.0

52.5
17.9
8.65
7.5
5.35
8.1

po
is

e

>-
—

1

\<i

1000

500

250

100

60

25

\ ' \ ' ' '
\ ; \ Number is weight

\ \ indicated sludge
^ \ \ F e is high-iron,
_ \ \ \aluminum, Comp

A \ xd9e

- \ \ \N . ^ V 25 Comp-

30 Fe,r-
1 1 1 I

' • • ' '

percent of
in Frit 21.
Al is high-

is composite.

-

\
S^0 Comp > ;

s\
vs^—Frit 21

900

temperature KCI solutions to determine 1 * in Lq. 2.
Measured resistances were corrected foi the.change in
resistance of Pt with temperature.

The sludges used are listed In Table 1. The compositions
are based on analyses of sludges from SRP waste tanks.
High-iron and high-aluminum sludges represent extreme
compositions tor SRP sludges. Composite sludge is the
weighted average of these analyses, reflecting the amount of
sludge of each composition. - - ^- ==r-. -==^

EFFECTS OF SLUDGE COMPOSITION AND
CONTENT ON VISCOSITY

The viscosities of glass melts containing each of the
sludges were measured over the temperature range
750 1200T. At a constant temperature and sludge load-
ing, the viscosity as =a function of sludge composition
increased in the order, high-iron sludge •- composite
sludge -. high-aluminum sludge. The Viscosity depended on
the amount of both iron and aluminum contained in the
sludge. Other sludge components had little effect on
viscosity. Melts that contained more than 30wt.'r of
sludges high in iron were rion-Newlonian. pseudoplastic
fluids. For melts within the expected composition range,
this was not a problem.14 Viscosities of Newtonian melts
are shown in Fig. I. The viscosity at 1150"C for these melts
can be calculated from Lq. 3.

1000

TEMPERATURE, °C

1100

0.6l3P..e o 1-?2

P PPSiO,
(3)

where Px is the amount (wt.%) of component X in the final
glass.

Fig. 1 l.lt'ect ol wjste composition on viscosity of SRP waste
jjas'scs. , '

EFFECTS OF SLUDGE COMPOSITION AND
CONTENT ON RESISTIVITY

Resistivities of glass sludge melts as a function of
temperature are shown in Fig. 2. The resistivities of
high-aluminum sludge melts were higher than those of melts
made from other sludges. Resistivity increased with in-
creasing sludge loading. Increasing the aluminum content
increases melt viscosity, .fhis reduces the mobility of
charge-carrying ions ;(Na*.and Li+), thus increasing resis-
tivity.' ? Increased sludge loading also reduces the alkali
concentration in the melt.

Adding iron to glass melts affects electrical resistivity in
the same way as adding aluminum, as long as the melt
behaves as a Newtonian fluid. However, at higher sludge
loadings or lower temperatures, this simple description fails
lo predict the complex behavior observed.'* ^ -,

ANOMALIES WITH HIGH-IRON SLUDGES

Melts containing 3*35 wt.'r of sludges with large
amounts of Fe ;O3 were non-Newtonian, pseudoplastic
fluids: Their resistivities were also not those expected from
the simple viscosity-alkali concentration model. These melts
were found to contain large numbers of ferrite-spinel
(MFe2O4. M = ,Ni r \ Ca++. etc.) crystals. Thus these melts
are' actually suspensions of these crystals in the (Ussy
matrix. The Theological behavior of these melts is similar to
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25

10

5

2.5

n

i '•

Fr i t 21

- 25

- 25

— 25

Corrpo'.ite Sludge

wt High Aluminum
Sludge

High Iron'Sludge

~ —

900 1000

TEMPFRATUHL, 'C

1100

tig. 2 I , t i e d o l ttjSte compos i t i on m i resistivity fit S K I ' waste

that observed lot suspensions ot iron oxuie m viscous media
al mom temperature.1 'I he resistivity ol (liese crystals
vanes with composition hut is probably somewhat higher
than that ol Hit 21 alone at 1150 V and lower al
temperatuies in the 500 701) C range.' '' \

It" these crystals formed in a continuous metier, they
could mciease the apparent viscosity ol' the melt and
eventually stop How. for anticipated waste loadings in the
glass (25 .^Owt/V waste (tixides).-however, they are not
expected to be a problem.
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EFFECTS OF COMPOSITION ON WASTE
fcJ

GLASS PROPERTIES

, ( ; . B Ml LLINCI R and L. A. CHICK
Pacific Northwest Laboratory. Richlaiul. W'A

ABSTRACT

1 he ckt!ric:il conductiwtv. \is<.o>.it\. chcmic.il durahi l iu , de\it-
ritKalion. and cr>stallinit\ o! a delense waste i:lass wen; measured.
I ash o \ ide component in the silass was varied to determine its e l ic i t
<m these piopertics. A sienenc study is beins; developed \\Inch tt||ll
determine the elt'ects ol 2f> oxides on the above and additional
properties of a wide field ol possible waste ulasscs. . _..••'•

INTRODUCTION
i>

A number of properties are important when evaluating
potential waste glass compositions. Among these are the
molten glass properties of viscosity, electrical conductivity,
and residual crystals. Others, which are important in the

'final product./.are chemical durability and resistance to
devitrification. The behavior of each glass is dependent on
its composition. In this study we determined the effect that"
each of the components in a particular waste, glass.,
composition had on all of the above properties. V"

The reference, composition chosen for this work was a
glass, being considered for solidification, of Sayanfiah River
defense waste. The oxide makeup of this glass and the
variations tested are given in Table I. L\ach component of
the glass was varied individually. One component at a time
was varied, and the amounts of the other components were
maintained at the same ratios fciund in the base glass.

EXPERIMENTAL PROCEDURES

Glasses were prepared from batch chemicals (oxides.
nitrates, carbonates). These were mixed using a mortar and
pestle and were melted at 10S0°C for two hours ir.-air in
platinum crucibles. Each batch produced 40 grams of glass.

Viscosity and electrical conductivity were measured in
aii at 1070 ('. The viscosity apparatus was modified to
allow elect tical conductivity measurements too be made
using the platinum spindle and crucible âs electrodes.
Conductivity measurements were made" using alternating
current at a frequency of 1000 Hz. The residual crystals
present in each glass, after air quenching from the melting
temperature, were determined from photornie'rognjphs. The
iiegrec of crystallinity present was estimated visual!^. and=a
qualitative ranking of the glasses was made. Crysfallinity
was also measured using X-ray diffraction.

Chemical durability was tested in acid and base solu-
tions at room temperature and in (W°C distilled w:ater.
Details of these tests have been reported.1 In each case,
percent weight loss of the sample as a result of the
treatment was determined. Devitrification was evaluated „
from X-ray diffraction data of« samples which had been
cooled from the melting temperature at 6.25°C per hour.2

RESULTS

Table 1 summarizes the results obtained. The alkali
metals (Na, Li.vK) were found to have large effects on
almost all propertied measured. Their effects on a number
of these propeities-are plotted-in Fig. 1. The addition of
alkali oxides results in the formation of alkali -oxygen
bonds rather than silicon oxygen bon'fls3 and results in a
weaker glass network. This allows the glass to flow more
easily and results irPa lowered viscosity. The relative
weakness of the network also makes it more subject to
chemical attack and leads to decreased chehiical durability.
The weaker or more open network may incorporate other
atoms more easily. This may be the cause of the residual
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TABLE 1

Summary of Composition Experiment*

f*n mno-
nent

Na2O-
Li2O
K2O
CaO
MgO

UaO
Al2O,t
NiO|
le, 0, i
Ti62 '

B2O3

MnO2t
U3OB t
ZnO
SiO,

Base
glass
wt%

13.9
3.0
0
4.5
0

0 '
11.6
0.5
7.9
7.5

7.5
2.6
1.5
0

39.4

Variation
wt.%

,5.0
0
0
0
0

0-
1.6

0
0.4

0

5.0
1.2

0
0

15.0
6.0

•6.0
6.0
3.0

-3.0
21.6

-3.0
15.4
10.0

15.0
4.0
4.0
7.0

Vis-
cosity

0

0
++
+

0

« °0

Electrical
conduc-

tivily

+ +

++
++
0
0

0

0
0

, 0

0

"o

Crystal-
linily

0

0
++
++
++
0

+

++

Devitri-
fication

0
0

, 0 *
0
0

++

0
+

+

0
0
0

99°C
distilled
water

+ +

++
•++

d
+

++

0
0
-

0 "

+ +

Leachabilityt

pH4 pH9

++ 0
++ 0
++ 0
++ 0

-..++ o
M-+ 0

++ 0
0 0
+ 0

0

.++ 0
+ ' 0
0 0

++ 0

*0 indicates negligible change with increase in this component: + and indicate increases
or decreases; ++ and indicate large increases and decreases, respectively, with component
increase.

++ in last two columns indicates an increase in teachability.
• IComponents of waste.

crystaliinity reduction present in the glass with alkali
addition. The alkali ions are not strongly bound, and these
charge carriers are consequently very mobile in the molten
glass. This mobility produces the major effect that they-
have on electrical conductivity.

Oxides of the alkaline earths (Ca, Mg, Ba) were found
to produce effects similar to those caused by the alkalis,
although their influence was not as great. This is because
these divalent ions are doubly bonded and are much less
mobile in the glass.3 The amounts of alkali and alkaline
earths selected to use in a glass represent a compromise
between the desirable lowering of viscosity and crystallinity
in the melt and the undesirable increase of leachability.

Aluminum oxide had a number of adverse effects on
the glass, including increasing viscosity and acid leach-
ability. A high alumina content may constitute the limiting
factor for the amount of waste that may be incorporated in
a glass.

The oxides of aluminum, nickel, and iron had the most
noticeable effects on crystallinity inithe glasses, and crystal
formation was more dependent on nickel than on iron
concentration. This effect is shown in Fig. 2. The crystal-
linity in the glasses with the highest levels of these additions
was 10 to 14%. The primary phase was nickel-ferrite
spinel. The action of alumina in its formation is not well
understood since only a small amount of aluminum was
found in the crystals. The aluminum ions may occupy sites
in the glass otherwise occupied by the iron. These displaced
iron atoms might then precipitate in the crystalline form.
Also, the aluminum addition may result in the formation of

214

small precursor crystals which could act as nucleation sites
for the spinel precipitates.

Alumina was found to be the largest contributor to
devitrification, while nickel oxide had a negligible effect, as
shown in Fig. 3. This indicates that the amount of
crystallinity produced in the glass by nickehoxide addition
is largely unaffected by heat treatment; it will come out of
the glass rather quickly. The amounts of crystallinity
induced by aluminum oxide addition, however, will be
affected by heat treatment.

Titanium dioxide was the only component found to
cause a large increase in pH-4 chemical durability, as seen in
Fig. 4. It is of interest that it also caused a slight decrease in
viscosity, since oxides that increase durability generally
increase1 viscosity as well. Titaniac.also contributed to
devitrification. The amount may be somewhat hidden by
the large amount of spinel also present. Small additions of
titania to glasses may be used., to enhance this acid
durability.

Boron primarily affected viscosity and leachability. As
with alkali metals, the amount of boron used in a glass
composition is a compromise between an advantageous
decrease in viscosity and an accompanying increase in

• leachability.

GENERIC STUDY

Studies of the above type are useful in determining the
effect that a certain component has on a specific glass
composition. They are also useful in determining the



•--.•• MOLE PERCENT ALKALI

(Na, Li, K) OXIDE'S

Fig. 1 f.ffcct of alkali oxides on glass properties (o = glasses when
Na,0 was varied; A = Li substituted for Na; V = Li, Na, K
substituted for each other).
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Fig. 2 Effect of AI,O3 , NiO, and
crystallinity in as melted glasses.

, on relative, amount of

approximate effects that a component may be expected to
have on other glasses. However, they are not useful for
predicting the properties of glasses^—particularly those as
complex as waste glasses; The properties of each1 composi-
tion must be experimentally determined.

A variety of nuclear wastes, including high-level, de-
fense, and transuranic wastes, have been found to be
amenable to vitrification. Each waste composition requires
a different mix of glass additives in order to produce a
product with optimum properties. There is a great, deal'Of
variation in the makeup of these glasses. Many composi-
tions are tested for the immobilization of a new waste when
a glass is being developed. It would be desirable to be able
to predict the properties of a glass from its composition, as
this would make appropriate cqrreposition selection easier. ,
It would also help in determining what effect that changes
in waste or glass-former makeup have on the glass.

A program to do this has been initiated at Pacific
Northwest Laboratory. The properties of interest include
those in the above study as well as volatility and.radiation
damage. Property data will be used to generate mathemati-

cal approximation models that will allow one to predict
glass properties.

At least 55 different oxides may be found in waste
glasses. To test all these variables would require an
impossibly large number of experiments, but. by eliminat-
ing those elements that should not occur at concentrations
>0.1 mole% and by combining into one variable some that
are expected to have nearly identical effects, the list is
reduced to 26 components. The elements and combinations
comprising the experimental components are shown in
Fig. 5. ^ "

To determine the feasibility of this experiment, a
smaller version is being tested using 11 components. If
modeling is successful and prediction is satisfactory, the full
system will be examined. Because of the large number of
possible compositions that can be made even with eleven
components, the glasses to be examined are being chosen
by a computer-aided statistical design.

Table 2 shows the eleven oxide components and their
concentration ranges in mole%. Preliminary results on 25
melts in'this system are encouraging. Partial quadratic
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TABLE 2

Eleven-Component Generic
Waste Glass Properties Study

Component

formers*
SiO2

B,63
AKO3

Moclifierst
CaO
MgO
Na :O

Intermediates!
ZnO
TiO,
0,63

NiO

Study values.
mole%

42 58
6 12
0 15

0 14
0-8

11 16

0 6
0 7
0-- 3
0-3
0 3

*Sum of formers must be
between 55 and 75 mole';.

tSum of iiiodil'iers must be
between 14 and 34 mole'V.

{Sum of intermediates must
be between 0 and 22 mole''!.

models are fitting well for Soxhlet leaching, and for
viscosity and electrical conductivity at 1250°C. Prediction
accuracy is now being tested.

CONCLUSIONS

The properties of a glass are affected primarily by its
composition. A waste component that has a large adverse
effect upon the glass, such as alumina, will limit the
concentration of waste which may be incorporated. Inter-
actions between components such as aluminum, nickel, and
iron may dictate that when a combination of these is
present, lesser amounts of each may be put in a glass than
would be possible if, each were there separately. The
selection of a glass composition for a waste will result from
a compromise among optimizations of glass properties such
as viscosity, chemical durability, and homogeneity:
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PHASE BOUNDARY EFFECTS IN METAL
MATRIX EMBEDDED GLASSES

EDWIN SCHIEWER
Hahn-Meitner-Institut fur Kernforschung Berlin GmbH, Department of Nuclear Chemistry and Reactor,

Berlin, Federal Republic of Germany

ABSTRACT

An investigation was performed to study reactions at the phase
boundaries of glass lead composites at temperatures up to the
softening point of the glass. Some metal was oxidized at the
boundary and penetrated into the glass. Solid-state diffusion was
rate controlling. In the case of a phosphate glass, fission products
were depleted in the boundary area. Molybdenum migrated into the
lead, and cesium migrated into the glass core.

INTRODUCTION

An investigation was performed in the context of the
PAMELA process for the solidification of HLLW. PAMELA
is a pilot plant to produce borosilicate or phosphate glasses
in the form of blocks or metal matrix composites.1'2 The
metal matrix composite was chosen here to study phase
boundary effects between the glass and the continuous
metallic phase, which was assumed to be lead. The solid
waste forms tested were phosphate and borosilicate glass
beads;-their compositions are listed in Table 1. The
phosphate glass was developed when the PAMELA process
was first designed, whereas the borosilicate glass is a
tailor-made product that might be converted into a glass
ceramic. The properties of the borosilicate glass and of the
glass ceramic were reported earlier.3'4 Properties of the
glasses are listed in Table 2 in regard to investigations on
the metal—glass interface. Both glasses are very similar
regarding their characteristic temperatures.

EXPERIMENTAL

The beads were produced from the melted glass which
dripped from a platinum nozzle onto a corundum plate.

The glass beads solidified upon cooling in a half-spherical
shape with a diameter of 4 to 6 mm. Quartz ampules were
then filled with the beads. Before adding the liquid lead
(temperature 680°K), the neck of each ampule was
narrowed so that the beads could not escape during filling
with liquid metal. During the filling process the ampules
were continuously flushed with nitrogen. The metal/glass
product was then annealed in the ampule at temperatures
between 573 and 873°K, the maximum annealing periods
being one year at 573°K and eight days at 873°K. The
annealed samples were then cut into smaller pieces to
enable investigations of the metal/glass phase boundaries
using scanning electron microscopy (SEM) and electron
probe microanalysis (EPMA).

RESULTS

The phosphate glass contained ZrP2O7 crystals,
whereas the borosilicate glass was found to be
homogeneous. When annealing the samples below the
transformation temperatures (T = 820°K to 85O°K,
Table 2), the glass beads remained essentially unaffected by
the lead and were imperfectly wetted by the metal. In some
cases, however, reaction zones became visible (3 //m wide
after one year at an annealing temperature of 573°K) but
were too narrow for EPMA.

Annealing in, the range of transformation and softening
caused reaction zones to form on the glass surface with
well-defined boundaries between the lead and glass region.
The glass structure changes above the transformation
temperature5 leading to a greater thermal expansion and a
lowering in the surface tension,5 which enables a better
wetting of the glass beads.
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TABLE 1

Composition of Glasses (wt.%)

Borosilicate glass Phosphate glass

34.8 SiO,
14.4 liaO
10.3 AljO,
5.3 CaO + MgO
4.9 ZnO
4.1 B2O,
3.6ZrO, +TiOa

2.1 Na2O+ Li2O
0.5As2O.,

Int. 80.0

5.3 RK,O, +CcO2

4.0Cs,O+ Rb2O + Na2O
3.4 Zrbj +TiO2

2.4 MoO,
1.9 l-c,O3 +Cr2O3

1.2 liaO + SrO
0.6 Co, 0 , + NiO
0.5 U,O8 '
0,4 MnOa

0.3 TeO,

Waste 20.0

49.2 P,OS

17.3 l'e,O,
5.0 AljO.,

71.5

+CcO,9 . 9 K j , ,
5.4 MoO,
4:7 ZrO3

3.8Cs2O+ Rb ,0
2.6 BiiO + SrO
1.3 1-CjO, +Cr,O,
0.4 TeO2

0.4 Co, O, + NiO

28.5

TABLE 2

Properties of the Glasses

Temperature of producing
glass beads TfiOp.ls,°K

Transformation temperature ,
Tg>"K

Dihtomctric softening
point Tg, "K

Temperature of beginning
crystallization
(nuclcation) Tfj, "K

Crystalline phases

Borosilicate glass

1535 "

850

910

880

BaAI2Si;Os

(celsiane)
Rli,Ti(Zr),O7

BaMoO,
Ca-Rlv- silicate
CsAlSi, O,,

(pollucite) ••

Phosphate glass

1465

820

855

830

A1PO4

ZrP.O,

Figures l(a) and 2(a) depict phase boundary areas for
phosphate and borosilicate glasses after annealing at 873°K
for periods of twelve and three hours, respectively. Their
thicknesses are on the average 9 jum and 15 /im,
respectively. At the innermost boundary [Fig. l(a)] of the
reaction zone of the phosphate glass, a second zone became
apparent spreading homogeneously into the glass phase.
This second zone contains cjystals of ZrP2O7 (light) and
AIPO4 (dark). One can see from the EPMA that the second
zone also contains lead [Fig. l(b)] . From now on we shall

refer to this zone as the diffusion zone. Figure l(b—i) and
Fig. 2(b- i) show the distributions of the major constituents
(EPMA) in the area of the glass/metal phase boundary for
both phosphate and borosilicate glasses.

The reaction zone of the phosphate glass essentially
consists of the components lead, phosphorous and cerium
[Fig. l(b: c, and d)] . Lead and phosphorous^are nearly

.. homogeneously distributed, whereas cerium shows regions
of enrichment. Zirconium and aluminum [Fig. l(e and h)]
were found to be enriched in spots, distributed over the
area. Molybdenum [Fig. l(f)] is concentrated at the
boundary with the metal. Sometimes molybdenum-rich
spots are found within the lead matrix. Iron and cesium,,
[Fig. l(g and i)] are depleted in the diffusion zone. The
latter element is strongly enriched at the end of theiead
diffusion zone. A more detailed analysis of Fig. 1 (a) reveals
that the reaction zone is not uniform. In the area directly
adjacent to the lead, the ratio of the relative intensities of
the EPMA X-ray signal is lZone/'lead * 0-8 for lead,
whereas it is only =»0.6 in the following zone. The width of
the reaction zone becomes larger with higheratemperatures
and longer annealing periods. This is not true, however, for
the diffusion zone. In Table 3 the widths of both zones in
the phosphate glass are given at different temperatures and
annealing periods. The width of the reaction zone increases
with time, whereas the diffusion zone runs through a
maximum of its width. The sum of both rises linearly with
the square of the annealing time.

Figure 2(b and c) shows the X^ray mapping of lead and
silicon, the major constituents in the reaction zone of the

'borosilicate glass. Cesium and calcium [Fig. 2(d and e)] are
mainly found in the middle of the reaction zone, and
barium, titanium, molybdenum and aluminum [Fig. 2(f. g,
h, and i)] are on the outer boundary towards the lead. The
ratio of the relative intensities of the characteristic X rays
of lead is IZOne/Ilead % °-5 throughout the reaction zone.
A diffusion zone was not found.

DISCUSSION u

Lead Oxidation

It can be assumed that under given experimental
conditions the penetrating lead will be oxidized. This
oxidation resulted from residual adsorbed oxygen on the
glass surface, dissolved air from the glass.^and oxidation by
some glass constituents. The reaction of lead with MoO3

leads to the formation of PbO and MoO2.
1 The free enthalpy of the reaction is AH = —20.6 kJ

between 573 and 873°K (Ref. 6). From the molybdenum
distribution [Figs. 1(0 and 2(h)] it was derived that lead
was being, oxidized by^Mo6+, because there is always a great,
deal of molybdenum at the metal boundary.

.There are numerous indications that other glass
constituents may oxidize the lead 'penetrating the reaction
zone, e.g., Fe2O3 (Refs. 7 and 8), CeO2 (Ref. 9), and TiO2

(Ref. 10). U3OS and TeO2, which are usually present in
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Fig. 1 (a) Si:M micrograph ^of the phase boundary area of a phosphate glass lead composite. Annealing temperature, 873"K: annealing time,
12 hr. (b) X-ray mapping of lead in l i g . Ha), (c) X-ray mapping of phosphorous in Tig. l (a) . (d) X-ray mapping of cerium in l-'ig. Ha) , (e) X-ray
mapping of zirconium-in l-'ig. Ha). ( 0 X-ray mapping of molybdenum in l ig. I (a), (g) X-ray mapping of iron in l-'ig. l(a). (h) X-ray mapping of
aluminum in Fig. Ha), (i) X-ray mapping of cesium in Fig. l(a).
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Fig. 2 (i) SEM micrograph of the phase boundary area of a borosilicate glass- lead composite. Annealing temperature, 873°K; annealing time,
3 life (b) X-ray mapping of lead in I ig. 2(a). (c) X-ray mapping of silicon jn Tig. 2(a). (d) X-ray mapping of cesium in l-'ig. 2(a). (e) X-ray
mapping of calcium jn Fig. 2(a). (f) X-ray mapping of barium in lig. 2(a)'/(g) X-ray mapping of titanium in l-'ig. 2(a). (h) X-ray mapping'of
molybdenum in lig. 2(a),j(i) X-ray mapping of aluminum in I'ig. 2(a). "" " ''
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TABLE \

Widths (/jml of Reaction and Diffusion Zones
of Phosphate Glass

Annealing
time,

hr

Width of
m e lion zone

Width of
diffmioii /one

Width <jf
both times

At
823 K

At
873 K

At
823 K

At
873 K

At
823 K

At
873 K

12
4X

4 • 1

'••I • 2

9 • 2
15 • 5
6S • 10

4 • I

14 • 4
in

Id

K •

21 •
3 >"'•<•

!<»
10

rather low concentrations, may be reduced as well (I ,OX

t o l O j . A H - 42,7 kJ. ;ind le(), t o l e . ^11= 50.2 Id >.
Here Fe;,O, shall be dealt with in more detail because it is a
major constituent of the phosphate glass. As is known toi
both borosilicate7 and phosphate glasses," the equilibrium
constant of the Fe: + l-'c" redox reaction is dependent on
the acidity of the glass. At constant temperature and rising
acidity, the equilibrium moves toward the Fe ; t side. In
general, phosphate glasses arc more acidic than borosilicate
glasses.!' Fxperinients carried out on molybdenum-free
glasses, resu Ifed in reaction /ones similar j o those shown in
Figs. l(a> and 2(:i). Hence, evidence is given tor the
reactivity of elements other than molybdenum.

Migration of Lead and Glass
Constituents

The transport of lead via the phase boundary is
expected to be of paramount importance for all phase
boundary reactions0 reported throughout the study. This
became evident from a comparison withnonembedde'd glass
samples where nothing similar happened under the same
annealing conditions. Few investigations have been reported
in.the literature on the transport phenomena at a lead glass
boundary. In this work we were interested in the
temperature range 573 to K73 K. No transport daia were
found fey glass constituents. Only the penetration of lead
was investigated.1 ' and the diffusion coefficient was
reported to be D = 5.5 x 10 ' ' cm2 s ' in^a soda lime
glass at 773°K. The question was left open as to whether
lead migrates as such or in an oxidi/ed sti'te.

It was clear from (he finding of the preceding chapter
that the lead was oxidized under the applied experimental
conditions. Numerous investigations on silicate glasses have
been published dealing with the migration of oxidi/ed lead.
and it was reported thai simultaneous migration of Pb2 +

ions and O 2 ions12:'"' or transport of PbO molecules
occurs.14» Diffusion data derived from measurements on a
lead si[icate_glass at temperatures; above the transformation
range" yielded D8 : . , K

 l= 4 x l 0 ' 2 and D x 7 , K =
4 x 10 ' ' cm2 s '. An estimation of a lead diffusion
coefficient from the penetration depth yielded
D873 K = ' * 10 ' ' cr"2 s 1 , based on the equation
D = x2/4t [ x = ! 5 Aim after 3 hr; see Fig. 21 a)] for the

borosilk ate glass. Values for the phosphatf glass were
derived from the sum of the reaction and diffusion /ones
and are U h ; , k = > * | f ) ' : M i d D ^ J K T- ~ * M "
tin5 s ' These values are in !air agreement with those
measured ain lead silicate glasses1' Hence it may be
assumed that the extern of the phase boundary area
|lig. l (aandb| | is controlled by the diffusion of lead.

As »tn the migration of phosphate glass constituents, the
following" was concluded based on f-.PMA and
higli-temperalure crystallization experiments

1. In ihe reaction /one crystalline phases of CePO4 as
well as 4PbO • P,O, or 3PbO • H2O« could form. These
compounds were found in lead phosphate glasses (70 to
W mole. PbOl after Uvin1" at temperatures below
1100 K. The rê acii'jn zone of our phosphate gjass has a
high lead contenl.

2. dlass constituents not hound in crystal phases were
found to have been driven out of the reaction zone.

-Different species were found on either side. Molybdenum
migrated towards the lead malrix |Fig. 1(0). All the
other constituents migrated in the opposite direction (see

•- Fig. l(g,,h. and i) | .
3. While lead diffuses from the reaction zone into the

glass |Fig. l(a and b)| . constituents not bound in crystal
phases migrate into the glass core. On I he diffusion front
of lead, an enrichment of these constituents is found, e.g..
cesium |Fig\ l(h)| This phenomenon^ is] of practical
importance because long-lived fission products such as
cesium are depleted in the surface area ajid thereby
protected from possible water attack. An in-depth study-
on this subject is in progress.

CONCLUSIONS
= ' 6

G v

1. The glass lead phase boundary of a metal matrix
composite (HLSW form} is subject to chemical reactions
above X20 K. The most important species is oxidi/ed lead^
penetrating the glass phase. " 0

2. The depth of the reaction /one is determined by the
diffusion coefficient of Ph2* in glass.

3. Fission products may leave the zone in both
directions; for example, molybdenum migrates into the lead
whereas cesium migrates into the glass core.

4. Crystallization in the reaction zone (borosilicate
glass) prevents the constituents from escapiijg; that is, glass
ceramics as the HLSW form should be less affected by the
diffusing lead and might be preferred instead of glass. "
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A PELLETED WASTE FORM FOR HIGH-LEVEL
ICPP WASTES

K M . LAMB, S. J. PRIIBH, II. S. COL1-. and ti. D. TAKI
Allied Chemical Corporation, 550 Second Street, Icialjp. Falls, Idaho

ABSTRACT

Simulated /.itconia-tyiK calcined waste is pelleti/.ed on ;i 41 -cm
..diameter disc pelleti/.er usinji 5' ' ticnttmitc, 2'i metjkaolin, and 1'r-

boric acid as a solid hinder and 1M phosphoric plus 4.1/ nitric and ;is
a liquid binder. Alter heat treatment at XUO'C for 2 huuivjhe
pellets are impact resistant and have a leach resistance o) \S' *
g/cnr • day, based on Soxhlet leachirij; tor 1(1(1 hours at 95 C with
distilled water. An integrated pilot plant is being fabricated to verify
the process.

INTRODUCTION

At the Idaho Chemical Processing Plain (ICI'P) defense
type nuclear fuels are reprocessed to lecover uranium. The
resulting high-level wastes are solidified by a fluidized-bed,
calcination process.' Currently there are ~-1700 in"1 of
calcined high-level wastes stored at the ICPP.2 The compo-
sition pf zirconia calcine stored at ICPP is shown in Table 1.

Pelleti/.ation is being considered as an alternative to
calcination or vitrification prior to storing ICPP high-level
wastes.3 Fluidized-bed calcine, a mixture of bed panicles
and fines, has ah angle of repose greater than NO";
therefore, the calcine has poor flow characteristics making
it difficult to retrieve jf recovery becomes necessary.
Fluidized-bed calcine particles are porous and leachable for
cesium and strontium, but quite leach resistant for other
elements.4 By pelletizing. a flowable and easily retrieved
product is produced. Also, leachability and dispersibility
are reduced. Pellets also have a relatively low preparation
temperature and can be readily converted to another waste
form such as a metal matrix.5 Properties of the calcine,
pellets, and glass are given in Table 2.

The .development of a pelletized waste form included
extensive pellet binder studies involving a total of 32

pelleti/iim experiments to evaluate different pellet forming
binders. Dsing a 41-cm diameter disc pelleti/er. the zirconia
calcine wa°s mixed with binders and tlfen agglomerated into
three 10 mm diameter spherical pellets. The pellet forming
binders react with the calcine during pelletizing to form a
cement-like material to improve green pellet strength and
during heat treatment to impart leach resistance to the
pellet.

DESCRIPTION OF PELLETIZING SYSTEM

A 41-cm diameter disc pelletizer with a throughput p.f
10 to 100 kg/hr was used for the developmental work. The
pelletizer is operated by a 0.25 hp motor, and the pelletizer
disc is the only moving part. Unlike most other agglom-
erating equipment, the disc pelletizer does not use high
pressure to form pellets.. A mixture of calcine and solid
additives is fed onto the inclined rotating disc. Then a
liquid binder is sprayed onto the mixture. As the disc turns,
the solids, while rolling and tumbling, grow into pellets by a
snowballing effect. The centrifugal action of the turning
disc separates the pellets into three distinct and progres-
sively larger sized streams: a seed stream, a growth stream,
and a polishing stream. The polished pellets move to the
edge of the disc and spill over to be collected. The polished
product pellets are uniform in size and spherical in shape.

The size ofj. the pellets is controlled by the speed and
angle of the di|c and the location of the solids feed and

^liquid spray. Increasing the disc speed or angle will decrease
pellet size. The larger the size of the particles where the
liquid, is sprayed or where solids are fed, the larger the final
Pallet.

g The solids are metered to the pelletizer at up to 60 kg/h
using a screw feeder. The liquid binder is sprayed through a "
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TABLE I

Composition of ICPP Zirconia Calcine

•A1,O,
ZrOj
Car,
CaO
NO,
B,O,
I'issiun products

Composition, wt.%

13-17
21-27
50-56

••• 2 - 4

0.5 2
3 4

0.2-1.5

TABLE2

Comparison of Alternative Waste Forms

Properly

Density,,p/cc
Waste contcnt.il/cc
Preparation

temperature, C
M a x i m u m stable ; .••••

temperature, C
Hulk leach resistance,

p/cm'-U.dOOhr
• Soxhlct)

Calcine

1.2 io 1.6
1.2 to j .6

500 to 550

700

>10" 3

Waste form

Pellet

1.1 to 1.5
0.8

800 to 850

800 to 850

10 4 to 10 !

Glass

2.5 to 2.75
0.6 to 1.1

1050 to 1200

-300

]()~s to 10"6

hollow cone nozzle. A variable speed gear pump delivers the
liquid to the nozzle at pressures up to 0.44 MPa and (lows
up to 30 l/hr.

PELLET BINDER STUDIES

Zircon ia calcine can be pelletized on the disc pelletizer
using only ".-water as a binder, but it is a poor binder,
producing flaky pellets of limited strength withe leach
resistance no greater than calcine. By using various combi-
nations of solid and liquid binders, pellets can be made with
much greater strength. The-leach resistance of the pellets is
also improved by the use of binders, because theyxan react
with the soluble or leachable materials in the calcine to
form insoluble compounds. These reactions normally take
place during heat treatment at 800 to 850°C for two hours.

Liquid Binders

Four different liquid binders were studied: phosphoric
acid (H3PO4), nitric acid (IINO3), colloidal silica (SiO2),
and an alumina slurry. These binders were tested alone and
in combination.

Phosphoric Acid. This acid has been shown to react
with most of the metal oxides in the calcine to form stable
and refractory compounds.6 The two primary reasons for
using H3PO4 as a liquid binder are (1) to form quick-setting
aluminum (present in the calcine) phosphate cements which

impart greeii' and dried strength to the pellets and (2) to
react wi|h the calcine to form insoluble phosphate com-
pounds during heat treatment to increase component leach
resistance. ' ••

Nitric Acid. This acid is used in conjunction with H3PO4
as a liquid binder. Since the second ionizing proton of
H3PO4 is not acidic (pKa2 =• 7.21), HN0 3 is added to
increase the binder acidity to result in better reaction with
the basic calcine and to decrease the liquid binder viscosity.

Liquid binder solutions with H3PO4 concentrations
>9M are too viscous to spray in uniform patterns. This
results in locally high amounts of liquid which forms large,
odd-shaped particles instead of uniform pellets. Pellets
made with liquid binders of less than 1M H3PO4 had poor
leach resistance and were often odd shaped (Table 3).

Colloidal Silica. This was also tested as a liquid binder.
Silica was added in an attempt to form pollucite type
(CsAlSi2O6) compounds during sintering of the pellets.
Pollucites, if formed, are leach resistant. If silica could
replace some or all the H3PO4 used as a pellet binder, the
pellets would also be more easily converted to glass if that
were ever necessary.

Four pellet-forming runs were made using silica in the
liquid binder. Two of the SiO2 concentrations, 15 wt.% and
30 wt.%, did not wet the calcine' particles or help them
agglomerate. The basic (pH = 9.8) colloidal silica would not
react with the basic metal oxides which make up the
calcine. The colloidal silica could be mixed with 3M H3PO4
without gelling for at least 48 hours. As a liquid binder, the
combined acid-silica solution was used to form uniform,
although^ rough surfaced pellets. Since the properties, in-
cluding leach resistance, of the silica-bound pellets were
comparatively poor, the use of colloidal silica and SiO2-
H3PO4 solutions as liquid pellet binders was discontinued.

Aluminum Oxide. Fine a-Al2O3 slurried with phos-
phoric acid and aluminum phosphate solutions were tested
as possible liquid binders. If during pelletizing the calcine
particles could be coated with aluminum phosphate
cement, the leach resistance and possibly the strength of
the pellet would improve. Alpha-AJ2O3 is practically
insoluble in H3PO4 . A slurry using 255 g/1 of fine
(<.07<l mm) A12O3 powder in a solution of 1M H3PO4

and \M HN03 tended to plug the liquid binder spray
nozzle. Because of the difficulties in spraying the slurried
A12O3 binder, another method of making an aluminum

TABLE 3

Effects of H3PO4 Concentration on Pellet

H3PO4.
M

1
2
5 -
7
9

Stupe characteristics

No pellets formed
No pellets formed
Rough, some odd shapes
Spherical, smooth
Oblong, rough

Properties

Soxhlet leach rates, g/(cm2 -d)

Bulk

1.4 x 1 0 - '
:, 7.3 X 10-"

1.9x1 or'

Cesium

2.4 x 10~2

6.8 x 1 0 " '
2.3 x 10 - '
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phosphate liquid binder was found. Powdered aluminum
dissolved in H3PO4, although very viscous, was tried as a
liquid binder. The leach resistance of pellets made using
liquid aluminum phosphate and the slurried A12O3 was low
compared to pellets made with the same solids and just 1M
H3PO4 and 2/W IINO3 as a liquid binder.

As a result of the liquid binder development exper-
iments, a liquid binder solution of 7 A/ H3PO4 and 4A/
HNO3 was chosen as the binder to be used in future
studies.

Solid Binders

Four different solids: bentonite, metakaolin, boric acid,
and calcium hydroxide were tested as possible pellet
binders. Various combinations of these binders were tested
for their effect 011 pellet properties such as leach resistance,
pellet shape, and both green and dried pellet strength. When
adding solid binders, the object was to use enough binder to
react with the desired calcine components, but not so much
as to greatly increase the total volume of solids. Generally,
solid binders were kept under 20% of the pellet weight.
Solids containing 20% or more H3BO3 Ca(0ll)2 or
metakaolin did not form pellets.

Bentonite. This was tested as a solid binder to increase
cesium leach resistance. Cesium or strontium are taken into
the bentonite structure by ion exchange.7 When the
pelleted calcine is heat-treated, benlonite reacts with the
cesium to chemically fix it in the structure. The stoichio;
metric amount of bentonite needed in the pellet to bond
all the cesium and strontium is ~ l .0 wt.% of the calcine.
Bentonite amounts above 5 wt.% tend to cause the green
pellets to become sticky and adhere to each other and
metal surfaces. The levels of bentonite used were 3 and
5 wt.%. Overall pellet leach resistance increased about a
factor of 3 because of bentonite additions, whereas the
cesium and strontium leach resistance increased by a factor
of 4 to 5!,(Table 4). For 100-hour Soxhlet leaches using

TABLE 4

Effect of Bentonite on Pellet Leach Resistance

Bentonite content,
wt.%

0
3
5

1
4
1

Soxhlct leach resistance,

Cesium

.02,x !0" 2

.53xl0-3

.88 x TO"3

Strontium

3.15 x 10-"
2.8 x 10~"
8.0 x 10- 5

g/(cm2-d)

Bulk

7.9x10-"
9.9 x 10-"

2.89 x 10-"

distilled water at 95°C, cesium and (,strontium leach
resistance was highest at bentonite concentrations of
5 wt.%.'

Metakaolin (Calcine Kaolin). This clay can react with
cesium much like bentonite. The calcined clay is used
because it is generally more reactive than the hydrated
clay.8 Metakaolin begins reacting with cesium at temper-
atures as low as 500°C. In testing, as much as 20 wt.%

metakaolin was added to the calcine. Testing indicated that
more than 10 wt.% metakaolin made the calcine mixture
very difficult to pelletize because rnetakaolin is not easily
welted resulting in poor agglomeration. Metakaolin in
smaller quantities (5 wt.% or less) will fill voids between
calcine particles and enhance pelletization. For appearance,
strength, and cesium leach resistance, a few percent
metakaolin is beneficial, the bulk leach resistance of pellets
containing 2 and 5 wt.% metakaolin is similar, with the
2 wt.% pellets possibly having the bet ter cesium leach
resistance.

Boric Acid. This acid was tested as a solid°binder over
the range of 0 to 10 wt.%. for many of the reasons H3PO4

was tested as a liquid binder. These are potentially
improved pellet strength and leach resistance. Boric acid
increases the pellet green strength by reacting with the basic
oxides in the calcine. Boric acid will lower the sintering
temperature of the pellet possibly decreasing pellet porosity
during heat treatment. Boric acid, much like metakaolin,
improves some physical properties of the pellets. However,
more than 2 wt.% boric acid does not increase leach
resistance.

Calcium Hydroxide. This was tested as a solid pellet,
binder in four runs. Calcium hydroxide or calcium oxide
will react, similar to A12O3, with H3PO4 and formvstable
cold setting cements.9 By using Ca(OM)2 in the solids
mixture and a liquid binder containing H3PO4, the cement
forming reaction was expected possibly to improve pellet
strength and leach resistance. Concentrations., as high as
20 wt.% Ca(0H)2 were tested in pellets. Bulk leach rates
were low, but pelletizing properties were poor. Lime, being
a very strong base, reacts too vigorously with the H3PO4.
The reaction heats the pellets and causes the evolution of
steam. The steam causes the pellets to swell and to become
porous and friable. Many of the pellets made with as low as
5 wt.%i Ca(OII)2 cracked during pefletizing or upon drying.

To make pellets with good leach resistance,goodgreen
and dried strength, good shape characteristics, and con-
taining a high waste fraction, it was'determined that 5 wt.%
bentonite, 2 wt.% metakaolin, and 2 wt.% boric acid was a*
practical solid binder.

PILOT PLANT PROCESS FOR PELLETIZING
ICPP CALCINED WASTE

A pelletizing pilot plant has been developed to pelletize
the calcined waste. The pilot plant (Fig. 1) is intended to
test, in an integrated continuous process, the techniques
learned in laboratory experiments to produce hard, leach-
resistant pellets from calcine.

In the pilot plant process, calcine and a premixed solid
binder (56% bentonite, 22% boric acid, and 22% meta- *
kaolin) are fed to a 41-cm diameter rotating disc pelletizer
from separate loss-in-weight feeders. These feeders give a
very accurate and uniform feed rate based on weight of
material. A screw mixer intimately combines the two feeds
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Fig. 1 Continuous pilot plant process lor pelleiizing simulated zircoma calcine.

(91% calcine. 99? binder) and conveys the mixture to the
pelletizer. Liquid to solid ratio is ~1 : 2.2. and pellets of 3
to 6 mm in diameter are formed.

During initial start-up and following major changes in
operating conditions, odd-sized particles can form on the
pelletizer. A gyratory screen is used to ;remove all particles
over 12 mm in diameter from the pallet stream. These
pieces can then be broken^and recycled. The pellets are
dried at 150 to 200°C in a microwave heated dryer. Power
is supplied by a 6 kW microwave generator.10 Microwave
energy was chosen because it has the advantage of drying a
pellet uniformly throughout, in a short time (~l5min) ,
and with relatively small equipment size. Drying pellets by
conventional radiant energy in the same length of time dries
the outer layer of the pellet first. As the interior heats and
expands, the dry outer shell cracks, destroying the integrity
of the pellet. Also, larger equipment is required.

After they are dried, the pellets are heat-treated at 800
to 850°C for two hours to promote a reaction between the
calcine and additives. To maintain a continuous process and

yet keep equipment size to a minimum, a heat treater was
designed which consists of eight stacked trays rotating'at
about four revolutions per hour inside a kiln. The pellets
revolve and drop from tray to tray through the unit .by a set
of paddles and slots in the trays. From the heal treater. the
pellets are dropped into a canister for cooling and storage.
The combined off-gas from the various process stages is
cooled in a quench tower. Particulates and volatiles are then
removed in a venturi scrubber and a filter system before the
off-gas is vented to the atmosphere. '!

CONCLUSIONS

Pelletizing high-level ICPP zirconia-xalcinVmay be a
practical alternative to vitrification or calcine storage.
Pelletizing reduces the surface area of calcined waste by a
factor of fOOO or more. This greatly reduces dispersibility
and improves leach resistance. Reactions between solids and
liquid pellet binders and calcine further increase leach
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resistance of the waste. Pellets have teen made with bulk
leach resistance nearly as great as the leach resistance of
glass made from the same simulated calcine; however, the
pellet leach resistance of cesium is approximately 10 times
lower. The integrated pellet pilot plant will be used to
verify a practical process. The pilot plant and development
work will form the basis for determining the value of pellets
as a waste form for ICPP waste.
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THE USE OF GLASS-CERAMIC MATERIALS
FOR THE FIXATION OF RADIOACTIVE WASTES

A. A. MINAKV, S. N. OZIRANlfR. and N. P. PROKHOROVA
State Committee on Peaceful Use of Atomic Kneruy, Moscow, U.S.S.R.

ABSTRACT

This paper is concerned with the study of the crystallization of
phosphate and silicate glasses. It was shown that temperature and
time of storage influence considerably the crystallization of glasses
and that crystallization very often increases their rates of leaching to
a great extent. However, there are glasses in which crystallization
does not result in leaching rate increase. It seems reasonable to use
these materials for the fixation of radioactive wastes. The main
reasons for the increase in the leaching rate during crystallization are
ihe formation of porosity and soluble crystal phases.

INTRODUCTION

At present the vitrification method is considered to be
the most reliable method throughout the world for the
fixation of highly radioactive wastes. That is why ¥ great
deal of work is being done to study various glass systems,
factors influencing crystallization, leaching rates, equip-
ment problems, etc.

It is known that one of the basic requirements of the
vitrification process which determines its economic char-
acteristics is the quantity of radioactive wastes which can
be introduced into the glass. Therefore, compositions are
used which include the maximum quantity of radioactive
wastes. However, glasses with a.high content of radioactive
wastes crystallize more readily during temperature treat-
ment, which is not desirable because glass crystallization
often leads to the deterioration of'its properties. Crystalli-
zation mainly depends on temperature, which rises during
storage as a result of radioactive isotope decay. Hence, to
store wastes in vitrified blocks, it is necessary to maintain
low temperatures to prevent crystallization. This makes
vitrification processes and storage of the glass more difficult
and expensive.

It is necessary to point out that the temperature of glass
storage at which glass crystallization does not proceed is
100 to 150°C lower than ihe glass softening temperature
and is 200 to 250°C lower than the melting temperature of
crystal compounds of the same composition.

As a rule, the study of the thermal devitrification of
glass is done during a short period of time (50 to
200 hours), while vitrified radioactive wastes are kept for
hundreds of years. It is quite probable that during longer
storage glasses will devitrify at lower temperatures than in
the laboratory experiments. •> (.

In this, paper an attempt is made to prove some
inaccuracy in storage temperatures of the vitrified radio-
active wastes when they are chosen on the., basis of
relatively short laboratory experiments. The possibility of
using crystallized materials for the fixation of radioactive
wastes is also shown. "—

EXPERIMENTAL

Since the composition of radioactive wastes destined-
for treatment may vary within a wide range, we studied
both phosphate and silicate glasses with various oxide
contents and with various ratios of sodium oxide Ho
multivalent metal oxide. Phosphate glasses were melted at
900 to 1000°C, and silicate glasses at 1100 to 1150°C.
The glasses were annealed at various temperatures for
various periods of time. The presence of the firystal phases
was determined by X-ray diffraction'. Composition of the
glasses and experimental results are shown in Table 1. The
results in the table show that the time of annealing
considerably influences the choice of the working storage
temperature. The annealing of phosphate glasses at 400°C
for as long as 500 hours causes no changes in the glasses.
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TABLE 2

The Influence of Crystallization on the Leaching Rate

No:

1
->

,3

4
5

6

(

Na,.O

26.5
28.K
25.3

24.6
21.3
19.7

Composition ol
samples, v/t.'A

O.M.M.*

30.0
24.0
30.0

24.(1
30.0

30.0

P,O,

43.5
47.2
44.7

51.4
48.7
50.3

Na • 1'
mol.

1.4
1.4
1.3

1.1
I.(I
0.9

Leaching rate.
g/cm2 • clay x 10 '•

Before
annealing

0.14
11.6

0.23

0.2
0.27
0.12

Alter
annealing

403.0
170.0

19.3

1.2
0.2
0.55

• -

Composition of crystal
phases formed during

annealing

Na,PO4 "
Na,PO4

80'.' Na2PO4 + 2(Y;i
3Na,O • 2AI ,O, • 3P2O,

3Na,'O • 2A12O, • 3P2O.
3Na,O • 2A12O3"- 3P2OS

2O',V' A1PO4 + 809?
3Na2 O • 2AI ,O, • 31VO,

*Oxides include sodium ci.vicle ;md oxides ol" miillivalent molals (O.M.M.).

Increasing the time of annealing up to 1000 hours leads to
crystallization of glasses with a molar ratio of sodium to
phosphorus of 1.2. After 1400 hours, even glasses with a
molar ratio of sodium to phosphorus of 1.0 become
crystallized. The same is true of the silicate glasses.
Annealing at 55O°C for as long as 214 hours does not cause
crystallization of the glasses "under study. But an increase in
the time of annealing at the same temperature results in the
crystallization of some of the glasses under study. Silicate
glasses are crystallized, in shorter times of annealing at
620°C. /

The data described above show that, in some cases,
annealing even for as long as 500 to 700 hours does not
guarantee the correct choice of the storage temperature
from the point of view of glass crystallization. The data
obtained show that an increase in the time of testing to
more than 1000 hours may result in even further reduction
of the storage temperature selected. Examples are glasses 5
and 6 (Table 1), which should be stored at below 400°C,
This is about 300°C lower than for crystal substances of the
same composition, whose melting temperatures were de-

termined by differential thermal analysis and range from
650 to 700°C.

During crystallization, glasses of different compositions
change their properties in different ways. Crystallization
may have a strong effect on the leaching rate. There are
glasses in which crystallization results in a thousandfold
increase in their leaching rates. This makes such crystallized
materials unfit for the fixation of highly radioactive wastes.
However, there are also glasses whose crystallization does
not increase their leaching rates or increases the leach rates
only 5 to 10 times. These materials can be used for the
fixation of wastes. Examples of such phosphate glasses are "
shown in Table 2. For> glasses J through 3 with a molar
ratio of sodium to phosphorus equal to 1.3 or 1.4, the
leaching rate after annealing increases 100 to 1000 times,
but for glasses 4 through 6 with a molar ratio of sodium to
phosphorus equal to 1.1, 1.0, and 0.9, respectively, the
leaching rate increases not more than 5 to 6 times, being
equal to I x 10~6 g/cm2 per day. From these data it,
follows that one may choose glasses whose crystallization
does notancrease the leaching rate. The increased thermo-
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stability (if such crystallized glasses means thai I hey can be
Mured at higher temperatures than vitreous glasses.

To make a correct choice of such crystallizing glasses, it
is important to know the reasons for the increase in the
leaching rate. Our studies showed that the main reason for
the increase in the leaching rate during crystallization of
glasses is the formation of soluble crystalline compounds.
Table 2 shows soluble and nons6iuble crystal phases formed
during temperature annealing of phosphate glasses of
various compositions. It was.-shown that when water-soluble
sodium onhophosphatc is one of the basic crystal phases
the rate of leaching increases considerably (glasses 1 3),
although, when the-basic crystal phases are ^aluminum
sodium orthophosphate' or aluminum orthophosphate, the
leaching rate changes insignificantly (glasses 4 -6) . There-
fore it is important to know the phase diagram of the
system under study.

Another reason for the increase in. the leaching'rate is
the increase fii the geometrical wlhVrxGiitact surface.
However, it is not just a simple increase in the geometrical
surface caused by roughness on the surface whiclv.results'
from crystallization. We experimentally showed that the,,
formation of surface and volume porosity takes place
during crystallization. This increases the water corftaci
surface and consequently ihe leaching rate. Table 3 shows
the way porosity influences the leaching rate. All samples

TABLE 3

Influence of Porosity of Crystallized Samples
on Their Leaching Rate

No.

1
• >

3
"4
5
6
7
8
9

10
1)
12

Composition of
samples, wt.'r

Na,0

21.6
25.0
.26.1

'28.8
30.0
24.4
25.4
24.3
28.0

., 27.0
29.1
28?3

O.M.M.*

29.0
34.0
34.0
24.0
20.9
29.0
26.0
36.0
26.0
34.0
29.0
31.0

P,O5

49.4
41.0
49.9
47.2
49.1
46.6
48.6
39.8
46.0
39.0
41.9
40.7

Na : P
mol.

1.0
1.4

-i

A
.4

T

2
.4
.4
.6

1.6
1.6

Leaching rate,
g/cms • day

Porosity c x 10""'

+ 40.0
5.0
5.5

+ 133.0
+ 2152.0

5.1
- ? "2.3

o + 1835.0
+ 533.0

1630.0
659.0

+ 533.0

"Oxides include sodium oxide and oxides of multivalent metals
(O.M.M.).

ates the crystallization of phosphate melts. It is emphasized
that not only the presence of iron but also its valency
influence the crystallization rate. In Fig. 1 there are X-ray
diffraction patterns of crystallized glasses of similar compo-

J ^ . il i I . . • • • • : « . . . • i I • I i t

I I I J I I iifu I I I I . , 1 , I I I ! I , •

Fig. I X rayogramms of crystallized glasses with Fe(II) and Fe(III).

with a low leaching rate are nonporous, while most of the
samples with a high leaching rate are porous. There are
some nonporous samples with a high leaching rate, but in
these cases it is due to the presence of soluble crystal
phases.

The formation and the properties of crystallized mate-
rials depend on the crystallization rate and the character of
the crystal phases being formed. The presence of some
elements in wastes has a strong influence on the crystalliza-
tion rate and the character of the crystal phases. For
example, the presence of iron in radioactive wastes acceler-

sition, differing only in iron valency. The glass sample with
divalent iron was melted in argon to avoid oxidation of
iron. From'these data it can be seen that, during crystalliza-
tion of glasses containing iron of different valency, dif-;

ferent crystal phases are formed. We measured the crystal-
lization behavior 'of these glasses at various melt cooling
rates. Glasses containing divalent iron crystallize at cooling
rates below 150 to 200°C per hour, while those containing
trivalent iron crystallize at cooling rates below 20 to 30°C
per hour only. Glasses containing no iron do notcrystallize
even at a cooling rate of 10 to 15°C per hour. Thus we may
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conclude that, first, the presence of iron in the melt
influences trie phosphate melt crystallization rate, and,
second, the iron valency influences both the crystallization
rate and the character of the crystal phases.

SUMMARY AND CONCLUSIONS

j» The timecand temperature dependence of the crystal-
lization of some phosphate and silicate glasses which are
used for the fixation of radioactive wastes was studied.

• The possibility of inaccuracy in the choice of the

design storage temperature for solidified radioactive wastes
in the glassy state was shown.

• The possibility of using crystallized glasses for the
fixation of radioactive wastes was shown.,

• It was shown that the main reasons for the increase in
tljs1 leaching rate during waste glass crystallization a r i^ ie
formation of soluble crystalline compounds and the forrria-
tion°of porosity which increases the water contact surface.

• It was shown that the presence of some elements and
their valencies influences the crystallization rate and the
character of the crystal phases.
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VI. LEACHING OF WASTE MATERIALS

RELATIVE LEACH BEHAVIOR OF WASTE GLASSES
AND NATURALLY OCCURRING GLASSES

P. B. ADAMS
(ominu Glass Works. Comint: New York

ABSTRACT -. '•„.

Simulated nuclear waste glasses til the sodium-hoiosilicate type*
will) a low waste loading and nt the /inc-boro'ifjieate type with a
high waste loading have been compared with obsidians. The results
indicate thai the waste glasses would corrode i/i "normal" natural
environments at a rate ol about (1.1 nm per year at 3d' C and about
5 Mm per year at 90 C, compared with obsidians which seem 1o
corrode at, or less than, about 0.0!' jum per year at 30 C and less
than 1 ium per year at 90" C. Activation energies tor reactions ol' the
two waste glasses with pure water are about 20 kcal/g-niol.

INTRODUCTION

Obsidians have survived in"the environment for long
periods of time, many in excess of millions of years. ^Useful
•estimates of thedLang-term corrosion rates of nuclear'waste
glasses should result from a comparison, with obsidians,in
the laboratory.

Naturally occurring obsidians are usually similar in
composition to one another except for silica content.
Typical silica concentrations are 75% (granite obsidian),
72% (rhyolite obsidian). 60% (trachyte and andesite
obsidians), 56% (phonolite obsidian), and 50% (basalt
obsidian).'

Silicate' glass decomposition can, in general, be defined
by two processes—-alkali extraction which, depends on the
square root of time and silica dissolution''which is linear
with time. No ion will initially ejitefsolution mote rapidly
than alkali, but eventually silica dissolution becomes the
rate-controjjjffg.iprocess. Thus, these two parameters have
been of primary interest in this study.

EXPERIMENTAL -

The compositions of the materials studied are shown in
, Table 1. They include a natural granite obsidian from the

Nevada Long Valley Caldera, a synthetic andesite obsidian,
a synthetic basait obsidian, and two typical candidate
nuclear waste glasses? ° ' o

The synthetic obsidians and wastej?lasses were melted
in platinum crucibles at 1300°C for iVhours and annealed
at 500°C. High purity batch materials were used for the
synthetic obsidians. Waste glass Q was melted from 3.5%

,,simulated waste calcine2 PW 4b-4 plus batch materials.
" Waste glass R was melted from 67% frit glass 76-101 and

33% simulated waste calcine2 PW 8a-2. The simulated waste
^calcine, and frit glass 76-101 were provided by Pacific

Northwest Laboratories.
Examination by optical and scanning electron

microscopy showed a relatively large number of crystalline
inclusions in the natural granite obsidian, a moderate

3 number of inclusions in waste glass Q and a very few in
glass R. None were seen in the synthetic obsidians.

Test specimens were prepared as1 grains or polished
plates (1.25 cm square, 0.32 cm thick). "Standard tests"
were made as follows:

O)pH 4 "acid-base" test2: 42 to 60 mesh grains in
2.5% sodium acetate +7.0% acetic acid, 19 hours, 25°C*

(2) "Soxhlet" test2: 45 to 60 mesh grains in constantly
renewed distilled water, 24 hours, 100°C*

(3) Strong base test: plates in 5% NaOH, 6 hours,
95°C* • • '

*Result as weight loss.
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TABLE I

Composition* of Materials Studied

Natural
Con- granite

stituent ; obsidian, %

Synthetic
obsidian,$ %

Andesile Basalt

Nuclear waste
glass, i %

SiO2

TiO2

AI2O,
l-c,<V
MnO

MgO *
CaO
Na',6

K2O

ZrO2

CcO2

RuO3

La2O,
Cs2O'
NiO
MoO3

1- ,
Other

74.6

14.0
G 2:'O

3.8

5.3

60.1
(60.0)

0.8
17.5
6.6

2.8
5,1
3*r

/• (3.6)
"--"2.1

<-. 0.3

49.7
(50.0)

1.4
15.9
11.9
Q-3

6.2
9.1
3.2

(3.2)
1.5
0.5 =

38.1
(39.4)

5-2

17.3
(16.5)

0.4
0.3
0.3

(17.1)
0.9

0,3
< 0.3

0.6,
0.5°
1.9

40.1
(40.6)

3.0 .

11.3

2.0
43.0
(12.5)

0.5

1.9
3.9

' ( 9 . 4 ) ,
0.5

2.6

0.6
2.5

*Only constituents >0.2% shown.
•(•Includes Fc,O 3 + FeO.
tAnalyzed values. ^
g^alues computed from batch; those in parentheses represent

analyzed results. • '
HZnO (5.0%), Nd",O3 (1.4%), TeO2 (0.3%), Sm2O3 (0.3%),

BaO (0.6%), SrO (0.4%), Pr6O, , ,,(0.4%).

(4) Weak base test: plates in 0.02N Na2C0.3, 6 hours,
95°C* ; = V-

,(5) Strong acid test: plates in 5% HC1, 24 hours, 95°C*
(6) Water "powder" test3: 40 to 50 mesh grains in

distilled water, 4 hours, 90°C.t
(7) Acid "powder" test3: 40 to 50 mesh grains in

0.02AfH2SO4,4hours,90°C.t

"Long-term" tests up to one year were also made at
temperatures of 30, 60, and 90°C. Plate specimens were
immersed in 30 ml of distilled water contained in poly-
styrene or glass tubes. These were placed in agitating (86
cycles per minute) constant temperature baths. In some
cases the water was changed weekly; in other cases it was
never changed. Blank samples were tested for all conditions.
On\ conclusion of the test, the water was analyzed for
sodium and silicon. Sodium was determined by con-

ventional atomic absorption spectroscopy, silicon by DC
plasma atomic emission spectroscopy after addition of
hydrofluoric acid to the test solutions.

RESULTS AND DISCUSSION

Standard Tests

-r' Table 2 shows results for standard tests on eacii
material When ranked relative to the granite obsidian. (Note
tha.,1 the relative values do not' indicate the ranking Between
tests.)

The alkali tests show increased solubility for the
obsidians as silica content decreases; glass R is as resistant as
granite obsidian. The strong aeid'4est also shows increased
solubility for the obsidians with decreasing silica; glasses Q
and R are more soluble than any of the obsidians. The
buffered oweak acid (test 1), shows increased solubility for
the obsidians with decreasing silica, but this doesinot'seem.
to be the case in the unbuffered solution (test 7); glasses Q

4nd R rank close to the andesite obsidian. Water tests for
the obsidians "Show a dependence on silica content when the
sample is bathed irî  pure water (test 2). but. if reaction
products^ accumulate' (test 6), all show the same solubility.
(A 10%" 20 ppm SiO-2 in solution markedly depresses the
silica reaction rate because of the very low activity of
H2Si03 present in solution4 below pH 10.) Glasses'Q and
Rare about ten times as soluble as andesite.

Long-Term Water Extraction tests ^

Experiments were conducted up to one.year using the
granite and' andesite obsidians and the twe waste glasses.
T*ne resulting test solutions were classified intotwo groups:
(1) those in which there was limited reaction product
buildup (Lim RPB), including all tests in polyethylene

TABLE 2

Relative Values of Results for Standard Tests

Test typef

Alkali
Strong (3)
Weak (4)

Acid
Strong (5)
p H 4 ( l )
Powder (7)

Water
Soxhlet (2)
Powder (6)

o

Granite

1
1

1
1
1

1 ^
1

i Relative results*

Obsidians

Andesite'

2
= 2

5
53

1 „

4
" 1

Basalt

2
32

1025 >
567

3 °

25
1 =

Glasses

Q

10
6

5050
43
32

62
12

R

1
1

5000
7

, 8

37
12

•Result as weight loss,
f Result as alkali extracted.

•Relative results between samples but not between tests.
fNumber in parentheses refers to test description as numbered

in text.
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uihes thauwere changed weekly as well as those ih'at were
iuklianged but had been on test for a short-react ion time
arul (2) those in which there was significant reaction
pioduot buildup (Sig^RPB). including most samples tested
its glass tubes (because glass tubes yielded,silica up to 150 ^
ppm) and solutions in polyethylene tubes that had derived""1

substantial reaction products lioin the test specimen. ?:
The sodium'extraction data were calculated as "leach

depth" (l.D)f

LD.
Na;O extracted, g 1

sample area, ern2 density .'I/cm3

Na2O in glass.''{
10" /urn/cm ,( 1 )

This term. LD, means that leaching (ion exchange) has
occurred in at least this depth. Since the leach front is not a

depth of reaction is slightly greaterstep function, the actual
than calculated!

the data were then
two-parameter expression

fit by least squares to the

1 / K T

where A = scale parameter ••' :
t = time in weeks
E = activation energy parameter, kcal/g-mol
R = gas constant, kcal/g-mol 'K
T = absolute temperature.'K a

When the data are fit in this manner two assumptions are
implicit: (1) the process is diffusion controlled over the
entire test period time and (2) the activation energy is trie
only other factor influencing reaction rate. A typical
computer plol is shown in Fig. 1. A good fit has no.tjbeen
obtained. Nonetheless, activation energies and slopes, or
reaction rates recalculated as /urn per year, have been
computed and are shown in Table 3 for glasses Q and R.

Curves were also fit to the data by hand plotting as
shown in Fig. 2 for the two waste glasses and for granite
and andesite obsidians. A better fit has been obtained than
was the case for the data forced to fit the mathematical
expression. Two factors may account for this: (1) the
reaction rate is probably approaching a constant value
reflecting congruent glass dissolution and (2) more
importantly, the buildup of reaction products is depressing
the reaction rate, i.e., the boundary conditions are
changing., ., •/•>

Slopes for reaction rates from the various curves at one
week and 20 weeks are shown in Table 4, recalculated as
Mm per year. Comparison of one- and 20-week rates
demonstrates that short-term data can lead to incorrect
conclusions of long-term reduction rates.- The rate at
twenty weeks is more realistic but may still be higher than
that which really occurs in" nature (this could only be
confirmed by still longer tests). Sig RPB rates at 20-weeks

50

Fig. 1 Computer plot of glass R Lim RPB-data |assuming that
(a) the reaction is diffusion controlled and (b) the activation energy
is constant with time and temperature].

TABLE 3

Computer Analysis of Data'

Glass

Q

R

Reaction
extent*

Lim RPB
Sig RPB

Lim RPB
Sig RPB

Activation
energy,

kcal/g-mol

1"6.1S

1-2.2

7.5
= 14.1

30°C

1.0
0.7

2.3--
0.9

Reaction rate, Mrn/year

1 Week

6<PC,

12
, 4

,22
8

90°C

86
19

137
46

20 Weeks

30°C 60°C

0.2 2.5 _
^ 0.2 ,0.9

0.5 5
0.2 2

90°c;

-, -19
4 .;

31
10

*Kithcr limited (Lim)" or significant (Sig) reaction product
buildup (RPB). ' =

time are the'most realistic of those presented here since
they most nearly approximate natural conditions.

Using points generated from the graphed data, the log
of LD was plotted versus the inverse of .temperature after
the Arrhenius expression. Although this yields only three
points (30, 60, and 90°C) for each data set, each point in
fact represents a weighted average of several points, since it
was taken from a curve drawn through several points. These
are shown: in Table 5. When there is no buildup in reaction
products as a result of the increased temperature, the
apparent activation energy does not change, e.g., glass Q at
one week. ':: , ,,
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GRANITE AND ANDESITE OBSIDIANS

10 20 30
TIME, WKS

40 50

t-ig. 2 leach depth versus nnu- Jt 90 ( when therv'is Lim RPB in wjter.

TABLE 4

Sodium Reaction Rales (e.g.. Slope of Curve)

at 1 Week and 20 Weeks

Material

Obsidian
('•ranitc

Andcsitc

(•lass
0

R

Reaction
extent*

Lim RPB
Sis RPB
l.im RPB
Sip RPB

Liin RPB
Sij> RPB
Lim RPB
Sip RPB

30°C

• O.I

-0.01
•0.1
-0.01

i
i
i

Reaction rite, nm /year1

1 Week

60°C

• 1

• 0 . 1

- 1
•0 .1

„ =12
3

40
12

90°C

~ l
" - 1

~ l
• 1

80
10"

14,0

35/

20 Weeks

30°C <

0.1
0.01

- 0,1
-0 .01

0.2
0.04
1
0.2

• 1
• 0 . 1

• 1

• 0.1

7
1

15
5

90°C

• 1
- 1
"•• 1

• 1

65
3

65
6

*l-.ither l imited- (Lim( or significant (Si)>) reaction product
buildup (RPB). ' .;

TABLES

Activation Energies from Empirically Plotted Data,,

Glass

Q

R

Reaction
extent*

Lim RPB
Sip RPB
Lim RPB
Sig RPB

30-60

15.4
• 10.6
'-•> 21 .8

Activation eneifcy. kcai f -mo l

1 Week

C 60-90 C

15.4
10.6 "
13.0
7.8

20 Weeks

30-60 C 60 -90C

J 18.7 16.2
11.5 10.3
22.5 10.5
20.1 6.4

* t i t her limited
buildup (RPB).
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or significant (Sig) reaction product

The activation energy in pure ' water is about 18

kcal/g-mol tor glass Q and about 22 kcal/g-mol for glass R.

These values, are "consistent with those reported by

Holland^ tor commercial glasses. I f the activation energies

ure in tact different, the relative solubility o f glasses Q and

R will change with temperature.

Finally,, using points generated from the lines of the

graphed data, the log of I D was plotted versus the inverse

of temperature afler the Arrhenius expression. Figure 3

shows some results at 20 weeks for glasses Q and R. Where

there is no buildup in reaction products all points fall on a

straight line, as shown for glass Q. Where there is Sig RPB.

the apparent activation energy changes. This is induced by

different boundary conditions: that is. reaction products

are present in one case but not, in the other.

Silica measurements were made at 6, 25, and SI weeks.

They are less reliable than the sodium extraction data

because o f the low test sensitivity. However, assuming that

ihe dissolution rate o f silica is linear with l i jne, the range o f

rates found is shown in Table,6. Those for glasses Q and R

are in good agreement with the 20-week rates determined

by sodium extraction. Those for the obsidians are higher

than those found by sodium^extraction: the sodium

extraction rates are believed,to be more reasonable.

CONCLUSIONS

The aclivatiori energies for two nuclear waste glasses

when reacted with essentially pure water were found to be

ab6ut 20 kcal/g-mol and were similar to those found for

ordinary commercial glasses.5 If. as the data show, the acti-

vation energy dues not change from glass to glass, com-

parison at elevated temperatures cannot necessarily be used

to predict relative corrosion rales at lower temperatures.



363
TEMPERATURE,«K

333 303
I

a GLASS R
• GLASS 0

0 1
SIGNIFICANT RPB
LIMITED RPB

I I I
2.8 ° 3.0 3.2

I / T x I0 3

3.4

Hg. 3 Relevance of sodium data lo the Arrhenius expression.

TABLE 6

Reaction Rate Ranges Based on SiO2

Dissolution Results

Material

Obsidian
Granite
Andesite

Class
0
R

Reaction

30

0.00
0.00

0.02
0.02

(•c

0.02
0.06

-0.2
1

rate range. Mm/year

60° C

0.01 0.2
0.4 4

0.6-6
2 16

» 90°

0.4-
0.4-

1
1

C

2
9

25
40

The activation energy can also decrease dramatically to
about 10 kcal/g-mol when the water becomes contaminated
with reaction products from the glass or from other
sources.

A simple mathematical expression which accounts for
ion exchange and activation energy does not describe the
data. Terms are needed that include the fact of a limiting
rate due to congruent dissolution and of changing boundary
conditions and different activation energy due to changing
or changed solution chemistry.

Using standard water tests, the nuclear waste glasses
rank 2 to 10 times more soluble than a basalt obsidian, 10
to IS times more soluble than an andesite obsidian,and 10
to 60 times more soluble than a granite obsidian at
temperatures between 90 and 100°C.

For the most likely case in nature of water containing
dissolved silica and other ions, the rate of attack is best
predicted using systems with significant reaction product
buildup and using curve slopes or rates after a substantially
long reaction time. From this work it is predicted that
reaction rates would therefore be ' " #•

Obsidian
Granite
Andesite
Basalt

= Gbss
Q
R

MicroM per yew

30PC

-0.01
-0.01
-0.01 o

0.04
0.2

60°C

<0.1 :

<0.1
~0.I

0.6

we

<1
<1
<1

3
6

Finally, then, it is proper to ask how well these
predicted rates agree with observed rates for natural
obsidians. One approach is to approximate ion exchange
rates from hydration rim measurements.6 They show a rate
of 0.003 /um/year for granite obsidian at 30°C and 0.01
Aim/year for basalt obsidian compared to ~0.01 jum/year
found for both in this work.
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EVALUATION OF LONG-TERM LEACHING
OF BOROSILICATE GLASS IN PURE WATER

F. LANZA and F. PARNISARI
Commission ol" the European Communities, Joint Research Centre, Ispra Establishment,

2)020 Ispra, Italy

ABSTRACT

In order to confirm the validity of the model of the dissolving
sphere, a series >it tests of lunching i>f Iwrosilicatc glasses lias been
performed. The leaching rate is followed In measurements of weight
loss and analysis of the surface composition. An accumulation at the
surface of the less soluble cations is observed.

INTRODUCTION

The activity of the Joint Research Centre (JRC) in the3

field of highly radioactive waste is centered on the
long-term risk evaluation connected to the presence of
actinides. An evaluation of the long-term hazard of glass
storage considers, as the most probable accident, the
contact of the glass block with water and the subsequent
leaching of radioactive material. Since a substantial amount
of long-life actinides is present in the high activity wastes
which are put in the glass blocks, the hazard evaluation
must be performed, taking into account long-term glass
leaching, to evaluate possible accumulation effects in the
surrounding areas. From this perspective the leaching data
needed for the risk evaluation are not those referred to
short-term but rather to long-term conditions, which
correspond to steady state.

Short-term tests show that the glass attack is not
homogeneous and that some cations have a leaching rate
which is higher than others. For instance, Na is leached
more rapidly than Sr; however, after a certain leaching
time, most of the values of the leaching rate tend to
converge toward a common value.1 This is quite under-

standable since, with the exception of monovalent cations,
the mobility of ions in the glass is extremely low. We will
then have initially an accumulation of the less leached ions
at the surface. If we assume that the leaching depends not
ojily on the glass composition but also on the surface gel
composition, the leaching rate of the less leached ions will
eventually increase.

It is reasonable to assume that in the long3 term the
leaching rates tend toward a common value and that
ultimately the glass undergoes homogeneous dissolution.
Then the leaching rate of the different elements will
coincide- with the rate of weight loss. In f̂he evaluation of
the amount released^in time for the calculation of the
associated risk, the model of the dissolving sphere seems the
most appropriate.2

During the leaching we will Have a continuous evolution
of the composition of the glass. Only when the surface
layer composition does not change with time will we be
able to say that a steady-state situation is reached. To verify
this assumption it was decided to follow the weight loss for
about one year, following also the composition of the
surface layer to be able to determine if the proposed model
is acceptable and if steady-state conditions have been
obtained. •'

The tests have been conducted on a borosilicate glass
containing simulated waste. The scope1 of the experiments
was not to obtain precise data on a specific glass in
well-defined conditions but rather to define the general
mechanism of leaching over the long term. For this reason a
glass composition has been chosen (hat can represent the
glasses normally considered its l-.urofie. Tabl^Lgiyjis the
glass composition. J :^' ,.,
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TABLE 1

Glass Composition

Component

SiO,
U 2O 3

A12O,
NujO
SrO

BaO
Y,O,
Ui,O,
Hr2 O3

Nd,O,

Wt.7r

48
15
5

18.49
0.22

0.33
1.28
0.63
0.31
0.99

Component

Sn^O,
CcO,
SnO2

ZrO
MoO,

MnO3

NiO
CuO
ZnO

1 u,o, " o

wt/;f

1.12
" 0.76

0.(13
1.06
0.16

1.35
3.251

0.32
0.04

.0.03
L 1.38

EXPERIMENTAL j

The leaching experiments were conducted in the appa-
ratus shown in Fig. 1. The apparatus consists of a boiling

, pot. a condenser, and a thermostatized bucket in which the
samples are located. Such an apparatus was preferred to the
more common Soxhlet apparatus in order to avoid the
uncontrolled flow of water around ihe sample when the
bucket of the Soxhlet is emptied by the syphon action.

The boiling rate was regulated so thai the How re!e
through the bucket was 0.7 l/hr. Two working tempera-
tures,' 50 and 80°C. were used. One of the effects of
leaejiing is to produce a layer of gel on the surface of the
glass. In order to obtain an accurate weight loss measure-
ment, it is necessary to dry the'sample in a reproducible
way. During this operation the gel is damaged, and some
fissures appear in it. If the sample is reintroduced, such
fissures will increase the leaching rate. As a matter of fact, a
previous work3 has shown that, when using a reintroduc-
tion system, the leaching rate was dependent on the
number of reintroductions. At 80°C when the sample is
extracted, dried, and reintroduced every week, the long-
term leaching rate obtained is about double the leaching
rate obtained by extracting the sample every three weeks.
For this reason it was decided to avoid any reintroduction
of the samples.

For each temperature. 20 samples were introduced in
the extractor. A sample was extracted every thiee weeks,
kept for three hours in a desiccator with silica gel, and
weighed. The samples were prepared by casting a cylinder
10 mm in diameter in a graphite crucible and then cutting
10 mm-long pieces with a diamond saw. Two different
surface conditions were then present. In order to see the
effect of preferential leaching on tlpe glass, some analyses of
the composition of the surface lasers were performed. The
energy dispersion X-ray analysis (EDX) method in connec-
tion with an electron scanning microscope was used. The
concentrations of Si, Na, Fe. Ni.Ce.and U were measured.
Nonleached glass surface was used'fas a standard. For cerium
and uranium analyses, in order* to avoid overlapping o f

= Fig. 1 .Lciichifig apparatus with thermostatized bucket.

peaks in the X-ray analysis, an additional standard was
prepared composed of a borosilieate glass containing a
known amount of Ce and U. Three different czories were^
analyzed on each sample °in order to detect possible

jinhomogencities in the layers. The main problem in the
interpretation of the analytical results is in the evaluation
of the penetration=af the electron beam.

For the same acceleration voltage, the penetration
depth is a function of the density of the layer and of the
atomic number of its components. In the glass the
penetration is l'/ant. Because the density 06 the gel layer
can only be estimated, it is not possible to evaluate with
precision the penetration depth. For surfaces with very low
weight losses, the values obtained are an average of the
layer composition and the bulk composition. For all these
reasons the results obtained are to be considered senuquan-
titative. ' <

RESULTS AND DISCUSSION

The total weight loss as a function of time is presented
in Figs. 2 and 3. The test at 50°C was discontinued at 800C
hours due to an accident.
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V

so
80

Parameters

C a

1.0 x 10
2.5 x 10

TABLE 2

of the Leaching

b

* 5.7 x 10-T
4 3 . 6 x 1 0 " '

Rate Formula

t o , h r a J/b

343,, 3 x
110 4.8 x to3

Looking at the diagrams, particularly those at 80°C, it
is apparent that the points, initially, fit very well with the
curve, but after a certain time the scatter increases. The
curves were analyzed using the following formula:

AQ/S=.a.Vf + .bt " ,

The values of the parameters were obtained using" a best
fitting procedure. It was readily apparent that in both cases
a large error was connected with the initial point. Rerun-
ning the best \fitting program without the initial point
reduced the standard error appreciably. In this case,
however, the theoretical curves do not pass through zero,
but begin after a certain time as if an inhibition effect were
present. The values of the coefficients and the equivalent
inhibition time are given in Table 2.-It seems likely that the
inhibition effect depends on the difference existing be-
tween the lateral surface and the frontal surfaces of the
cylindrical samples, a difference which disappears in time.

Heimerl et al.4 pointed out that the time tx = a 2 /b i is
the time at which the parabolic and the linear components
give the same1 contribution to the weight loss. We can see
from Table 2 that such values are very large, so, even after

about one year, the main contribution to the weight loss
comes from the parabolic component. As a consequence a
small variation in the a coefficient causes a large variation in
the b coefficient. The possibility of describing the plots by
a simpler formula comprising only the parabolic component
was examined; however, the best fitting of the experimental
points gave rise to a standard error which was higher by a
factor of 3. In this case as well, the curves did not pass from
zero, but an inhibition time was apparent.

From the results of the analyses of Si. Na, Fe, Ni, Ce,
and U, a plot showing the variation of the total amount of
the cations as a function of time was obtained (Fig. 4). The
first point, which is evident, is the general decrease in
cation content of the superficial gel film. This is quite
understandable if we take into consideration that the gel is
strongly hydrated and also that H+ can substitute for
cations in the gel structure. The plots can be subdivided
into three zones: first, one characterized by a rapid
decrease followed by a second one in which large oscilla-
tions appear, and finally the-third zone, stabilization. In
tests at 50°C after 8000 hr the stabilization is not yet well
defined. r, "••-'

In Table 3 are shown the values of concentration of the
different'elements. referred to the, total amount of the
analyzed cations, for three different leaching times. The
surface composition changes drastically from a situation in •-
which silicon is the predominant element to one in which
iron is the major constituent. The different behavior of iron
and silicon at the two temperatures can be easily under-
stood by remembering that Si(OH)4 solubility increases

" with temperature while Fe(OII)3 solubility decreases. Other
•> elements like Ceand Ni increase up to a relative maximum
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TABLE 3

Variations in Composition of the Surface Layer

1, lir

0
3024
5871
8055

0
3040
5864
9263

Si/lj,
%

57.0
49.4
37.0
36.3

57.0
13.7
24.2
15.9

Na/ij,
%

31.5
15.6
18.5
24.2

31.5
10.3
13.0
13.2

Fe/ij,
%

6.2
21.3
30.5
24.0

6.2
59.4
48.4
57.6

Ni/lj,
%

0.6 .,
2.2
2.1
1.4

0.6
• 2 .7

2.1
1.3

Ce/i-j,
%

1.7
5.2
4.28
5.4

1.7
5.3
2.3
1.8

U/Jij,
%

2.9
6.4
7.3

8.6

. 2.9
8.5
9.8

'10.3

T, "C

50
50
50

,,S%

80

80
80
80

and then lend to decrease slightly; however, uranium
continues to increase. When the total value of analyzed
cations is considered, it seems that after 9000 hr at 80°C a
steady-state condition is reached. However, the data on
single cations show (hat (he variations in composition arc
continuing;

Also taking into account weight loss data, the leaching
rate evolution can he subdivided into three zones:

• First, one in which differential leaching is prevalent
due to solubility effects. The weight loss plot is
regular; the relative concentration of the less soluble
cation increases.

• Second, one in which the weight loss is also due to
detachment of colloids from the gel layer. The
composition of the layer shows large oscillation; the
scattering of the weight losses increases.

• Third, one where the flaking continues but without
affecting the composition of the gel due to its
homogeneity. The composition of the main constitu-
ents is stable; however, the evolution of concentration
of minor constituents continues. Probably ion ex-
change alsorpjays a role in this stage.

CONCLUSIONS

The two parameters, parabolic and linear relations,
describe with sufficient accuracy the weight loss evolution.
However, it seems that leaching must continue much longer
than one year to teach a time when the linear part is
predominant. This is also confirmed by the surface analysis.

, The analysis of the surface shows a complex evolution
of the surface layer composition. Even after one year the
uranium specific content continues to increase. This could
account for specific leaching values lower than weight loss
e.yen after long periods.
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DEVELOPMENT OF ALUMINOSILICATE
AND BOROSILICATE GLASSES AS MATRICES

FOR CANDU HIGH-LEVEL WASTE

G. G. STRATHDEE. N. S. MclNTYRE. and P. TAYLOR
Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment.

Pinawa. Manitoba, Canada

ABSTRACT

This paper covers the results of analyses of two radioactive
nepheline syenite glass blocks recovered from in-ground leaching
experiments at the Chalk River Nuclear Laboratories. Current
research on borosilicatc glasses for immobilization of high-level
waste is also described.

INTRODUCTION

The pioneering development of work on a bench-scale
process for solidification of high-level liquid waste glass in
(Na. K ) 2 0 - C a 0 - A l i 0 3 - S i 0 i at the Chalk River Nuclear
Laboratories (CRNL) was concluded in 1960. Until Die
current program was initiated in 1976 (Ref. 1), the only
continuing commitment to high-level waste form research
has been the monitoring of the second in-ground nepheline
syenite glass block leach test at CRNL.2 During the fall of
1978, two of, the glass blocks, one each from the 1958
(Ref. 3) and I960 in-situ experiments, were recovered for
detailed analysis at the Whiteshell Nuclear Research Estab-
lishment. This paper compares results from our original and
present research on the durability of high-level waste
glasses.

IN-GROUND EXPERIMENTS AT THE
CHALK RIVER NUCLEAR LABORATORIES

Twenty-five hemispheres of glass were buried in wet,
sandy soil at 10°C in the waste management area at CRNL
in each of the two in-situ leaching tests. The glass product
was prepared by combining about 2 liters of high-level

waste liquid with a mixture of 15 wt.% CaO and 85 wt.%
nepheline syenite clay and firing at temperatures up to
!350°C in fireclay crucibles.4 Laboratory studies at that
time on both small cast samples and 2-kg hemispheres
showed that steady-state leach rates measured at 20 to
25°C were less than 0.1 Mg/m2 sec (Refs. 3 and 4).

In the 1958 experiment, 25 of the 2-kg hemispheres
from which the crucibles had been chiselled away, contain-
ing a total of 11 TBq of activity, were buriedin a vertical
array normal to the expected groundwater flow. Because
the concentration of 9 0Sr in water sampled from down-
stream wells was too low to detect, monitoring of that
experiment was discontinued. The' block recovered from
that in-ground test has been analyzed by severai techniques
as discussed later.

The 1960 test was similar in principle to the previous
one, except that the 25 blocks contained a total of 41 TBq
of activity, were set in a more closely-packed vertical grid,
and had slightly higher leach rates in standard laboratory
tests. This experiment has been1 monitored intermittently
since then by Merritt.2 The 2-kg block retrieved from that
emplacement has been analyzed radiochemically and by
electron microscopy. v

The recovery of each of these blocks was completed
with minimum damage to the surface, since it was a major
objective of the analyses to assess if there had been
significant alteration of the glass—water interface. Initial
visual inspection of each of the hemispheres in the WNRE
hot cell suggested that little corrosion had occurred during
the 20 and 18 years of exposure to flowing groundwater for
the respective radioactive glass samples. The instrumental
analyses supported that conclusion. .;•'•
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Analyses of the CRNL Glass Blocks

The liisl (I'JSX) radioactive block was sampled lor the

exploratory analyses by chiselling the blocks in the hoi cell

to minimize damage to the exteiior. 1 his method yielded

predictable cleavage o! the glass in separate inactive trials.

Chips taken liom outer and inner surfaces were mounted

tor surface and alpha particle Irack analyses. Melallo-

L'taphically polished samples with suifaces normal to the

leached interlace were also prepared for optical and

scanning election microscopy. Significant results Irom the

analytical campaign on the 1958 block were as follows:

• (lamina Spvctronwtry showed that ' *7Cs distribution

throughout ..the block was relatively uniform. The

range was ' 6 % of the mean, specific ' ! 7 Cs activity,

.which corresponded to a total of 155-GBq l l 7 C s in

I he hemisphere.

• Scanning I'Acctron Microscopy (SI.M) on either

cleaved or melallographieally-pulished chips did not

reveal a significant surface alteialion layer. The leach'

/.one thickness was less than the 1 /uni SI!M limit of

resolution. Energy-dispersive X-iay analysis (l-.DX)

confirmed that no gradients noimal to the outet

surface were present in the eoucenliations of Na, K.

Al or Si that may have been developed due to surface

leaching. Some localized variation in C'a distribution

was detected at both the outer surface and in I he

bulk and was attributed to inhomogeneity due to the

original fabrication procedure rather than to aqueous

corrosion at the glass groundwater interface.

• X-Ray I'liotoeleclron Spcclroscopy (XI'S) showed
1 that botlv Na/Si and Ca/Si ratios .in the outer one-to

two-nanometei layer of the weathered surfaces were
consistently lower than those measured in'specimens
from the core of the block. The AlySi and Ga/Si
ratios were fairly uniform/ for all, samples of bulk
glass; therefore the direct-observation -of depletion of
the exposed surface irs''Na and Ca was valid. The SliM
technique did not .resolve these reductions of Na and
Ca concentrations at the surface. Strontium was
detected on several outer surfaces, showing that the
Sr had become more concentrated at the interface
than in the'interior of the bloek.

• Alpha Particle-Track Autoradiography was used to
determine if major loss of alphavemiUing isotopes had
occurred from the glass block surface. The resolution
of 100 Aim was inadequate to evaluate if concentra-
tion gradients existed due to leaching, No statistical
difference was observed between track densities pro-
duced by a-decay of isotopes in samples from the
block periphery or from the interior of the hemi-
sphere.

The second (1960) block, which was retrieved from the
in-situ test monitored by Merritt.2 was analyzed radiochem-
ically and by SEM-EDX. No significant change had oc-
curred to the exposed glass surface and, except for the
higher activity of ' 37Cs in the 1960 block. Little,difference J

between the two recovered hemispheres was observed. This
" lesult was not sui prising since the calculated thickness of

the surlace layei was only 36-.nm. assuming complete 'J"Sr
leaching by gmundwater to yield the quantity now on the
soil. Of the analytical techniques employed, only the XPS
data fur the I 958 block give direct evidence for any cation
depletion from the outer few atomic layers. We did not
examine the 1960 block by XPS. /

The surface chemical analyses of the CRNL glass blocks
have confirmed the results of 18 to 20 years of in-ground
leach lest monitoring. Virtually nc/change has occurred to
the glass surface exposed to flowing groundwater.

CURRENT HIGH-LEVEL WASTE
IMMOBILIZATION PROGRAMJN CANADA

Borosilieate glasses are being developed as hoM matrices
for high-level waste which might be separated from spent?
UO2- or ThO2 -based CANDU* reactor"fuel.s "(J Because we
intend to adapl existing high-level waste-processing tech-
nology to our needs.jour initial effort has°been directed at
defining those physical and chemical variables which
determine long-term durability of boio'Vilicate glass contain-
ing simulated high-level'waste. For the reasons stated in
Re I". 6, the determination of the characteristics of dilute-
waste glass products has been given priority. The following
sections describe the scope of this work and some of our
novel results. = ,,

Borosilicate Glass Compositions Investigated
\ : • . .

Of these :!,.^.e categories of glass products: Waste -
Na2O-B2O., SiO2. Waste Na2O CaO B2O3 SiO2. and
Waste Na2O ZnO BiOj SiO2. the latter sodium boro-
silicate materials have been shown in screening tests to be
superior. Standard leach-rate tests at I00°C have been used

,=to compare the durabilities of these waste glasses. All initial
work has been nonradioactive, and a few results are
presented in Table 1 to illustrate the following points:

1. Leach rates (based on sodium loss) from polished
sections increased with concentration of sodium in the
product in every system, although the addition of up to 10
wt.9f ZnO markedly improved the durability of the
high-sodium content borosilicate glasses.

2. The leach rate of sodium from the Na2O B 2 O 3 -
SiO2 glasses exceeded the rate of loss of either Si or Al (a
minor component of the waste mixture).

3. In the Na 2 O-ZnO-B 2 O 3 -SiO 2 series, the rate of
depletion of Na exceeded that of Zn; Si and Al. Separate
surface analyses confirmed the concentration of Zn at the
glass -aqueous solution interface.

4. Apparent congruent dissolution of the constituent
elements Na, Ca. Al and Si occurred in the durability tests
oftheNa2O-CaO~B2O3-SiO2 products.

*C/IA'ada Deuterium Cranium.
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TABLE 1

Simulated High-Level Waste Glass Compositions and Rani;!.1

of Leach Rales Observed During 60-I>ay Test at 100 C

I'roducl
No.

1
1

3
4

C
i

8
9

Hi

! 1
12

Waste*

6.8
Hl. l
1 3.5
1 6.9
6.8

MM
1 3.5
1 6.9

6.8

K M
13.5

16.9

I'roducl composition. \\ t.'J

.Na.O

lii.d
1 5.0
2(i.d
25.d
10.(1
15.0
20.0 :

25.0
1 0.0
15.0
20.0
25.0

Zn<)

10:0
10.0
10.0
lo.o

CaO

10.0
10.(1
10.0
lu.o

B,O,

18.4
16.6
14."
12.9
16.2
14.4
12.5
10.7
16.2
14.4
12.5
11) 7

SiO.

64.7

5S.2
51.7
45.2
56.9
.Ml. 5
44.4
37.4
56.9
50.5
44.(1
37.4

I A I I A leach rate
(Na) al S.2 Ms.

100 C, pg/m2 • s

0.7
2.3

250.0
,. 140.0y

- i.o
1.5
1.7

15.0
26.0
48.0

N.i

Na

Na

Na

Na

Na
Na

Na

Na

Na

Comparative
leach rales"''

• (Al.Sil
• ( A l . S i l

Si - Al „

Si A l

/ n . i S i , A l l

• ? .n . (S i . A l l

/.n.(Si, Al)

(a ~ Si Al
Ca - 'Sf Al
(a - Si.,- Al

• " ( " o m p i ' s i l i n n o t w a M e o x i d e i n i M u i e , u s e d i n t h e s e e x p e r i m e n t s w a s ( w l . ' . ' j : I I ' o x i d e s , 1 7 . 2 .
l l i O . . 6 0 . 0 : A I , O , , 1 6 . 0 ; f X l l j . 6 . 1 : I • e , O , . 0 . 5 4 ; ( i , ( ) , . 0 . 1 3 ; N i ( ) . 0 . 0 5 .

^ ' C o n c e n t r a t i o n s n l e l e m e n t s i n b r a c k e t s w e r e b e l o w t h e n d e t e c t a b l e l i m i t b y A A .
' : j T h e s a m p l e W a s d e p l e t e d i n s o d i u m a l t h i s p o i n t . / ;

; I h e s e c l a s s e s w e i e n o I l e a c h e d t o i t h e t n i l t e s t p e r i o d h e c a u s e o l p o o r s a m p l e d u r a b i l i t y .

The sodium zinc borosilicale glasses were selected tor
more detailed study of liquid liquid phase separation
behavior, of hydrolhermalreaction and alteration-zone
product characterization. Surface analyses ol "'constituent
element depth profiles were completed, using scanning
electron microscopy (SL:M-l:DX) and ion beam milling
combined with X-ray photoelectron speetroseopy (XPS) or
secondary ion mass spectroscopy (SIMS). The objective of
these investigations was to assess the utility of these
analytical techniques lor providing information on the fine
structure of surface films. We believe that it is necessary to
validate predictive mathematical models of high-level waste
glass leaching, by relating empirical observations of the loss
..of.elements into water lo the distribution of these species
within the surface region of the host .material.

Phase S e p a r a t i o n i n N a 2 O — Z n O - B 2 O t — S i O 2 Glasses

The objective of this research has been to improve our
understanding of the iminiscibility behavior of this four-
component system with t;espect to segregation into borale-
rich and silicate-rich phases at elevated temperatures. The
effects have been studied of progressive addition of Na2 O
to a variety of ZnO'-B2O3-SiO2 compositions, including
potential host matrices for high-level waste. Most samples
were fused at 1300'C and then rapidly air-cooled to room
temperature. The extent of phase separation was deter-
mined by SEM and replica-TEM examinatipn of slightly
HF-etched fracture surfaces of the glasses.

Addition of Na2O to ZnO B2O3 -SiO2 compositions
suppresses the temperature at which phase separation
occurs. Liquid separation occurs in the melt over a wide
range of Na2O-free compositions. About 2% Na2O prevents

phase separation in the melt al I 300 C. but extensive phase
separation occurs rapidly on cooling. This becomes less
extensive with; increasing N a : 0 content and is completely
suppressed by about 8',? Na2O. About 1 09? Na2O generally
prevents phase separation, even on prolonged heating at
600'C. indicating that the subliquidus immiscibility surface
is depressed below thai lemperature. Further work is under
way to define the 600"'C and 1300'X phase separation
isotherms and is being extended to include waste-loaded
.glasses.

HYDROTHERMAL REACTIONS OF
BOROSILICATE GLASSES

No crystalline products were recovered from hydro-"'
..thermally-reacted Na2O B20.r SiO2 glasses even after 10
days al 200JC. Studies on the alteration of large specimens
of sodium borosilicate glasses have confirmed that thick,
silica-rich zones may develop which are depleted in Na and
B. Surface preparation appears to influence the extent of
hydrothermal reactions: for example, cleaved surfaces
appear to be more durable than sawn °df polished surfaces.

Hydrothermal alteration of powdered sodium zinc
borosilicale glasses has been studied at temperatures up to
200°C. Surface crystallization can be readily detected afterl

as little as 4 days^exposure to water at 150°C. Glasses with
a Zn : Si atom ratio of less than 1 : 2 yielded zincsilite. a
zinc silicate which is structurally related to bentonite. as
the major product. At higher Zn : Si ratios hemimorphite.
ZiuSi-pCMOHh • I12O, was the major alteration product.
Mixtures of these two phases were obtained at intermediate



Zn : Si ratios. No evidence was obtained lor (lie participa-
tion of Na or H in these crystallization reactions.

The components of simulated high-level waste can
affect the type of alteration products farmed under
hydrotliermal reaction conditions. Glasses containing CaO.
NiO, or Fe2O.i yielded hydrated calcium. nickel,,and iron
silicates, respectively. It appears desirable to formulate
glasses which will yield hydrothermal alteration products
with clay structures which possess ion-exchange capacity.
The zincsilite and nickel and iron silicates fall into this J

category.

Analysis of the Surfaces of Simulated Waste Glasses^

After Leaching at 100°C I

Two low-Na2O glasses (numbers I and 5 in Table 1)

:. have been analyzed, using XPS and SIMS techniques, before
and after leaching at 25 and 1 00°C for periods ofstime up
to 60 days. The results support those observations noted
above that some component elements are concentrated~at
the interface (e.g.. Si, Zn) while others are depleted (e.g.,
Na, B) upon exposure of the glass waste products to water.
The following ^conclusions are based on theoresults of the
exploratory XPS and SIMS analyses:

1. Fractured surfaces were more representative of bulk
sample composition than polished surfaces, which were
found to be highly depleted in B, Th and Na within 2 nm of
the surface prior to leaching.

2. In leaching tests at 25°C, the surface ;concentralion
6T Na and B ofrglass #1 decreased significantly within the
first 10 minutes, while initial loss of Th was followed by
enrichment after 60 hours. Strontium was also concen-
trated at the glass-water interface. *

3. At 100°C, Na and B'were leached from the two-
nanometer-thick surface region of glass #1 to below the •

* detectable limit (of XPS) within 2 hours. Thorium became
a major surface constituent with time, and strontium :was
also enriched relative to the bulk composition. The surface
concentration of Z'n remained high at the glass #5 interface.

4. The SIMS analysis greatly increased the sensitivity
for analysis of many elements present in low concentration.
Depth profiling by ion-beam milling of the surface to a
depth of up to 0.1 fim yielded relative ele' • it/silicon
ratios which were calculated as a functionary time of
sputtering. Enrichment of Mg, Ca, Sr, Zr, Ti, Ce and Fe was
evident at the leached exterior of both glass #1 and glass
#5 . Similarly, depletion of K, Na and B was observed in
each sample, although the alteration zone.thickness of glass
#5 was less than that for glass #1 . These detailed analyses
will be employed in the refinement of a model of waste
glass durability.

Rock-Glass Leach ing Experi merit

To assess the qualitative and quantitative effects of
exposing a simulated inactive waste glass to flowing water
containing species dissolved from a typical granite,°two
rock-glass leaching tests were installed and operated, one
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.for 370 days at 22'C and another for 100 days at 95?C.
•-The 22'T experiment consisted ol» a cell" of crushed

dilute-waste borosilicate glass containing 4 ,wt,%: ZnO
(surface area' 7.8 m2 j mounted in series between two
similar columns of crushed White Lake granite (surface area,
0.35 m2). Air-saturated, deionized water was percolated
upwards through the cells- and sampled after each stage;
Glass granules from each rock glass experiment were
analyzed by SF.M and compared with results for identical
glass samples recovered trom control tests without grariite
columns.

At 22°C, the glass downstream from the rock bed was
characterized by a porous surface deposit with a morphol-
ogy similar to that independently observed for both ZnO7

and opal-CT lepispheres.* Due to surface roughness', our
SHM-EDX analysis was unable ttV confirm quantitatively
which species were present. However, it is probable that the
slightly alkaline water from the rock bed not only increased
the rate of glass corrosion, but also -promoted ZnO

^precipitation. This solid phase has a minimum°solubility at ̂
a pH of 9 (Ref. 9). The control glass surface appeared

" virtually unchanged at 22''C in deionized water.
At 95'T, the effect of the preceding granite bed had

just a slight effect on the nature of the extensive surface
depbsit on the borosilicate glass, undoubtedly because the
corrosion rate of the glass exceeded that of ion-exchange
and dissolution reactions of the granite. The films were
loosely adherent and could be removed by ultrasonic
cleaning. The morphology of each deposit was similar and
resembled,that observed in the 22°C test.

In a separate experiment, an identical glass sample was
prepared but was doped with 0.120 MBq of ' 3 7Cs. Leach
rates were measured for over 600 days at 22rJC for both the
rock-glass sample and the control sample. Leach rates were
about 1 /Jg/m2 • sec in each case. This suggests that the

" zinc-rich surface?, film does not provide significant resistance
to loss of mobile cations such as cesium.

CONCLUSIONS

a . ,11
The surface analyses of two radioactive nepheljne

syenite glass blocks recovered from in-ground leaching tests
at CRNL have confirmed that the alteration of the outer
surface during 18 to 20 years of burial has been negligible.
Under such mild storage conditions, the (Na, K ) 2 0 - C a 0 -

y Al2O3-SiO2 matrix is an excellent host matrix for
high-level waste. The addition of ZnO to borosilicate glasses
containing relatively small amounts of simulated high-level
waste markedly improves the durability of these products
in water at 100°C. The ZnO reduces leaching by formation
of Zn-rich alteration-zone products, such as zincsilite and
hemiinorphi'te, or by deposition of ZnO in slightly alkaline

° conditions. Depth profiling of surface films has shown that
, ZnO alters the leaching, behaviour of sodium borosilicate

^ glasses. ZnO promotes subliquidus immiscibility in boro-
° silicate glasses. A flow-through rock-glass leach test oper-



aled for more ihaii a year at 22"C showed tfiat species

dissolved from a typical granite can significantly alter

surface deposits formed on corroding glass. The properties

of glass-corrosion films should be explicitly accounted for

in waste-glass mathematical source-term models.
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THE LEACHING OF RADIOACTIVE WASTE
STORAGE GLASSES

K. A. BOULT, J. T. DALT0N, A. R. HALL, A: HOUGH, and J. A. C. MARPLHS
A.H.R.K. Harwell, KJidcot, Oxon, United Kingdom

ABSTRACT

Results are reported of leach lests under various conditions op
glass compositions proposed for (he vitrification of the highly
radioactive waste from the reprocessing of Magnox fuel. Among.the
variables studied are waste composition, glass devitrification, the
source and pII of the water, temperature, and radiation dose 10 the
glass.,.

in most disposal situations. Tests^were continued for a time
sufficient to achieve a measurable y) weight ioss (i.e., a few
mg). This varied from about a week at 100'C to many
months at1 or below room temperature. For samples from
the same batch of glass, the reproducibility4 of the results
was- normally about +15%, with the, batch-to-batch varia-
tion being rather more. " - ^

INTRODUCTION
•j

Attack on the glass by water is the onlydikely m
by which the radioisotopes contained therein can start>iheir
journey back to man's environment. It is therefore impor-
tant to study the many variables that affect this rate of
attack. The composition of the calcined waste from
reprocessing Magnox fuel is shown in Table 1, expressed as
wt.% oxides. The selected glasses have to be capable of
dissolving about 25 wt.% of this waste and also have to be
formed,, at less than. 1050°C, the" maximum operating
temperature of the Harvest1 process. The two glass compo-
sitions2 that have been particularly studied are listed in
Table 2. „• " f <• _, = :

EXPERIMENTAL TECHNIQUES

The techniques used have already been described.3

Almost all the leach rates are obtained from the measured a
w e i g h t l o s s of p o l i s h e d g l a s s c o u p o n s
(20mm x 10mm x lmm) exposed to water either in the,
familiar Soxhlet apparatus3 or after heating-in 2 x 10"5

m3 of static water or after exposure to slowly flowing
water (1 x 10" 8 m3/sec). In all cases the ratio of water
volume to glass surface area is high compared to that likely

RESULTS ,

:> Effect of Composition Changes

Most, of our studies have beeji made on the ideal 209
and 189 compositions, but it was recognized that under
production conditions variations from these could occur
due to malfunctions.of th^feed pumps, leading to greater
or lesser proportions of waste in the glass, or to settling out
of sediments in the storage tanks, leading to changes in
Mg0o and A12O3 levels, or to changes in processing
parameters leading to alterations in phosphate and sulphate
concentrations. Glass samples were therefore made up
based on«209 but with

a. Waste contents of 10, 25, 35 and 40 wt.%
b.,Approximately half and .approximately double the

normal concentrations of (fr'gO and A12O3 "̂
c. 2 a fid 4 times the normal amount of sulphate ; c

d. 1.5 times and one-quarter the normal amount of
p phosphate

The glasses with 40 wt.% waste had formation tempera-
tures over 1200°C, and their preparation was discontinued.
Thus 35 wt.% is about the limit of usefulness of this gjass
composition. The other samples were leach tested in ir
Soxhlet apparatus with the following results: (a) all compo-
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TABLE 1 ;

Composition of Magnox Waste*

Oxide EPpx MgO AI,O, FejO, Cr,O,, ZnO NiO U,O,

Wt.*; 39.1 24.K 2(1.0 l'b'.6 2.2 >.< 1.7 1.4 0.2

\Sulphato (SO, )2 , 0:4'.;;fphosplialc(I>O4)3 ' , ' \ .2V.

TABLE 2

-:-. Composition of Glassesjn V/\.7t Oxides

(•lass Formation ,
No. , SiO2 B,O3 Na£O Li2O Waste temperature

189 (MS I 41.5 21.9
2O9(M22| .50.9 I I.I

7.7
8.3

3.7
4.0

25.3 950'C
25.7 1000'C

silions tested, containing 35 wt.';? waste or less, form°glasses
with leacli rates no worse than 3 times that For (.-the
reference composition; (b)only the glasses" with the
doubled MgO contents have-leach rates significantly worse
than the reference value.: f

Effect of Crystallization

Glasses are only metastable and almost all glasses will
start to crystallize if slow cooled or held at some elevated
temperature. The crystals formed are usually less soluble
than the.•parent glass but'the.residual glass matrix is often
more soluble, and the devilfified glass can exhibit a higher
leach rate.= Among other heat treatments,, samples of the

two reference glasses hav'e'.been annealed at 500, 600, 700
and 80G"C For times of 2 hours, 1 day, 10 days, and 100"
days.-The longer of these'times is not, of course, likely to
be approached in practice. Most of rtiese samples had partly
crystallized as judged by their appearance, by mimssscopic
study of a thin,, section, and by:. X-ray and electron
micrqprobe examination.4 The exact prop'ortidn of crystals
is difficult to determine by any of these methods but is

'•' " 'I \

probably about 10% in the samples annealed for 100 days
at 600°C (209) and. 700°CTl89). The teachwares of,these
samples aret shown in Fig. 1, and4t can be seeri that no
marked effect occurs on either glass. The results of other
crystallizing anneals were similar. Thus,a

rthe small amount
of crystallisation that may occur in these glasses has ho
deleterious effect on the leach rate. = °

Effect of Time on Soxhlet Tests <*•

Most cof°cour ,,Soxhlet tests are continued only for
sufficient time to achieve a weight loss; "that can be "°

• c

measured-vith thej necessary accuracy. In order to demon-
strate that this does not give too high ana answer, five
samples of glass 209 were placed in a single Soxhlet

'apparatus'andjone removed atintervals for.the leach ratetb
be measured. The results ̂ showed that the apparent leach,
rate decreased by only 20% between hand 11 weeks. " <••

Effect of Temperature Using the Soxhtet Technique ,.,

Both compositions 189 and 209 were tested over" a
range of temperatures using the pressure controlled Soxhlet
method. The results are shown in Arrhenius plots in Figs. 2,,,^
and 3. ;,

A n n e a l i n g T e m p e r a t u r e , „

800 °C

^ 1 < "0 1 i 1 1 0 * 100 JQ\ 11 M 10 100 0 1 1 10 100 0 1 , 1 10 100
i f ^ i I \ ) l\ * / I K

\ \ TIME days * ,:

\Vi%< 1 Tlie < hii.t of cry tallizatioh on t̂ ic SoKhlet Icah uto ol gla ei 189 and 209

o

\\
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a n i , | . r w k U i n i e d l > \ a s \ n l l n u i i o i i S m o t o r I l i e w a t e r i s

* k i T u e d e \ e r y w e e k ( m n r e ; . ! r o . | i K ' i i l l y in t h e e a r l y ' , t a g e s | .

. I I I . I l i i e p h i ^ o n i i i i n c o n t e n t o l t h e I c a c l i a t e is d e t e n n i n e d b y

L i i : i n t i i i g . D i e r e s u l t i n g l e a c h r a l e h a s b e e n a p p r o x i m a t e l y

c t t i s U i i i l . a l t e r t h e f i rs t 2 0 d a y s , u p t o o O O d a y s . T h e

equivalent bulk leach rate calculated from the plutonium
leach rate is I .S X 10 '' g en
leach rate determined hy weight loss. i.e.."the philoiiiiini is

leached troiu 'lie glass at less tlian the average rale. - -•

Formation of the Surface Layer

When glaw is first exposed to leachant some elements
are preferentially leached,,from the surface. These include
sodium, lithium, and boron. This process leaves a porous
surface layer on the glass composed of Fe2O3 , the
rare-earth oxides and, probably, the actinide oxides.5

Several specimens of glass J 89 were leacfted in a
Soxhlet apparatus"at lOO^C, and one was taken ou t every
twoor diree days. The sample thickness was measured with
a micrometer, botl\,wet and after drying, and again after
scraping off the porous layer. The layer thickness, both wet
and dry, derived from these measurements shows a steady
increase inijlayer thickness with time (Fig. 5).'The density
of the layer'after drying, calculated from4he weight and
thickness, jjs-quite low—about 0.4 ± 0,1 g/cm3, compared
with a glass'density of 2.63 g/cm3. A complication when
considering//the effect of the leach layer Ls that after 20
days; for'glass 189 when the layer is about 50 jjn\ thick, it
tends to break up and become detached.

CONSIDERATION OF THE LEACHING
MECHANISM

1 he I c . u l u n c ••! c u m e n i i o n a l T i i g h - M l i c a glasses ' ' p i o

i ce.K )i\ ,i lv .os!ai . 'e p ioc^s s In wali ' i o l low p i t . H ' I O N S .

'•"pioli.ihK a-- I I . ( ) . d i l i i i se m l o " thfl s u s l a i e lit t he gl.is-..

;L-pI.i, 111jj t h e alkali c a t i o n s , e.g.. Na . a t l a t h e d t o t h e silicS

i i e t w u ' k I h c hit lei t hen d r l t u s e ' o u i ol lln* glass i n t o t h e

lea..hale A layei ol hviirated silica, depleted in alkalis, thus
lornis on (he surlace o) the glasi. partly protecting^he glass
lioni lurther attack. In alkaline solutions, however, llie
silica netwoik itself is attacked, and leaching of the glass is
greatly accelerated. :

 r

I he leachingi' ol the waste storage glasses considered
here dillers lroin this meclianisni in one important respect:
the depleted surface layer is not protective: probably
because its density is too low. As was ;sliown above, the
leach rate remains constant while the layer increases in

lay. Tins" is about hall the thickness, l^his has the important consequence that the
leach rate,\jl not much increased in alkaline solutions
decrease ijr/ the film 'thickness due to dissolution of the
silica by.ralkali has little effect. In acidic solutions the leach
rate is much increased, presumably because the cations in
the glass are more rapidly attacked.

A further consequence of the instability and nonpro-
tective nature of the depleted surface layer that forms at
100°C, in the presence of excess water, is that, after a short
period during which equilibrium is established, the elements
of the glass will be dispersed into the leachate in the same
proportions as they occur in the glass. It may be that
"leaching" is the wrong word to use for this attack since ito

is usually taken to imply selective removal of some
elements. "Dissolution" might be more appropriate except
that it is not certain that all the elements th?> have been
removed from the glass are actually in solution rather than
in suspension, e.g., as detached pieces of the surface layer.
It should perhaps be noted that we have no direct evidence
that these comments are also true at low temperatures since
we have hot yet been able to continue experiments for the
few years necessary to establish equilibrium. On the other
hand, however, there are no results that suggest that the
leaching mechanism is different at low temperature.
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CORROSIQN BEHAVIOR OF ZINC BOROSILICATE
SIMULATED NUCLEAR WASTE GLASS
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INTRODUCTION

Two mechanisms ot ylass corrosion arc well established
in the. literature: ( 1) ion exchange or selective leaching, and
(2) network dissolution.1 "̂  Ion exchange is a diffusion,
controlled process, and is generally rate controlling when
the solution in contact with the glass has a pll < l> (ReI". 2).
Network dissolution is a surface reaction involving the
breaking of structural Si 0 - Si bonds and is rate con-
trolling when the pli > ° (Ref. 2). The importance of
solution pll and tnodels used for predicting corrosion based
on pH is discussed in detail in other papers.0"8

If the solubility product of any species in solution is
exceeded, corrosion products may precipitate onto the glass
surface. Under certain conditions, transformations within
the surface such as dehydration, crystallization, and densifi-
cation may also occur.5 Both the mechanisms and kinetics
of corrosion may be affected by these surface alterations.

() i |U. int i i \ ni s p c a e s in

k - HMciioii i a te tc i i is tani

i ' expo.Nuie t u n e

Dunng selective leaching, each species in the glass leaches at
a different late and these leach rates may be expressed with
the following kinetic equation , ,

0 = k t ' (2)

where k is the reaction rate for specificspecies.
The objective of the present study was to characterize"

the corrosion behavio1) of the simulated, nuclear waste glass
72-68(PW-4b-7(2.8)73.1)i! exposed to a wide variety of
environmental conditions. Several surface and solution

•Battellc, Pacific Northwest Laboratories;Courtesy of Wayne
Ross. j :
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Fig. 1 Auger spectra for (a) polished surface of simulated nuclear
waste glass and (b) surface after corroding in 0.1M HCI for 2 days.
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Save 1 1- ' iOOO A lux-d mi 1 lit* anal}si's ol hatium. The total
.li'pih 1 if icaJimj.' was based mi Jianum because it appeals
I./ be J'ln* inusi ' iapidl\ dilliisinj* species. When selective
lea,-11111̂  is'^he'dniiiinant mechanism oh attack, all species
lea, h at dilleicnt l2i.ales. and a tiitlerelit depth profile is
•iht.iined toi each element. A ft e 1 14 hr at 120'C, the
leached lavei is • 500 A Im baiiuin, indicating a changeover
m coirosion mechanisni l imn selective'leacJiing to network
ihssciliiiion between 5 hi and1 14 h i . Although not shown,
the thickness ol the leached layer was still increasing after
400Ju on samples exposed to distilled water at 25 C at the
same SA'/V value. A concentr ' i - ". of heavy elements is also
seen in the leaclit-u layei of specimens corroded undermost
conditions. However, data presented in a later section of
this paper sltflw the presence of cesium and strontium in
solution alter corrosion. Thus, even though the leached
liVyer may have a tendency to retard leaching of the heavy
Elements, it does not completely prevent leaching of these

INFRARED RREFLECTION SPlCT.ROSCOPY- ®
SEQUENTIAL POLISHING \

Bulk samples were examined ;&y infrareck:-reflection'
spectroscopy (IRRS) to observe the gross surface changes,
if any, within a surface thickness of ~6.5 frm resulting froni
corrosion. There are several peaks-of interest shown in the '
spectra in Fig. 4. On the uncorroded specimen, the peak at
1100 cm"1-.-. is-attributed to the Si-O-Si stretching
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l-'ig. 2 Schematic rt-pn-si-ntation oI glass corrosion mechanisms anil associated depth compositional profiles.

vibration and the peak at approximately l'4O our-- r'Hs-due-
to tl.ie network inodiRersf'such\;is Na2O, K3O, CaO and
CsjQ (Ref. '^). A spectrum of vitreous silica is shown in
each graph for the purpose of comparison and instrument
calibration.

Figure 4(a) shows that even in vigorously boiling water
there is no measurable corroded layer after 10 hr, while the
specimen corroded in 0AM HCl under the same conditions
[Fig. 4(b)] exhibited appreciable spectral changes. Spectral
changes are associated with both leaching arid network
dissolution, and other investigations have demonstrated
that the relative contribution to corrosion from each
mechanism can be determined with IRRS.5 '?'1 °
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=--- ArriivKS•-•sequential""P'oiis'hTn-grTe'ciiiiiqTnr wSs used .to*
determine the depth of the corroded layer. The as-corroded
hulk' samples were first examined with the usual 1RRS
procedure. Subsequently, the specimens were weighed,
abraded lightly"with 600 grit SiC paper, reweighed, ai:d
again subjected to 1RRS analysis. This procedure was
repeated until no changes in the IRRS spectrum occurred
with further abrasion. The thickness of the leached layer
was calculated from the change in weight, sample surface
area; and glass density. This procedure is outlined in detail
elsewhere.1'

Slight polisliing of the specimen corroded for 10 hr in
0AM HCl reveals a peak at 1060 cm"1 [polish #3 in
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Fig. 4 Infrared reflection spectra for a simulated nuclear waste
glass foT (a) polished surface before and after corroding in water at
100'C for 10 hr; (b) a surface corroded in O.W HC1 at 100°Cfor 1
day, including spectra alter polishing the corroded surface; and (c)a
surface corroded in O.lAf NaOH at 100°C for 2 days, including a
spectrum after polishing the corroded surface.
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6 . 0 K 1 0 " 6 6 . 9 x 1 0 s

^ 6 . 5 X 1 0 - ' U x l O ' 5

*NA, not analyzed.
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I i g . 5 S I M . m d \ - r , i \ . S J V L I ' I I I I I O'. ;t s i i i m ! . i i r i i 1 1 i l . i s s s i i r l . i i u ; i l l e r n u l o c l u v i n p ; i t 1 2 0 ( ' l o r 1 2 0 h r .

inn) (it e l e m e n t s in s o l u t i o n 1 shou ld h e the same as their

ra t ios in the glasj^. .

It is, i n t e r e s t i n g t o n o t e tha t the conc i s ion t a l e s are

x , i d e n t i c a l , in 0.1.1/ IICI and 0.1.1/.. U N O , . This suggests

min ima l a i i ionic e f fec ts and s h o w s - i h a t a low p l l m e d i u m is

the m o r e c ruc ia l f a c t o r .

Residues were observed in the acid solutions after
removing the glass specimens. These residues appear to have
a ".high concentration of SiO;.. Apparently, the extensive
leaching that occurs in the acidic solutions results in
unstable,, film formation on the glass surface that subse-
quently flakes off into solution. Recall that a decrease,:in
film thickness was also observed between 10 hr and 1 day
of corrosion using IRRS (Table 1). .

A majoi problem that ; we have encountered is the
ITeterol'eneiiy of the glass specimens. Surface analysis data
indicate thai corrosion does not occiir at equal-rates over
ihe surface of the glass. This problen'i complicates interpre-
tation of the solution "data, both., the mechanisms and
kinetics.

SCANNING ELECTRON MICROSCOPY-
ENERGY DISPERSIVE X-RAY ANALYSIS

A scanning electron micrograph is shown in Pig. 5 fora
specimen exposed to an autoclave environment maintained
at 12(/'C for,120 hr. After exposure, numerous discrete
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uysta is appear "lo lie jsniwiiij' lioni tin- f/ljss snr!;icc. 'Iln*

surlacc adjacent in the ay.stals is-'very potous. iin|(iea.tinj!

extensive leadline. Ihe X-ray spectra of the corroded

siiilai.es are also shown in lij.'. S. The corroded surface is

depleted, ol inosl elements in, comparison lo the abraded

surface (not shown). Although not sixuvn, the crystals

completely cover the surface alter 20H hr at 1 20 T a n d the

X-ray spectrum-loi ihe surlace indicates that the crystals"

are composed primarily ol /iru: and silicon. n

SUMMARY
" ' " ' ° p

The process by which, the S'NWG glass corrodes appears
lo follow";! simple Iwo-mechanisni model when the glass is
exposed to neutral solutions maintained at '" lOOC. During
the early stage of e'oirosion, ions arc leached out =of the
surface of the glass leaving behind a stable ulica-riclr layer.
'Ihe thickness of I his layer increases with increasing
exposure lime as long as ihe selective leaching mechanism is
kite controlling, l-.adi chemical speeiesjeaches at :i difleient

.rale lioni the sin lace as deteimiued by both solution
analysis ami AI-.S IM. II nelwoik dissolution ensues. all =
species'go into solution in approximately the same piopor-=

'"lion as they are piesenl j n the glass, and the thickness of
(lie leached I aye i de'cji eases. . r

When SN'W(i is eonoded in an acid solution, extensive
leaching occurs, and precipitates aie observed in the
corrosion cells alter analysis, hven in acidic solutions a
considerable quantity of silica is found in solution. The
mechanism bv which this silica dissolves into solution is
diffeient than that "which occurs when network dissolution'
i.s rate controlling. In the acidic solution, extensive leaching
of all ions with the exception of silicon occurs. Since the ':

'SNWG contains only 37.2 mole '•? SiO2, tjvis quantity is
.apgarcntjy not sufficient to form a stable structural network.
Thus the unstable silica film (leached layer) physically falls
off the. surfaavof the glass during exposure? This could
account for part of the precipitate found in the acid
solutions. f " > y ' •• .. -̂

The process of corrosion ̂ becomes more complicated
"when the glass is exposed to autoclave conditions. Both
selective leaching and network dissolution still occur.: In
addition, crystals form on the surface of the glass."The
formation of this crystal phase appears to be a complicated*

process, requiring an intermediate step whereby a /inc-rich
gel lomis over the silica-rich glais surlace. Crystals grow
from tliis-'gel and eventually cover the entire glass surface.'

Although not .confirmed, the presence of these crystals
is thought to affect the kinetics of corrosion, i.e., the rate
at which elements are removed from the glass.
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CHEMICAL DURABILITY OF NUCLEAR WASTE GLASSES
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ABSTRACT
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..' L ' f e • ; •, ' ' ' ;

INTRODUCTION --»" :

One DI thcmajoi prifhlonis in "assessing the reliability uf ..
. Miaterials used for the fixation of. radioactive wastes is the ...
prediction of long-term dissolution 'rates from short-term
laboratory .tgsts. The presence in 'Die wastes of radioiso-
topes with long half-lives f20.000' to 400,000 years)

rtequires accurate predictions over time periodsfar bfeyond o

any experience with man-made materials. Therefore,1 the
prediction of ihe"long-term dissolution behavior of pro-
posed fixation media must rely upon detailed:laboratory
tests on both man-made and old geological samples and
upon the'development of a comprehensive understandu%of •••.^
the p'roccs'ses which control materialedissolution. As an
additional complication', the radioactive waste isotopes
inciude a wide range of elements which differ from''each
other in chemical behavior. For example, the alkali metals,
the alkaline earths,.the transition metals, and the rare earths
and actinides are expected "to exhibit different J behavior
during the dissolution process! t - = \ '' »

Below, we present results froip leach tests conducted on
simulated wastes fixated in borosilicate and HigR-siiica^

&
glasses. Diirlng the leaching = peiiod. we monitored
"Jissiiliition iate of several waste components-^including
alkali metals, alkaline eaiths. transition"metals, nire- earths,
and an attitude, and we show how they differ and how the"
ineusuicmeut o! leach rates of some of these-scomponents

0 can be ̂ misleading regarding !^)ng-term befiavior. The prob-
lems of applying the re.syhsj.o the prediction of long-terni
dissolution" behavior are discussed" models arepresented for
leliable long-term predictions,'and tbje essentiitl tests which
must be conducted to aflow the fprmation of these reliable
pfedictions'for long-term behavior are listed. ... - ».

MECHANISMS OP CHEMICAL DISSOLUTION

liarly work"on Silicate glasses containing alkali metal,
oxides and alkaline "earth oxides^-"3 -has shown that the
attack. oP water on the glass starts as a diffusive process
through'-1 which alk'kli cations are pre'ferentially'le'ached from

_ the surface layers and' replaced by protons leaving behind a
porous high-silica layer. As the dealkalized layer becomes

j thicker, ihe rate*Jof further diffusion of.alkali out -of the
glass through this layer becomes progressively;, slower,suntil
silic'a^dissolution at the interface j^etwe,en°tne dealkalized
layer and. the solution begiiis to .control the rate o^ the,

: attack. At the long-time^imi't,"a steatly-state conditionirnay"?
.. be achieved, under*\vhich th°e rates of the.^two processes

become-equal and.aleached layer of constant thickness and'
constant composition starts^ moving into the glass',uat £

ilconslant rate". '' * - : .. , = . ' '' • » •>? ^o "a

.Differences jn chemical durability arnong^ajious silr̂
cate glasses reflect'differences in the porous structure bit'the

-surface films'arid consequent' differences*in the rates of"°
;diffit§pn processes "taking place in these films. Silicate



ol dissolution rales !r"in stuui tcin;
l.iboiatoi\ lexis and we will list the cltemical ineasuieuient-
needed I" '>blaiii lehab'e extrapolations

EXPERIMENTAL

Samples :: , A

I lnee samples weie invesligated Hi the "present >t.id'.
Sample I was J hoiosiltcate glass supplied by BattehY
PJIIIK No thwest I aboiatoiK-s. The » J - U - glass lomposi
linii was designated j> "liY^ ..unljininy 4»)0 SitJ nut
i v l f waste." 'Ihe >.<>nipiisit|oii n| ihe simul iV,!= wasie
stiiMMi coin'\|)onded to PW-Sj-J. except that .<•••( ir:i was
not simulated bv poiassiuni and was piesenl at a Inghei
coikeniraiion ciiric'spondmj! lo^H-Ha-l. " 0

"Sample J was a lugli silica glass also loaded with P^-Ha
simulated wastes and lormed by the POIOIIS dlass Matrix
PIIKOSS iPCiM)-'which consists ot mixing the simulated
ujs lo compositions with high-silica JKIMUS UIJVS powders,
calcining the mixluie. then diymg and lieatmgoin a glass
tube to Imi!) a solid glass lod. When the waste slieam and
the powders aie mixed, the dissolved Wastes ate deposited
within the jxnes ol the powder while the soluh an- mixed
with the powdeis. Allei 'sintering, the lod is composed o | a
core which consists u| siihdiSted glass powdeis lixating the
dissolved waste coni|)onenls. as an integial pail ot their
stiuctine with tlu* powdeis smteied logethei to lorm a solid
ob|cct and incoipoiating undissiiKed solid coniponents o|
the wastes in then structure. Theco ie is sunounded bv a
suilace layei 01 cladding region 'which consists ol the
collapsed glass tube which is itsell tree ot air. vv.isJe
components. This method yields a sample with a built-in
high durability protective glass barrier.

Sample .5 was a specially-made low durability glass

containing 1.6'7 thorium oxide. The compositions o| the

samples are shown in Table 1. , °

ot ihe f jdhtMor bei^een the envelope

mid the idass ^oic. they .«-ald n---£>|>c %ep«rtlcd tnev.<»»iii-
caJK. anil smiie - t «ht |v .»dti tested w » Vyo.r Th»
ij icn mi> JC. 'Mmi in i In JMJI.MS ..t t»Mr data by c k l
the weight Jra^rrriii ,;t the pirtvdei whn.h (W ni»l
4iiv dhyihiMnii etttvts We meiisiireii the ..""h ra»c f* *
ItKicil'iii ;it tune t"r Si \ a . he. ( \. St. 2 n •;•'• t"«al
Untilaiiiiies |..i Samples I and ' and Si. Na. and Th t<«i
Sample > Hit tevif teuipeiatuii »av ^0'- IT, . We pur
|M«tly sile 'oS1 [Kivkdeied ^sjmpJvs P e\povc a Uife sufijcc
aiea ••! the glass t$ ^hciiiicJ attack, and <»bu«n detectable

iis 'it lejched pi<Kjuct> * e i,h<>4c ''a hlfh
1m ihe lesis in wider %<• j^^ctciaie ihe resell"*

(In s.ijking vwiiitiiiii *a* deiwni/ed neutial water
its volume was If Html ar>d viie exposed surface area wav

° a

RESULTS AND DISCUSSION

lhe animjin «•! CMC4J tmnp<titcni <>t ihe giaucs lioin
Samplfs I and 2 u-leasvd to the hath bv "chemical divsHit
tioif ;-• plotted in I igs t and 2 as a lunction ••! time <'t
expitsine The pi I ••( the vwkin^ s.4uli"ii did not change
dunng rlu- lesi. SIIKC the samples exhibited hifii durability.
llieie vtcie n<> ̂ mnplKations in the disviiiitiim prwet^sdue
in the aniinuiljiioii ol dissoluiion produclMit the leaching
solution ' '

I lu nialiix dissolution lale "I both samples exhibits a '
decieasc v\nh tiine indicating that a piotcctive layer is
Ii-lined on the glass MIII.KV Hie matrix disylutjon rate
appears to change, as I '. with trie exponent equal in
one-halt toi the boiosiUcate glass and equal to one tor the,
high-silica glass. Tins dilieiencc in late indicates that the
protective layei ot the high silica glass is more resistant to
chemical attack. Indeed, toward the end >t the 17-day
testing period the rate ot silica dissolution is 3.3 X 10 *

Sample

1
•>

3

•

Loading
(total)

33.0
"° 15.3

1.8

SK)!

40.0
793
92.3

Composition

B,O, Na

9.5 9.54
5.3 1.60

0.076

of Tested Glasses (Wt/J

K Cs

0.056 1.04
0.672 ( l . j j
0.086 ,

1.43 0.34
0.16

In

4.02

Fe

7.74
3.67

0

LM
(tottlr

6" 78
3.22

Vt

1.56

*Analyscs were eonduetcd usin;; atomic absorption speciroraetry and optical colnrimetrv.1

tSamples 1 and 2 also contain the other components of the simulated wastes stream. ••

Measurements

All samples were lested as powders arid were crushed in

an agatVmortar and sieved to collect the 42 to +60 mesh

fraction (355 to 250/im) usitjg a,set of brass sieves.

Sample 2 was prepared with a Vycor tube envelope.

g/ctn2 • d tor the borosilicate glass (Sample 11 and
\ 0 x 10 7 g/cm2 • d tor the high-silica glass (Sample 2\.

The leaching rate of sodium, cesium, and strontium
during the testing period ( I? da\s at 70°C> is highet by a
factor of about 3 than the rate of silica dissolution. This
shows that the mechanism of interaction between the
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lhat tKls effect iiectHiK*̂  even more pronounced as ilw
^i>n>.cn!raiion ol sodium m iho original (JJV. is lowered.I
The ies«ltNife<<*' tKat cwn al\ci 17 d^\^ 31 70.C il»e la>er
Si «i!l poking and steady-Mate c<»nditions arc not _\ei
approached. Although the rales ol leaching ol silica appear
Jo be levelling off (Figs. ! and 2). the alkali urns and
strontium are still preferentially leached a*a>. and ilic
mechanism of dissolution » s(il( «Jciinitel> incongrueni.
, The measurements also sho* that /inc. ih« lanthaniJc

ions, and iron are lei: bed a*a> at relauve fates <i.e.. rat«
mmnaii/ed U H the ccmcentratiiHi o|>»ch H>n in the original
glass) which are much slower than the matiix dissolution
r«»e. This indicates that these catkins undergo a considei-
able amount uf readsorption in the gjxming surface
layer. A more quantitative aiacysis of the dissolution
process is based upon the calculation uf the thickness of the
dissolved layers corresponding to the leach rate of each of

?• C

Im la I .

• i 1V

Itu-

•itv

I'ftlK 'v«i |K"li'>4 I I K ••.-•!"•

'lt«i if»i»,4trK-« -it Ut i

»K-' jn i i l in j%i i l ^ith' i i^ k-av»i MI ' j r j j i j l c »li=vli î  t-><*i

jo llllfctl ,1^, i .ll*V"1 o»l ^ t l " I l l i tlw vAW- -1 !'••'! iri

I U J J I 5 I ill it. '}.! -JISV "t m j i t i t in>.'liiii-«n t i b k - - i'

* N ' In pi >|;io«iu'l\ t » e ' etle. tiverW^jv't 'r<v 'i-jjM<'.4i'

MI j j ieve^ it »(bi- .*>»• ••! Ijn'tuiMiiif Ip^r ' i .n l j rK ' I I

ii.••'.-.i ' I . it !iiv . 4k'iljl(.-<l îl«.krii-»M.̂  •' the'-iivH»l\ed jnii
kjt)ts'^ !i>it- .41 the ciiJ " I Iht- lojcjio utiri.Miijl!u»r,i'!
i MnpirfJ * I'd lid ju-ijft' pMi IJJUIN •>! J"~O r̂"i. ,

Sl ln '{it 'J't •! U-k-JM- 't ll>< lj^'ll*!HH'v/rtu Jl|<i I" '!
' l l

SIIKC jt !heenil<>i the Jest pViiinl ft it'll Sjsnpk'^ 1 J
the Miil.uf IJ \C I »JV \1ill glowing, il »as jfnerri'pted t<
WIK'HJC! .I lenewed I I K I C W HI k"4th u t c - i ; l tfj

i.»iiv *.in (x- dolt1, ted by ftMiij; j ll><-iium-vonl4iniii^
»iih ,i itiiiJi l«i»ei cheiuical dtirabiliiv n; wider;-1«'iJioiu-ii
ihc lime v4k" •>( the expeiiiiKiit. The k<<mpo>iti<in <\t tfii^
,t}.n> i> listed in Table I . the k-achmg rales <•! Ms ci»iiipo-~
tier.!-. 4ie plotted jg.<nisl liivk- in } ;$ v and eiiui\aleni lay c<
thickncN>e«. aie given in TabW ov

o Avcoidmg to the dalu inalig.'V the sodium leachmj:

orate decieiWs as V '. with a very «.l««se !•> one Accoiding
!<> Tabk* .v hy ihc end ot tlie thud day of the test
the thickness ot the dealkah/ed layet teaches 120 ^m.
which c«Sn>(itiites j \ubstjiitul traction ot the
macioscopic ladius ol the sample, which is 3 mm.
(Sampk; .v unlike Samples I and 2. has not been crushed
into powder.) The changes occurring at this point should be
associated with completion of the rapid buildup of the:
surface ta>er rather than complete dealkali/alion of the
glass. The late of silica dissolution during Stage I. i.e.. the
first 3 days, has decreased slowly <Q 0.5 >. while the initial-
rate of the thorium Inching lu^ been close to thai of SK);
during the second and third day. indicating rcadsorption in
the growing surface layer.
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., >r their ic!entii>n m die Mtrtaor i»er. H
1.1- * I n / i " * SrT̂ * Ihis ie>ult i* ^supported b\
^tudio .'•: RotiijCi t'!.iw h\ Winter1* which show l lul £t'ei
}%ji-i"ii«!ed «••••,>»i.'i: ir»i I'i'uiuNtjikMi ihe content ••; silicon
i':.i :!;••!!!•.iv. ii; 'tie J<hrd in)*' iv similai t«> 'hat in the
.< u -. ffi '!>»' - MVIIIJ) L'IJ-> tthihr vdium jhii polatsiuin
t> nc . ••iipii-vlv ;i^jp(Vaie\: iroiri the xii^.t On the other
t:.iii..i.;''lu" . ! . i - ' '•'I'li'iiK** v'ieatlv eniKhevt in divalent ions.
"..., -i-Jirii: Aiiii tin- I'iJi'i Me"* |te" I j " B>>lh these
Ni1 ,f- ••• rt-*.?l!N ̂ l,i'» .MI oxvi-llciii jsreenie;)! with the order
. : . lu>v ik-n^tic: / •• which aie s*iown tot the >.atKiiis

'-,«•:. 'J . IJ: :

llu^ ri ;j!i<'i.. j|ijioii|eti based at preson* KI a limited
tiuihHci ••' ,t!i"tis •hiuJK-il s<> tai. indkiles that cations with
J u w J-. !!-:;.!> I I I^I IC t'uii JO run ' van be expecttfd to

,:Kirij;. ^ 'J',:I .uiu-uiiis ol itjdvorption and delayed
ka^lisiH' .iii.1 (hat tjiis ettect is iaigcr the higher the chaige
.kiiMiv, ll.h iruiiviic^ thai ih<- binding slrenglti involved <n
'lie i• T» I'V;i.iiij.H' i-i.i lejilsxipiion is controlled h> the

^v'weyn ill'.' .-.liisiii a> d the o\\gen K'li t»l the
Si (i i!i<Uips nt tin- Mitian- la\et Puie jteoinetih: lon-^
M.ieij!n>>^ m4i JISII ho impoiiani. as indkiled b> the tact
iliji (lie Ii»>v- stmctiiie iM the dealkalt/ed layei ol the
IOW-NFIUM Sampfi- I iiivpljvs >tionger icatlsorplion o| Ian
ttfjnani ami / K U flliaii the mute rigid suilace layers o(
iugli-vilka Î.ISNCS NIKII â  Saniplt- J. wjjefe_tjig__sue olJbg,^
.i4y<]pMou ma,i tv detemnned b\ the tadius ol the caviiy

TABLE4 ,

( r\ stal Radii' and Charfe Densities of Cations

"'- t i " It C\-

V i!';L' end .•: ;fic ifm.i djvisi jge Ih . Hie Mitijtv l.ivt-i
, . I;IICS j l.ii tV !'^" .'! >iii-' j:lasv. USid IK lutther evpanMon

:- jri'dtk s!.'\.\vii JIA\IV: At tin* point the MIICU..dissolution
-.:'.. Kvonu's nuicli sluwoi, as lia> becil observed in
ji-.^hiithMlkaU' djss.T \1 the «aine time, thoii.um begins
••> k-jd\ avvj\ j ( a piogfcssiiely irc-.rc.va>inj.' rale. .AMer
•-is Ja\s, moie thrill 2 -•"oi the ihunum miti»JI> present in
'he glass !IJV %ead> passed inio the solution while the
.•vposed silica skeleton remains almost ihtact. Since the
leaching rates of Si() : and >odium continue to go down
durtnt! Stage I I . ..the ieiie*cu rise <>j the leaching fate ot
thorium, cannot be attiibuted to a simple ruptuie of the
surt'ice la>gi- Thoriii'ni can be expected lo resemble closely
tlie chemical beluiVior of the oilier actinides. e:g.. pluto-
m'uiii. in particulai With respect, to adsorption in the surtace
layer. The tcadsorption of^various cations, based on the

vacjied byJ the Na ion.,which has a radjus i>l I

l inalK. Pu4T ( i -0J>>? nm. Z i = 43.0 nm ' I can be"

expected to lesewibfe ,,Tlr* < i =0.102 nm. Z i = >>.2

nm ' * and thereloie to be su&iect to a licluynl release into

the bath tathei tlian a pemianentlv suppressed kfaching

psocess. as demonstiated ahave^in the case ^f Th 4 * . The

surlace lavci lesembles a clyomatographic column yi fts

delaying oapacitv and selectivity.

CONCLUSIONS
o

The results presented here demonstrate the vital im-

portance \i\ understanding the formation processes and

I he chemistry o f the dealkali/ed surtace layer in order to

make long-time predictions of the corrosion resistance of
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:- i
es loaded wiih ladioacUve waste elements. The results

1 show dial in high-silica glasses, ihe suilike layer is less
porous and ihe glasses' have u much bettei chemical
durability than low-silica glasses. The formation i>l'.,pe
suitace lavei can occui oyet a prolonged tune. particularly1

in high-silica glasses. IIDWCVCI. if is important toatlen/pt to
carry m:i leaching tests |m the longed possible periods
lelative to the time ol suiiace layei lomi..'|on.iOn;e reason
tin this letjuiiemcMi !•• lite necil to estahhsl. the stability ol
the la\er against excessive sliess and cracking. Another
leason. based an tins study, is the tact that .;as "\pansion
slows down and the suit ace ii\yet becomes satuiateii with
tespeci to jdsotbeil multi\alt'iit cation-;, the observed
U'.alimt! tales ol such cations will diasiically ninciease to
catch up with the tale <>l inatiix dissolution. Anothet
ii'iiMieineut tot the development o | icliahle lest piocedures
is I' i MIHI (c'sts lo^mchide niiiniiufiiig i*t the tales' ot
dissvi><Miuii >>t all the itnportai>r elements ot the glass
stuKtuii.-. In paiticiilui. <!ie leichmg o | alkali metal i>>ns
should hi1,'. Mmilored as a g t i ideto the evolutitm ot the

• siiflaie L'»ei^ and the silicjijnatiiii dissolution should be
deloiinined as a measuie /"i'the satuialion ol tiijs layer and
a> a inoie leahsltc ind:<atoi nt long-term temoval ot leus •
mobile species. v; »
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CHEMICAL DURABILITY AND CHARACTERIZATION
OF NUCLEAR WASTE FORMS IN A HYWWTWCRMAL

ENVIRONMENT

J. W. BKAITHWAII I anil J. K. JOJINSTONr
S;nuli;i Labonilorics. Alhui|um=]uu. New Mexico

ABSTRACT

I hctv

u hit h

t'. ri-riipor.iiutL-. ,i

lil> "I .1 simulated lopper Imi'isilieale «a»ti'
aainii has been studied in li\iiruthernial

ild jinssihly be encinintered in a Ijeddeil^Lu
liiti'.in iepi>sit(ir\. The imi|i'r parameters

I lei I matiix e'niri'Mini .mil cesium suluhili/atiyn
tion .mil eijuilibrium phein'inena. sulutiivn

My the \ k ' ' ! i>m I'C^icenir.iiiunl. pll. particle
I nine.

INTRODUCTION

The nuclear waste 1<>rm and its encapMilatinp canister
comprise the iniiial buiner to^iadjomitiide dispersion in any
waste "repository. The Jjj^rfTeiiiperature durabiliiyOr the
waste form is inipfiffarn it the canister tails before the end
nt the pe r i ^Ol ' high thermal output. If a canister can
survive this thermal period, as current predictions indicate
possible/ then the durability problem is reduced signifi-
caiuly'/because only slow low temperature leaching and
couosion processes will,,occur. Howevei, if it is assumed
that a canister is used which has a very short (less than
100-year) lifetime, then the chemical durability of the
waste form in both high and lo* temperature isolation
environments should be characterized, '/

Several deep geologic media are being investigated at
Sandia Laboratories as potential repositories for high-level
nuclear waste. These include bedded salt, sub-seabed
sediments, and shale/tuff. For the first few hundred^years
of isolation, a unique hydrothermal environment may exist
in either the bedded salt or sub-seabed waste repositories.
The maximum interface temperature in either repository
will be limited to 200 lo 25O°C and the lithostatic or

hydiostatic pressure will be sufficient lo prevent water
vapon/atii-n. Brine intrusion into a^.bedded salt isolation
site is noi probable, but possible, whereas seawater^ will

=d.cjjoilejv^satMMii.-.J.heT_sejJiine!Usj!va=se3bed-repv!sitofy.jAn *
in-deplh description of possible early disposal environments
for a bedded salt formation, in1 southeast New Mexico and
for the sub-seabed sediments in a mid-plate gyre region of
the deep North Pacific was given in a previous paper.1 A
site-specific study has been undertaken to assess die,
durability of two candidate waste forms in the <>
hVdrothermal environments possible in both bedded salt
(Waste Isolation Pilot Plant or WIPP) and the sub-seabed
sedjinfents. The results of the first phase of this study will
be presented in tills paper.

EXPfRIMENTAL
" a . _ .- ''

The waste-fornvmatrices which were evaluated included =

• a copper borosilicate glass (76°-199) obtained from the
Batielle.- Pacific Northwest Laboratory and a titanate
ceramic which was fabricated and hot-pressed at Sandia.
The glass was annealed and tested in both the unloaded and
loaded state. The loading was accomplished by adding a
simulated Barnwell chemical plant fission product oxide^ -
waste to the 76-19^ frit before melting. Overall^lass- waste
composition was We waste oxides. 37% SiO2,'^.87c B2O3 ,

,8.4% Na2O. 2.1%K2O,2.1%CaO,6.3%TiO2 i .1% A12O3,
and 3.1% CuO. The titanate waste ceramic was also fully
loaded containing 25 wt.% of this simulated waste. 62.9%
TiO2. 2.1 % Si, and 10% Zeolon 900.

Samples of these waste forms were exposed to
simulated repository1 hydrothermal environments in
autoclaves for periods of one week to three months. The
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majority ot the experiments weie conducted at 25O"C and
16.5 MPa (2400 psi) in goldcapsules (<).5 mm ami 12.7 mm
OD) containing small butk waste lorn; samples (3 mm cubes
weighing 20 t o e i n g ) and the desired solution (0.5 to 2
ml). A few experiments were also done in static 1-liter and
stirred 1-gal stainless steel (deioni/cd water tests only) and,
llastelloy (-276 autoclaves when a large solution excess w^s
desired.

Four leach solutions weie used: (I ) denmi/cd.,(1)1)
water:" (2) a high Mg4 ' (35.000 ppm) saturated salt brine;
(3) a sanitated NaCI brine containing low Mg+2 (10 ppin):,,
and (4)seawatei. The seawater was considered lobe a high
Mg+2 (I."270 ppm) unsatuiated salt brine. The first two
brines are representative of possible solutions which may be/
encountered in WIW environments. The composition,
significance, and origin of these brines yre given in Re-J. 1.
All loin solutions had an initial pi I near neutral. In addition
to variable amounts ol solutions, crushed bedded salt was*
added to some tests |o;lbeltei simulate actual emplacement
conditions. It should be noted that one po.v.ible effect that
is not being accounted lor injhese simulation experiments
isithal o! i^dialinn and ladiolysis pmducts of ihe brines? An
ollect OIK- waste form durability could result because
Kidialion will change the solution chemistry by incieasing
acidity ami solution oxidj/ing potential.' This radiation
ellect was studied at lH)"C: the icsults will be published at a

latei date. ,., < - • = = - . =

""" TiecauscroTliie complexity ol the waste torm solution
interactions observed in this study and those recently
documented.24 it was felt that a .combination of overall
weight Toss measurements, solution analyses, and product
layer characterization^ were all needed to begin to assess
waste form durability. Upon completion of each test, the
waste form sample was dncd and weighed to deteimine"
total weight loss". Typically, with the glass frit and
glass waste sa in pies, a distinct,Triable, visually identifiable,
alteration product or gel lavei had formed.on the reacting
sample. This layer would often spall off after the sample
was dried, or it could easily be removed mechanically. This
removal was done, if possible, before the final weight was
measiiredcsince the weight loss will be used as a measure of
waste form alteration or matrix reaction.

The exterjt of loaded waste" form leaching was defined
as the quantity of Cs+ and Sr+2 which was solubili/ed. The
leach solutions^were analyzed by atomic absorption spec*
tiyscopy for cesium in every case and for strontium,
sodium, copper, and tjtanium on selected samples. The
sodium, copper, and titanium analyses can be used as'
another gross indicator of1 matrix stability.;Additionally,
the final solution pH values of most solutions were
measured.

Selected leached samples were mounted, cross sec-
tioned, and examined.., both visually and by scanning
electron microscope (SEM). Crystallinity and phase identify
cation of the glass gel layers were attempted using standard
X-ray diffraction techniques.

RESULTS AND DISCUSSION

I.Miaction olSons tiom the matrix could occur for a
number ol constituents at localized interior regions of a
leading panicle wheie the solution l-hemislry is different
fiom the bulk solution. Following diffusion of/the ions
outward, the tormaliiti* of significant solid alteration
products (piecipit.ftes. crystalline mineral assemblages.
amoiphous surlace layers, etc.) ,or> even* sorpiion o n t o
silica-gel layers could occur, file intrinsic teaching reaction
would thus be "marked, and the exient of detectable
solubili/atioii" or apparent extent of leaching would be
much lower than the actual release of the radiisnuclide from
the original waste lorm matrix.,These precipitation effects

liave been observed by other researchers wlu> are studying
' tlieodurabiljLyvjf a simulant zinc borosilicate waste glass at

,-5()()cfo 35O"C (Rets. 2 and 3). The formation of these
secondary assemblages complicates the durability investiga-
tor's problems, but from a risk assessment point ol view,
then formation is desirable because the end result is a lack
of significant solubili/ation of most radionuclides. The
leach data given herein should not he used to calculate
leach rale expressions because, as will be shown later, the
time dependency is complex, and the necessary kinetic
experimentation and modeling have not been completed.

The extent of matrix alteration {as measured by v^eight,

=Jo^=aUijng=._wii.UMatwn=s<->!ubilization results for the glass
Irit. the glass waste, and the titanate "wast̂ e are given in
Tables 1 to 3, respectively. Generally, the initial solution

TABLE 1 =

Matrix Alteration and Cation Solubilization After
Leaching 3 mm Borosilicate Glass Frit Cubes

at 25O°Cand 17.9 MPa
c:

Leachant

D.I. water

D.I. water

NaCI brine
NaCI brine

Ml"4"2 brine

l ime.
days

79

7
;' 7

7

7

Altered.
1 7r

%

23,,
8
3

13

Solubilized, 7<

., Ni Cu

» 94 0.5 -

2(1 L*
L

•• j

8

Comments

final pH = 9.5
Solution to

solid =̂  130 cm

Solution to-"*1

solid = 1 cm

*L denotes concentration less than detection limit.

volume tosample surface area' ratio* used was from 2 cm to
5 cm. Significant deviations from both this ratio and the
standard 3 mm cube sample size along with additional
experimental observations are given in the "Comments"
columns. ., . '

Alteration Characteristics

The weight loss measurement used is a good indicator
of matrix alteration because congruent matrix dissolution is
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TABLE 2

Matrix Alteration and Ciilicin Solubili/ation After Leaching 3 nun Copper Borosilicale
Glass Waste Cubes at 250 C and 17.9 MPa

D.I

1). 1
Na<

Na<
Na(
Wjl'

M E '

Mji'

1 ea i ha in

. waier

!. water
'1 brine

'1 brine
'1 brine
: brine c

" : brine
; brine

Se;iu.iter
Sea water
pH
pl l
p l l

P "

111, SO,
1 saturated NaC'l
12 NaOU
1 2 saturated NaCI

l ime.
days

"9

14
14

14
9ft
14*

14
9(1

7
90

r.4
14
14
14

1 inal
pl l

7.7

9.2
7.5

6.K
7.3
4.5

4.5
3.9 „

°. 4.3
5.(1
I.S
1.9

10.2
10.4

Altered,

75

5

12

3
13
12

|O

5(1

15
49
12
3
3

1

Snluhili/ed. ''•

( s

J I - 7

1.1
3.9

I.7

1.3
21.n

„
5.0

4.5
l"".o
S.4
d.3
1.7

: ..1.4
1.1

Sr Cu

2.5 n.3

1 1

4.S 0.-

Comments

Solution to

fi mm eylini

2(10 2~0mt
Solution in

ft'
2(1(1 2"n [in
Solution to

o

I]

o

solid = 340 en

Jers

•sll
solid - u.l em

•sh

solid - d.l em
= c.

not oceuiring. Thereloie, accurate detection ol changes in
=-i-he- iiiatrix=rv5rniing constituents, sucli us copper and

titanium, is very difficult. A portion of this difficulty arises
because of tlie previously mentioned formation of altera-
tion and precipitation pioducts. [-"or example, copper could
be detected only in the low p l l Mg+ 2 'containing brines,
and titanium was not detected in any of the titanate waste
leach solutions. Nevertheless, observable weight changes
occin red in almost'every waste foini sample leached.

Generally, the fraction of the glass fr i t , glass waste and
titanate waste matrices which were altered or corroded
during hydrothermai exposure increased as the solution
salinity and/or sample surface area to solution volume ratio
decreased. It is suggested from this result that reaction
product saturation or equilibrium effects are important.
•Different dissolved products may "be causing this effect in
the various brine solutions for each waste form. For
example, the alteration rate of glasses might be strongly
influenced "by the extent of saturation of sodium silicate or
silicic acid in solution. i

The retarding effect of increased solution salinity on
alteration rates of the glass waste was observed at pH 1
and pH 1 2'. but not in the near neutral brine solutions. This'
insensitivity might result because of the low alteration rates
for the glass-waste in brine solutions compared with those
of the glass frit. That is. the addition of waste simulant to
the glass frit generally improved the alteration resistance of
the frit. It was observed that thicker gel layers formed on
equivalently altered glass-waste particles than on glass frit
particles. A greater dissolution rate of the glass frit silica gel
layer caused this difference in thickness. The difference in
gel layer corrosion could be the result of the formation of a

.greater quantity ot insoluble alteration products hr the
"highly loaded glass waste. The thicker gel layer would be a
more protective barrier by more effectively limiting the
diffusion of both reactants and products to the reaction
interlace. o ° o ,

The retarding effect °of lower solution, volume to
exposed sample surface area ratios on alteration rate was
shown in the particle si/e data presented in Table 2. The"
alteration rate should be a function of the exposed surface
area (particle size) since these reactions are heterogeneous.
However, the alteration rate was not proportional to the

' exposed area by an order of magnitude: probably because of
the dominance of an equilibrium back reaction which
occurred during alteration of the small 200-270 mesh
particles.

The significant: effect of magnesium content in the
brines on alteration rate will be discussed in the next
section. An increase in leaching time increased Jjie extent of
alteration of all waste forms in all cases, whereas the
addition of excess salt to the saturated brine experiments
had little effect on alteration rates.

Cation Leaching

The majority of the following discussions will center on
cesium extraction. The leach rate of cesium is apparently
the highest of the radionuclides. and most simple cesium
compounds are soluble in solutions over very wide pH
ranges. Generally, as can be seen from the data in Tables 2
and 3. cesium is indeed leached from .the glass and ceramic
samples and remains solubilized. The ftaction of cesium
extracted is less than the fraction of the waste form which
is altered into a gel'or product layer which is consistent
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TABLE 3

Matrix Alteration and Cation Solubilization After Leaching
3 mm Tilanate Waste Ceramic Cubes at

250°Candl7.9MPa

Leachant

D.I. water
D.I. water

NaCI brine
Mg+a brine
Seawater

lime,
days

90
14

90°
90

7

linal

,P»

" 10:3
c'..8.3

° 5.8
6.7

/;

Altered,
</<

.10
o '* ...4

i

2
0

Solu-
bilized,'/

Cs Sr

4
0.4 I.

5
4>
1 * 0

Comments

6 mm cylinder
Solution ;o

solid = 140 cm

v/ith the observations which follow. The response of the
polyvalent cations, like strontium or matrix constituents
copper and titanium, is different and more complex than
that for cesium. The leachabilitics- reported Tor cesium
should even be labeled "apparent" because some cesium-
containing minerals have been identified following the
previously mentioned .1()0°C hydiothermal treatment of a
loaded zinc borosilicate glass.3 A number of the leach
solutions will be analyzed using an emission spectro-
photometer for dissolved silica, molybdenum, iron, ura-
nium, boron, titanium, copper, strontium, cesium, and
gadolinium in an effort to better quantify and broaden the
understanding of the leaching mechanism.

Thfe. "effects of a number of leach parameters'^'!!' cation
leachability are discussed in the following paragraphs.

"•= Effect ofplland Leachant Composition. In1 general, the3

ability of a solution to extract cesium increased in the
order: DI water = NaCI brine < MgCl2 brine < seawater. A
saturation or equilibrium effect of reaction product;;, as was
discussed previously in the alteration section, is also
applicable to the leaching of cesium from the loaded
wastes. That is, as the solutions become more and more
saturated by increasing the extent of reaction or ^educing
the original "solution to solid ratio, the rate of sddium,
cesium, and strontium leaching decreases. Lower pH value
solutions can promote higher cation solubilization if the
solution is unsaturated. ,The solution saturation effect,
however, is apparently greater than the low pH effect
because low pH can be counterbalanced by solution
saturation. For example, a pH = I solution produced a high
alteration and cesium extraction, whereas a saturated NaCI,
pH - 1 solution produced an alteration and cesium extrac-
tion comparable to the more neutral pH saturated salt
solutions. Alterations and cation extractions are possibly '
higher in the Mg+2 containing brines because of two
reasons: (1) a lower solution pH which results from the1

precipitation of Mg(OH)2 or a Mg-oxysulfate phase, at high*
temperatures, producing HC1 (Refs. 1 and 5), and (2) mag-
nesium appears tcprpmote the glass alteration or devitrifi-

cation reaction. Magnesium has been identified by emission
spectropholometer analysis to be a major component of
reaction product layers formed in, magnesium-containing •
brines. The seawater alterations and extractions are then
highest because of a lower pH, solution unsaturation, and
Mg+2 content. The role of Mg+2 in leaching is being studied
in more detail presently?0 Little > or no strontium was
delected in the DI water or NaCI brines after leaching. The
high Mg+2 brines (lower pH) contained strontium from the
glass waste but little or none from the titanate- waste. The
additions ofcrushed salt to saturated brines resulted ,jn only
minor changes in cation solubilization. ^

Effect of Particle Size. An increase in the rate of cesium
extraction was detected when the glass waste particle size
was decreased from 3 nun cubes to 200/270 mesh powder
(fable 2). However, this increase was orders of magnitude
lower than that which should have resulted if the rate were
inversely proportional to either the particle size (linear
kinetics) or the square of particle size0 (parabolic or
diffusion kinetics). This insensitivity resulted because,the
leach data was not collected before important kinetic
parameters, such as pH, degree of so jut ion saturation, and
particle agglomeration could change significantly. In order
to alleviate this problem, two well agitated experiments
were" performed in large excess of DI water using two
different sized glass- waste particles. Solution samples were
withdrawivat various times and the following initial cesium
leach data resulted: 4.0%/day foe 3 mm particles and
0.4%/day for 6 mm particles. As can be seen, a definite size
effect exists. However, these initial leach rates again do not
vary linearly or with the square of particle size.-Thus,
further insight into the rate controlling steps has not "been
provided. , -

Effect of Time* \n an excess°of DI water, the fraction of
" cesium extracted from the glass-waste increases with

increasing time, the rate, however, decreases with in- o
creasing"time. For example, a leach rale of ].7%/day after
one day decreases to 0.7%/day after 9 days and to
0.3%/day after 42 days when leaching 3 mm cubes, at
250 C in DI water. This decrease in rate is.consistent with
diffusion controlled parabolic kinetics under the constant
solutio°n chemistry and surface area conditions of the above
tests. Photomicrographs and electron microprbbe mapping
of elemental distributions of cross-sectioned samples of
leached frit and glass-waste reveal a classical unreacted
shrinking core alteration-leaching mechanism. Diffusion of
a reactant or product through the gel layer would then
control the rate. The shrinking reaction interface will
produce a decrease in area when the total fraction altered
exceeds 30%, and a deviation from the above simple
parabolic kinetics will result.

This same -diffusion controlled solubilization mecha-
nism, however, is not applicable when the leaching is not
done in an excess of "solution. Under these low solution-
surface area conditions, the amount of cesium in solution
remains constant or-decreases after a short period of time.
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This observation was also made by McCarthy etaal.3 and
was attributed to the sleady-stytc precipitation of a
cesium-containing phase after the concentration reached a
saturation'level. To check the validity of this proposal
under our study conditions, a number of long-term,
sampled leach experiments are in progress." |

l:JJi'vt,oJ Temperature. A series of stirred experiments
were conducted in an excess of Dl water at 150, 200, and '
2 5 0 T in order to find the temperature; coefficient or

„ activation energy for initial cesium release. Tvie resulting
data were too scattered to calculate an accurate coefficient,
but the trends indicate that a very low activation energy (2
,'.o 5 Keal/inole) will result, which is also consistent with a
solution diffusion controlled process and_ agrees well with
that reported by the Battelle researchers of 4.4 Kcal/mo!e
(Ref. 2).

Product Characterization

As discussed in the previous section, a shrinking

unreacted core was evident when electron microprobe

elpnientarmaps and photomicrographs offlcorroded glass frit

•and glass waste cross-sectioned samples were observed. A

very definite reaction zone at the inner surface was

apparent along with another / o n e of reaction on the outer

surface. Additionally, significant gel layer cracking occurred

in the glass samples exposed t o the Dl water leachant whjch

appeared to fill in with a different reaction "product. An

interpretation of these results will be possible only after the

election micropro.be quantitative analysis results are

complete. (j • z

The original glass frit and glass- waste were a m o r p h o u s

to X-ray diffraction analysis^The gel layers on selected glass

samples were removed and also subjected to X-ray diffrac-

tion analysis. Significant devitrification of the glasses had

occurred, but no crystalline phases including those jdent i -

fied. by o t h e r s 2 ' 3 ( N a F e S i 2 O 6 . weeksite, or hydroxy-

apa'/ite) were found in this s tudy. Also, the crystallization

whjch occurred on the interior surfaces of the gold tubing

in t-he studies by McCarthy et a!.3 was absent on our gold

containers. Both of tfeese discrepancies probably resulted

because of the lower temperature used in this study (250

versus 300 and 350°C).

CONCLUSIONS
' •% , ?, - * , " -

1. The leaching and devitrification pf a simulated
copper borosil'fcate waste glass with po&ible hydrothermal
repository environments appear to be rapid enough ^hat

s these Conditions should be avoided if the=owaste form is to
be an effective barnerto release. m e

2. The titanate-was°te ceramic* showed better resistance
to attack than the glassy "waste. However, further extensive
study is needed before its suitability for withstanding
hydrothermal envjro:gflients could be guaranteed.

3. The ability of a solution to alter the glass-waste
matrix and extract cesium increased in the order deionized

„water ~ NaCI brine < MgCl2 brine < seawater.
Nf&. Solution saturation and equilibrium phenomena

appear- to be important matrix alteration and cesium^

(solubili/ation parameters. Actual repository conditions of
'row flow velocities and low solution to solid ratios would,
therefore, be helpful in improving waste form durability.

5. Lower pH values lead to increased cation solubili/a-
tion. -. -

6. The composition of the brine leachants is of major
importance with the Mg+2 ion probably playing the key
role.Vi
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ABSTRACT «„, =

The stability trends for tour simulated waste forms (spent-fuel, a
reference glass, a supercajcine ceramic and a=coatcd ceramic) under
hydrothermal conditions (100 to 300°C; 400"C for the coated
ceramic; 300 bars) with solutions alone and in contact with basalt
and shale are summarized.

INTRODUCTION
o

'•, ° ,° -. : = ° Q '"

Terminal storage in underground rock formations is
presently considered the most feasible method of isolating
high-level nuclear power plant wastes from the, biosphere."
One of the many factors that will need to be considered in
geologic repository design is the effect of the heat produced
by radiohuclide decay. Heat would have ctetain effects on
the physical properties of the repository rock and, if
combined with the encroachment of water pressurized by
thec rock overburden, 'would promote^siibstantial chemical
reactions within the immediate repository.1'2 This com-c

'-bination of hot and pressurized water would give hydro-
thermal conditions.
- The occurrence of hydrotherma| conditions cojuldhave
various ramifications for nuclear waste isolation. If contain-
ment of the wastes is maintained throughout the thermal
period, then the solutions would only alter the nearby rock,
overpack, etc. However, if the hydrothermal solutions
contact the waste due to0' breach of containment, alteration
of the wasteland interaction with tfe, repository, environ-
ment could take place. c

 f. ','.
Both the rate and the products of these interactions are,

of\ourse, strongly temperature dependent, so.,increases in

the volume of the waste and/or the repository can be
° adopted to reduce tejnperatures. But, as the authors have

pointed out,1 '2 this may ^not be necessary if the altera-
tion- interaction productsare themselves suitable "source
terms."*, ^ . ' . :... .

Jn this paper we summarize the stability-trends noted-
over the past 2!/2 years of "wasfe-rock interactions
research for three potential waste forms in the presence of
hydrothermal solutions alone and of solutions in contact
witterapository rock. Th^experiments are closed systems. ••

„ Closed system experimeijts are ideal for exploring the
reactivity of solid—liquid osystems; and establishing the
direction °<5f tliermodynamic equilibrium. The experiments

3 " simulate ! the' case, wjiere superheated water is =admifted°
through a breached canister and ̂ reacts with the. waste in^a
region where the chemistry of the waste initially dominates
the course of the reactions. In time, the surrounding rock
dominates the chemistry, so asecond type of experiment
includes suitable amounts of repository rock in the sealed
system. , " '

EXPERIMENTAll

u • Tlie experimental procedures are described^in detail
a elsewhere.2"5<- Run conditions included temperatures from

100 to-3009C at 300 bars pressure. Spent fuel and two
ceramic waste forms, a reference^ glass (PNL-76-6&) and a
supercalcine^ceramic (SPC4), were treated' under^these
conditions with deionized water, an artificial Hanford
groundwatef and a bittern brine. The waste forms were all

iV nonradioactive simulations. The bittern brine was a Ca—
Mg-K-Na-Cl solution provided by the United States
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Qeologjcal Survey. Details of the compositions of waste"
forms an^solutipns are found in Refs. 2-6 . i,

A fourth waste form was included in; several experi-
ments. This was a multibarrier product consisting of super-
calcine ceramic (SPC-2) 8 disc pellets coated first with
pyrplytie carbon and then with A12O3 (Refs/7 and 8). The
durability' of this coated ceramic was tested a't 300,and
400°C. ". ' , ] .„ ,y

The stability trends,"based on the research detailed in
Refs. 2 to 6 and 9 to 12 are summarized in Tables I and 2.
The results pertain to the temperatures given: In Table 1 it>

o ' ° " TABLE!

Hydrothermal Reactivity Trends in Bittern Brine 'f

Waste form Alteration of solid Elements in solution ,

Spent fuel, 200"C =

Reference glass
(l>NL-76-68),

t crystalline
ceramic (SPC-4),
3()6"C •

o

Coated ceramic,
400" C

Not crystallized
Solid intact „

Several minerals
altered

New phases formed
Some are stable
Some recrystalliza-

3 .tior(-Jof'AI,.dj

a ti

Major* Cs, Sr, Ln,t
Ba,° Ribi U

Mino_r* Mo
Major Cs, Sr, Ln, B,

Rb, Ba, Zn
Minor U, Mo, Si, Ni>

'-Trace*' Fe
a Major Cs, Sr, Ln; -

«b, Ba, Ni ~ "
Minor Cr, Si " a»

,.Trace l e „„
No detectable Cs or

Rb

*Major indicates J>10'# of the amount originally in the'solid;
miner, 0.5 to 9.0%; and trace, <0./&. = a ° 0s"1'

fLnislantfianidcs(La, Ce,Pr,Nd, Sm/Gd, Y); u'

is seen that the bittern brine attacks spent fuel sstvi^Mttt
200°C and "supercalcine ceramic at 3O0DG wi^t t ie effect

that major amounts of numerous hazardous «Un»nU (or
their analogs, e.g., Ln fdf Am, Cm) "are y*W& into
solution.2 'c 0The results indicate that for any of%Mt wiite
iforms, hydrothermal conditions should be avoided by'lowtr o

'thermal loadings of the waste and/or the repository or ^itt D,°
tliese forms should be projected from contact with hydro- e

* thermal brines throughout the thermal period. ^
In experiments lasting up to a montli at 3QQ andgf<?DflC,

the coated ceramic ̂ showed no 'releases as 'evidenced by
optical examination Isf" the pellet and analyses 0/ the
contacting brines for (two°of tne° most easily extracted
elements, cesium and rubidium.1' ° ~°° ' ' "

Table 2 summarizes the, stability triMids for the four
"waste forms in solutions typical of silicate rocks arid ia
contact with basalts and shales. In these closed system
experiments, the = major phase in spent , fuel, uraninite

-(Uo2), remained largelya unaltered, but substantial
amounts of the fission products cesium, rubidium? an<|
sodium could =be extracted By contacting solutions.* Trace
levels of uranium were also taken into solution. When the
solutions were also in contact with basalt o r shale thtf
extracted elements were "fixed" in solids by reacSon to
form Ahe mineral-like phases pollucite» and powe'il-
jjei,2,Xb ^ j s o > n o detectable uranium was found in
solution, so it appears that the l©w Eh'(reducing) properties10*
of Basalt and etlier rocks would be a geoehenikjal advantage"
ino isolation of spentofueland the other waste torinSi' yo,;

The alteration of the reference glass in deiqnjzed water n Q

and a typical silicate groundwater at 300°Cahas already \
been reported in detajl.1"5 Yet, in theopiesence of low Eh

rb

TABLE 2 . ^ -

Hydrothermal Reactivity Trends in Deionized Water and
" = Silicate Groundwaters °

Waste forms
Alteration of

solid =

Elementsin
solution

Waste-rock inter-
action effects

'Spentfuel/20'0°C Uraninite (UQ"2) Major* Cs.'-Rb, Mo Cs, Rb, Mo fixed;by
: Unaltered o ^ r a c e * IT " , • interactions

. J • ° °sj, ° UO2 stable in low°Eri
".- r-. ° " o ,,, solutions

Reference glass
(PNL-76-68),

u 300°C
' i ' • "

- > l 1 ; ' ii a

Currentcrystaliinc
ceramic°(SPC4),

:, 300°C "

a

1 Coated ceramic,
400°C

Complete

Nonef ' °
o, ' '

" ' ..

. N o f l "

Major Na, B, Mo.

o Minor* Cs, S'(>, Ni, c
;, Rb tfa

ftTrace U, Ln, Sr, Ba'
Minor Na, Rb, Mo,"

0 Si
Trace Cs, Sr, Ba,

,,. C a

No detectable Cs
l% or ;Rb

Most elements in sohi-
„ tion flxedjby ,-. <=

, interactions
New mineral-like

phases
Released elements

fixed by interac-
° tions
Solid-solid inter- "

actions
N&e ;<1

lOll
J =

» •>/

*Major indicates >10% of the amount originally in the Solid; minor,0.SJ to
»9.0%; and trace, <0.5%. , °

tCrystallinity ofsynthetic minerab enhanced; NCS phase crystallized.
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l i i f phases k ' o n s i i i u l i i i ) ! pe i l i aps S to 10 vol . ' . ' ) in | |u-
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j - ' i . i n i u w e i e c x t t a c l e i l h y the h y d r o t l i e r m a l . . so lu t ions . ' "

•1 jinj; tlie sai'iie io:isi>nin^ ju'/t discussci l lo r glass, m a n y ol

these e l e m e n t s c o u l d ' he / J i ixcd by i n t e r a c t i o n s wi th the

si l ica te r ep t i s i t u ry wall l o c k s . I x p e r i m e n t s to e x p l o r e this

.ifiestioii n<- nut \ ci romnlote.

CONCLUSIONS

^The expeiimental lesults indicate that°wilh eithei the
glass or the ceramic, ,the etj,d result ol hydtothemial =
conditions in the repository could be quite similar when
viewed on the scale of the immediate repository. The glass
could interact strongly with the silicate, rocks to Jya:UN

mineral-like 'substances. The superculeine ceramic coirft!^^
mteiaet only slightly. In both cases, the resulting solutions
could contain little of the radionuclides of concern."

Hie apparent stability of certain synthetic mineral
phases in tlie ceramic holds considerable promise Tor the
development of second generation waste forms tailoied for
long-term stability (i.e.. very low releases) under even severe
repository environments. Meanwhile it appears that coated
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DEVITRIFICATION AND LEACHING EFFECTS
IN HLW GLASS-COMPARISON OF SIMULATED

AND FULLY RADIOACTIVE WASTE GLASS
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details the phases identified in the glasses studied'! The
compositions indicated tellect ma|or const it tients. Se^etal
minor coiurihutors to true phase compositions.are often
observed.1

•! Total crysiallinny was measured by X-ray diffraction
fusing AKO^gJass standaid mixtures) and was found to
van 'signilicanilj from glass Jo glass as well as from the

- as-prepared condition u> the devitrified condition. Table .'
lists erystallinity measurements nude on the four glasses
studied.
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tot the loimainm "ni cryMalhne phases can be nilei'ed
without specific \-ta> diltiacium atialysis. and depletion o!
das>-forn)ing elenienis can he related ID possible decieased
duiahility in a leaching envirod|neni.

It is clear from this analysis that the simulated and
full-level glass compositions behave similarly. The absence
01 ruiheniui« from the glass phase (as RuO:) is always
observed in nonradioactive studies: Decreased levels ot'zinc
and uranium are indicative of the formation of Zn :Si04

and Ca(UO:)O: in this glass composition. Microprobe

'ho c

WMiim. Thesi- jje atetajs.' lejcli
[VtHKl Jtld aiC vjkuljtl-ii ilsllli:

ra le (enr
A x W

A,, x SA x t

AIKVC \ iv ;lk> jiiK>iini >it tfie element 01 isotope teleased it)
the interval t. A. is ilk1 imiui quantity in the glass, jnd W
jtni SA jie tin; weicht and ce««metiic surface aiej.
ie>peciivel\ . o« the glass samples. The leleasc tales ot j ' * ( \
Mom the 1IIIK ladioaciive glasses'ate the sjfne as the ;clease
rjies 01 elenk-ntal vesiuni from 1 he simulated formulations
ot ihe saiTk- glasses. Tins comparison holds foi hi»th the
js-pr?pated and the devitrilied samples atki stioneh >ug-
gests that gamma tadioly sis effect- ate not impoitam in the
leaching process.

Table > also shows thai devitrification causes wry small
changes in leach rates tor these glasses based on cesium.
suontium. and europium. Previous studies on r2-to£ and
^6^6Sglasses revealed that devitrification does increase the
leach rates of these two glasses.5'4 However the devitrifica-
tion in the earlier won\ was more extensive because it was
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Relative

72-68
As prepared
Devil rified

76-68
As prepared
Dcvitrified

77-107
As prepared
Devitrificd

77-260 ,
As prepared
Devilrified

TABLE 6

Releases of Elements from

Si

0.2
0.2

0.03
0.02

0.2
0.06

0.02
0.01

B

0.2
0.2

0.03
0.02

0.2
0.6

0.01
0.01

(1 Week, 75'

Zn

0.2
0.2

0.5
0.07

0.5 ,
0.5

NPto

NP °

Na

1
0.7

0.2
0.07

, 0.6
0.3

0.1
0.1

Nunradioactive

X)

ta

0.3
0.4

0.1
0.2

0.3
0.2

0.1
0.1

Ba

0.2
0.2

0.03
0.02 '

0.1
0.3

0.03
•0.01 ,

Sr

0.2
0.1

0.02
0.01

0.2
0.03

0.03
0

Glasses*

Mo

d.i°

0
0

0.1
0

0
0

u

0.01
-0.01

-0.01
0 ,

J

0.01
0

<0.01
0

*These relative releases are fractions of the element found in solution
normalized to the fraction of sodium released from the as-prepared sample of
72-68 glass. , ;.

tNP, not-present. '' ',,,

induced by longer treatment (e.g., two months) at higher
temperatures. Thus the devitrified samples used in the
presefi! study should not necessarily show 1 lie same leach
rate trends as more highly devitrified samples. The param-
eter which does appear to affect the leach rates is the total
glass composition, i.e.. 72-68 versus 77-107. In general,
72-68 is the least effective in fixing the wastes, while
77-260 is the most effective.

In order to further compare the four glasses,-polished
sections (nonradioactive) were exposed to 75°C deionized
water for one week ( S A / V H O = 0.0i). Each sample was
examined optically before and after the test, and the
solution was chemically analyzed (ICP). In general, the test
confirms trends seen in the long-term 25°C tests. The
analytical data in Table 6 suggest that glasses 76-68 and
77-260 are comparable and about one order of magnitude
more durable than glasses 72-68 and 77-107. There is an
interesting microstructural corollary in that glasses 76-68
and 77-260 show little change optically whereas glasses
72-68 and 77-107 had cracked "mud flat" surfaces follow-
ing the leach test. There was evidence in all four glasses for
preferential leaching of glass in regions where RuO2 crystals
concentrated.

Several points can be made considering the data in
Table 6 with regard to leaching mechanisms. First, no
reaction close to congruent dissolution is occurring since
release rates for sodium are 5 to 10 times the rate for
silicon and ~100 times the rate for uranium. It is also
notable that the network formers (silicon and boron) are
equally extracted, even though phase separation is expected
at the 100 A scale in borosilicate systems. (In high
temperature autoclave tests,5 there is evidence for highly
preferential extraction of boron; this is under further
study.) Finally, although devitrification clearly affects the
leaching mechanism in visual observation, the changes in

elemental release rate are remarkably small. Since the
devitrified samples are 60 to 80% vitreous.-ma'ny elements
contained in crystalline phases are also present in compa-
rable concentrations in the glass phase. It is, nevertheless,
clear from this work and other studies6 '7 that well-
formulated glasses do not show major property changes as a
result of devitrification. -*

CONCLUSIONS

Devitrification and leaching analyses of four waste
glasses have been investigated to compare nonradioactive
compositions to compositions made using fully radioactive :

waste calcine. The following points summarize the major
findings of this study: ,/J;

• Melt insolubles and crystallization products are fcjufnd
to the same extent in both radioactive and nonradio-
active glasses of similar composition. A high radiation
field appears to have no effect on the crystallization

. behavior. ff
• The results of long-term IAEA static leach tests

indicate no significant difference between |he average
leach rates of the fully radioactive and nonradioactive
glass formulations.

• Glass composition is more important than the extent
of devitrification in determining leacl?^rates.

• In both short-time tests at 75°C or longer leach tests
at 25°C elemental analyses suggest that congruent
dissolution does not occur.
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LONG-TERM LEACH RATES OF GLASSES
CONTAINING ACTUAL WASTE

J. R.WILEY and J .H. LeROY
\i. I. du Pont de Noniotirs and Company, Savanriah River Laboratory. Aiken. South Carolina

ABSTRACT

Leach rates of borosilicate glasses that contained actual Sayan-
nahRiyer Plant waste were measured. Leachin;; was done by water -
Vnd by buffer solutions of pi I 4, 7, and 9. Leach rates were then,
determined from the amount of 1 3 7Cs, '°Sr, and plutonium
released into tile leach solutions. The cumulative fractions leached
were fit to a mathematical model that included leaching by
diffusion and "lass dissolution.

INTRODUCTION AND SUMMARY ,

Methods to solidify Savannah River Plant (SRP) defense
waste are being developed at Savannah River Laboratory
(SRL). Borosilicale glass is being evaluated as a solidifi-
cation matrix because it has good mechanical properties,
resists leaching by water, and can accommodate a wide
range of waste compositions.

Initial long-term leach tests at SRL used distilled water
at room" temperature as the leachant.1'2 Those tests
provided basic data to demonstrate the feasibility of glass as
a solidification matrix and to compare glass with other
candidate matrices. The tests showed that there were no
large (systematically greater than lOx) changes in glass
leaching as a function of SRP waste-composition.

This paper presents results of a recent series of tests,
conducted according to a draft procedure3 of the Interna-
tional Standards Organization (ISO), that measured leach-
ing with buffer solutions of pH 4, 7, and 9 as well as
distilled water. The 4 to 9 pH range spans that of most
groundwaters. Leach tests were made at room temperature
for 200 days. Results showed that the pH 4 (acetate) buffer
was the most aggressive leachant, followed in turn by the

pH 9 (carbonate) buffer and the pH 7 (phosphate) buffer.
Leaching in distilled water was slower than in any buffered
solution. Initial leach rates were typically 10"6g/cm2 d and
decreased to 10~8 to 10" 9g/cm2 d by the end of 200 days.
There were no large differences in release rate of the three
radionuclides monitored in the tests: 90Sra

 1 3 7 Cs, and
plutonium. Plots of cumulative leaching versus time (t)
showed that leach rates were primarily controlled by
diffusion during the first 100 days and controlled primarily.;

.by dissolution thereafter,

BACKGROUND ' '" '

Two nuclear fuel reprocessing facilities have operated at
SRP since the early 1950's to produce nuclear materials for
national defense programs. Acidic wastes that contain
fission products, traces of actinides, and larger quantities of
nonradioactive chemicals, are produced by fuel dissolution
and subsequent separation processes. The waste is made
alkaline with NaOM so it can be stored in carbon steel
tanks. Adding the NaOH causes oxides and hydroxides of
fission products, waste actinides, and metals (principally
iron, aluminum, and manganese) to precipitate and form a
sludge on the bottom of the waste tanks. The insoluble
sludge confines most of the hazardous radionuclides and
makes up about 10% of the waste volume.

Current plans for long-term waste management at SRP
are to remove waste from the storage tanks and use ion
exchange to separate 1 3 7Cs and remaining traces'of 9 0Sr
and plutonium from the salt -solution.4 These separated
radionuclides would be mixed with the highly radioactive
sludge, which would then be solidified in a high-integrity
matrix.
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TABLE 1

Representative Compositions of SRP Sludge

TABLE 3

(•lenient

l-o
Al
Mn

, U
Ca

• • ' N i

Amount in sludge

High Fe

32.8
2.3
2.0
9.2
2.3 r.
6.3

High Al

3.1
33.5 "
2.3
0.9

. 0.2
0.5

, wt.7r ' „

Range

3.1 32.8
1.5-33.5
1.7-10.8

0-15.4
0.2-2.9
0.3-6.3

Because of the variety of separation processes that have
been used at SRP during the past 25 years, the waste
sludges span a wide range of chemical compositions (Table
1). This heterogeneity requires thai candidate matrices be
able to accommodate a wide variety of waste compositions
without appreciably changing the integrity of the final
form. The large amount of'nonradioactive chemicals dilute
the radionuclides, however, so that the heat produced by
SRP waste is only about 0.11 wait/liter.

PROCEDURE

Because previous tests showed that borosilicate glass
was compatible with all sludges sampled to date (repre-
senting about 80% of the high-heat waste al SRP) and
because leaching was nearly independent (if sludge type,
only two sludges were used in the tesls of pH effects on
leaching. Sludges chosen were a relatively high aluminum
sludge from Tank 16 and a relatively high iron sludge from
Tank 13 (Table 2). Washed, dried, powdered sludge from

TABLE 2

Principal Elements in Two Actual SRP Sludges

Element

Te
Al
Mn
U
Ca
Ni

Amount in sludge, wt.%

Tank 13

25.6
8.7
7.9
4.2
1.8
0.5

Tank 16

13.9 °
16.6

2.6 ' '
4.5
2.9
0.3

these tanks was mixed with glass-forming frit (35 wt.%
sludge to 65 wt.% frit, Table 3). The mixtures were melted
at 1150°C for 3 hours, poured into a graphite crucible.'and
annealed 1 hr at 500°C. Resulting buttons were about
1.5 cm tall, 2 cm in diameter, and weighed about 12 grams.

Leachanfs with pH 4, .7, and 9 were made, respectively,
from 0.05/t/ solutions of acetic acid, phosphoric acid, and

Composition of Class-Forming Frit

Component

SiO,
N'a2O

., Li, O"
B2 t) , ft

TjO2

CaO

•Amount, wt.7r

52.5
18.5
4.0 ,;

! 0.0
•i 10.0

5.0

sodium bicarbonate. Sodium hydroxide solution was added
to adjust the pi I of each solution. Billing leaching, each
button rests on a stainless steel screen welded 2.5 cm above
the bottom of a 5, cm diameter stainless steel vessel. Each
vessel holds 200 ml of leachant? Leachant is pumped in and
out of each vessel by a multichannel peristaltic pump.

Leaching was done ^according to the draft =fSO proce-
dure. Temperature was maintained at 22 to 23°C. The ratio
of leachant volume to glass surface area for the buttons
ranged from 10 to 14 cm. Leachant was changed daily
during the^first week, weekly for the next 3 weeks, and
biweekly thereafter. Leaching has continued nearly a year,
andMata have been analyzed through 200 days. Methods of

3.

to Q

o 10-8 -

40 ' 80 120' j] 160 200

time (days);

Fig. I Leach rates in water (frit 21 to 35 vvtSTK 13 sludge).

285



40 80 120 160 200 240 280 320 360

F i g . 2 C u m u l a t i v e I c a c h i n p baseid '«on l 3 7 C s a n a l y s i s ( f r i t 2 1 » t o 3 5 w t . % T K 13 s l u d g e ) .

measuring 90Sr, 7Cs, and plutonium in the leachant have
been described previously.2

DISCUSSION

A typicakplpt of leach rate versus t is shown in Fig. 1.
The relatively high initial rate decreases rapidly during the
first few weeks and then becomes nearly constahrafter 100,
days. The fluctuations in leach rate are typical of those seen
by other investigators. . „ '

Interpreting leach data is facilitated by integrating the
leach rate data to give acurve of cumulative leaching versus
i(Figs. 2-4) . For leaching based on 1 3 7Cs and 90Sr
analyses (Figs. 2 and 3) the curves show clearly the relative
aggressiveness of the four leachants: pH 4 > pH 9 > pH 7 >
water. Except for the pH 4 curve, the curves for leaching
based on plutonium analyses (Fig. 4) show the same trend.
In all three figures, the pH 4 curves have a different shape
from the other curve's. In Figs. 2 and 3, pH 4 leaching
appears to accelerate after about the first month.'

The pH 4 (acetate) buffer differs, from trie phosphate
and carbonate buffers in that acetate forms stable com-
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plexes with most of the sludge components. This "complex
formalioji could, enhance the rate "of attack by the acetate

o buffer. Thus, the aggressiveness of the pH 4 buffer maybe
more than just a piH effect. Accelerated (90°C) tests at
BaTielle, Pacific Northwest Laboratory have also shown

(fthal the acetate system islan unusually aggressive leachant.5

Several mathematical models have been used to describe
leaching by both the diffusion of ions through1 the •solid
matrix and. by dissolution of; the matrix.2 '6 These models
predict that initially leaching will be diffusion controlled^
(characterized by a linear plot of cumulative leaching versus
t%) and that after longer times leaching willbe dissolution
controlled (characterized by a linear plot of cumulative
leaching versus t).

Figures 2, 3, and 4 show that cumulative leaching is
nearly linear after 100 days, indicating that leaching has
almost reached the point of being completely dissolution
controlled. When plotted against t \ cumulative leaching is
consistent with a diffusion controlled rate from about two
weeks through 100 days (Fig. 5). Leaching during the first
two weeks typically decreases too rapidly to be satis-
factorily fit by diffusion-dissolution models.
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The present tests of pH effectfon glass leaching will be
continued format least another year to measure dissolution-
controlled leaching. Surfaces of nonradioactive glass sam-
ples will be analyzed by X-ray photoelectron spectroscopy
to define chemical changes at-:the glass surface during
leaching. A.set of repository-specific test's will also be
started. These will include leaching in brine solutions at
temperatures that can realistically be expected for SRP
defense wasle.
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Number of Displaced Atoms by Different
Types of Radiation

- - - • M -

Our Evaluation

g ^ p <<t

u>i!i/.irv:m ami 3ispbi.L'!i!'.Mii "t a toms. ' ' ; ..

Oiif pMs^hfc method nt dose evaluation is the caKiiij-

tiofi it» the' sptviiic numbei <<i events. This solution is

ivik-.iiv a^a:pi.ibie i| the .'Daleii.il is subletted to oplpiine

type "t radialion. (Vir esatiiplc. m 1he stud} o) neutron

ii!jdiiitiiin on 'he pii'periies •>! JIlJsse^.' In the ^JM' wliore

.tsplia !.idsa)i«>n is piedoir.enjni. tins soluiion migin be

•Ki.ypr.jble.4 l l ouc i e i . this jheiffod does nor take inio

dtv.i'yni the ditleient ei)e'ig> with whivh alpha parlieles are

emitted timn thv \auous nuehdes. Pie^rous e\perieiu.es1 -2

with boiosiiicite'glasses have shown, howevei. that rX'ta

iianima sadiation. which dissipates eneigv mainly by ioni/a-

'.ion. d^es not have a significant etleet on stored erfeicy . k

•'theret'iire seeing worthwhile to examine the possibility of

>:i.s: thif-o'the; pnncipal meehanisin ot eneiuy dissipation.

i.s - .-.'. '.%r. -ibpia^emeni. js,a unit of dose. & '•;-., ~

!'• . J>p!.KeBien! ot iiioiDs in crystalline materials is

., •:.::'„-.• J ' ' Hv- ;he.ni<ls! important mechanism by which a

"-•?• r :'•..'•-• "r^JVices lattice detects. In glasses hayinj;

: ••..•".^-ilir.e ^ructures and various t\ pes tit bonds, the

. r:.er" '?' xhi displaced atom assumes particular signiti-

^:.':S. h is. ni fact, difficult tw, speak of vacancies or

intersiitials in glasses in ..the same way as in crystalline
media. Nevertheless, tire existence of short-range ordei may
justify, at least to a fiist approxirmiioih an evaluation, of
the damage using criteria analogous to thyse used for
crystals. " .;

Table 1 Summarizes the resultsof the J calculation of
displaced atoms due to different types of] radiation.7 It
should be noted that this evaluation is based on a
displacement energy of 25 eV. This1'value miiy be question-
able, and some theoretical and experimet tal studies on
simple glasses such as fused silica are being .undertaken in
older ts> help clarify this problem. However; it can be seen
that, although a better approximation ^.'ould lead to
changes in the absolute values given in I j Table 1. their
relative values will remain unchanged (wiil!! the exception
of beta rays).

Finally, it should be rersembered that neglecting the ;
energy dissipated by ioni/ation is aeeeptabl i only as a first
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Type of radiation

1 ISM

' I4(o \Ic\l

evaluation
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200li

2(»0

2C IUKI

from Kel- 3

140
1500

* 7 /,r 15.000

Comments

1 - 6 M c V

In AljO,
(Ret. 101

p p . h is not unlikcK , 1\>r instance, that such an
•xMicigC plavs A ntie n» ihe udiatnm annealing phenomenon.

DESIGN OF EXPERIMENTS /

l.xpeiiments were conducted on a type ot borosilicate
glass prepared in ou." laboratory .̂  which can be considered
repiesentative of (he glasses commonly taken into consider-
ation ui Fur ope. Into the glass matrix has been incorpo-
rated 20- ot simulated waste oxide. Table 2 gives the
.composition of the glasses. ;

TABLE 2

Glass Composition

Component

SiO,

B.d,
AM),

A.i",O
SrtJ

l!a()

\;o;

l'r,'o, '
NJ.6,

• ^ ? ; . ^

4«
15 --.

5 ,:>.

0.22

0.33

1.28

0.63

0.31

0.9^

1 12

Component

CeO.

Sn()

/io.
Mud,

c MriO,
led.
s«>
Cut)

ZnO

Wt.9f

0.76

0.03

1.06

0.16

1.35

3.25

0.32

0.04

0.03

1.38

In order to provide the correct amount of fission in the
sample, part or ill of the natural VO2 has been substituted
with enriched 1 :O : using two levels of enrichment,! \rc and
40'"r of 2 3 S U . The homogeneity,pf uranium in the glass has
been verified using a nitrocellulose tracking film. The
sample was put in contact \wth the film for 24 hr and then
treated with concentrated NaOH. Microscopic observation
did not show traces of agglomeration.

Due to the very high thermal absorption of ' °B.
irradiatlH iln a neutron spectrum as existing normally in an
experiinewTal reactor does not give acceptable results. The
thermal neutrons are absorbed preferentially near the



".ue MI ih.i1 liif immhei ot fission-, a l ilu- ventei " t the

- r ! i ' -<•<.• l i ' u c " i n a n i i j j i ' i o ! m j g n i . K j J c ^ - D i j i . i l I ' d :<i

s e . c u v i n g . r ! h e s u r f a c e « ' ! t h e s a m p l e ' l i ; e : e i v lli l . lN.

" > K MI • e x a m i n i n g e r i e ^ N d u e in t he di t fere i i t ia !

:<:•:•'!. r j t h c * 'h . in in ' h e r ad ia t ion r t seh . I h s c H c c ! can

•'••-",-•>::;>.• e;t!:e:.b> cnadia tMig thin s h e c K oi bv sh ie ld ing

g!a>:> samples !!"!11 'llC!IK.ll tlClH !••!;> W|ll' a < d shield

!:c p' l-scii! ttn'k i h e ' s e o ' h u U ' Jn iKjuc « „ c h o s e n T h e

'.V..:̂  I ' i j i luK-J Hi the I'l

' .in j l!l liny, in d u m e l e i .

i.k;i!i ' l-i |!- we;e made !•'

1 m m : h k k ai. i iuid the

jii ^ l \ ^iiiiv.viiiii>. ' / C M K S .

: ilcn-iiu a! tile L

" I i t i m m in

e1. jluale ihc ;'lkv! -'1 .1 (*£
oik'ts. s.ibar.uling tho gl4>s
Tlic rfsuliv shnw th.it the

I lha! j t >!ic MIILKX1 .

iliis lnim<j'g«.'H,cii> i"<

Mike the w>>niiib;i-

lNjppt'jls and dlll>

i s 1 ' ) . 5

'. Ol CO

: u . " : ; i p . i i i i cd b\ J l<>\\ct lissis'ii dot

" " ! ! <! lhclill.ll HClHl"!^ p!.lC'K.l p p >

ep; ! ! ie imal J M J l;^t tlsbimi are Uivnl' .od.

'I lie" i t i adu! i i>n e x p c t i n i e n i . u l n J i wa-. . a i l e d H O M

lH-i.ii>Nllls.alc ( r l a ^ N'fdtrui i lirddluUmU. H . I S b;i.soJ «'li !\\i>

!i! jdi . i i ini i> e.ul i " t t h ree capMi.lev I jv.li ^apvule ^••i l luming

ylass s ample s w.is e i iolnsed in eadmni i : ] c .nining 1 m m thick,,

•I he oipMiles v .e ie ni.ide c ! .il'.uiiiiiinii and w e i e p M ' . i d e d

'A:I1I i i \ n L'l'niU's I " ! the inset Hun <>1 tlioiin>>c<>upfcs. "Eie

i!ijilia!ii>ns w e i e p o i h u m o d in the p iml-s ide t>Ki!n> •>(' t he

III k i i ' j j o i .i! Pet I on . the N e t h e i l a n d v Tin1 fnSi n i a d i a -

Uoii lasted 44 da\s while the second 'Js!^d 10 da\s. The
detaiK u| the nradiatinn aie giun in Ret. ". Thoimal

vaT*.u!.iri<riis .show thai a temjx-iaiuu'<i!" (>x (.'w j , , nbiJiiied
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Tabled gi\e?> the 2^*\J content, the total amyunt nt
tission cm3, and.the dpa tor each capsule.

l.xlernal madiation has been peiloimed on hoiosilicale
glasses ol the same-- compnsition at the V.l.C. (IJarwell.
Lngland) using a collimated beam of 4n.5 MeV Ni'r+ ions.
Moieover. boiosihcate glasses ot composiiion lX^L. already
e\amined by Hall et al.3 using Pu recoils. ha\e also been
irradiated. Sample dimensions are ? x 5 x I mm (or ihe
BONI t>pe s'abs or 5 mm diameter b\ 0.5 mm thick for

TABLE 3

BOM Irradiation

Capsule

BOM 1
1
t

3

Blank

BO>(< 11
1 «

2
3
Blank

: ' U ' content.
wt.S

1.76
I I I
0.11
0.008

"" 1.76
1.11
0.11

' 0:008 ;

Fission

4 x
1.34 x

3>x
1.1 X

1.48 *
•- 5.8 x

9.8 x
2.4 x

cm1

1 0 "
1 0 "
10"-
10'5

1 0 "
1 0 "
10 l s

10'*

Upa

0.36
0.12
OJI27
O.noi

0.133
0.052
0.0088
0.0002

Fq..,
" « •

9.4
3.15

7,1
2.6

3.5
1.4
2.3
5.6

density.

,'cnr

x 1 0 ' "•

x 101 s

x 1 0 "
x 1 0 "

x 10' '
x 1O1*
x 1 0 ' "
x 10' 5

! s l | l disks. The ;hicknos> i> luniied b> the small penetra-.
'loii (] I/LJiiii ol hoav> ions to enhance the signal to
background ra'io during t.iloiimetiK tests. Dose I'tfea^ure-
HieriKwere nude1 b\ uvoidirig ihe charge avCtimulalum on
ihe' insulated sample holdci. Secondary emis>ion ot elec-
lions wj> ehmiii.iU'd b\ providing a coimtei potential ot"
!0(J \o|ts. The sample huKiei was water >.o;>1ed during

Inavlralion. Some samples u.eio. v"ated with a WO A ylvei
la>ei ioy |vojide'j g-oimd path pieveriting cha:ge acciimula-
lion aiu-i breakdown and to avoid largo temperjiure
gjadioiMs acsoss ,:he samples", llnuoxei. noi all ot the,
sampR's wcie v.->a'ed. Tljis cr unisiance aliowej us to
examine the etkvls ot the thin SIIUM films during heav\ ion
bomhiridmeiii. Dumig Irradiation the largej wa.s tilted step
b\ slop a! \anous jngulai positions to give a unitoim
disiiibuiion o| radiaiion damage o\et the entire range ol Ni ^
ions. Depth distiibutioiis ot'eneig\ deposition weie caloii^"
lated !{-5ii)i-' a computer program doiciibe'd b\ M. D."
Matthews' In Fig 1 a typical depth distribution wf
simuLijtd ritomk.di.-placemenis is lllustiated. Some oscilla-
tion.-, aie Pib.si-iv.ablo aiotmd the moan valuec4)ose rales are
in the lange. 4 / o 12 x 101 ' Ni''+ cm : • sec ^'"ospond-
ing to 4.5 x 10 ' and l.J?5x,10 " dpa pei-sec. respec-
ti\el> . This, uio is abotit 10s times taster lhan that achieved
in lission tiagmeni damage and about I04 times faster than
that obtainable with Pu recoil. An upper limit toi the'
inadjutjon lempeiatif'ie is estimated at ^150 C. Ftirlher
cotisideialions about the ical temperature during ii radiation

I L b . i d e in ihe i)e\t section.

DEPTH, MICRONS

Fig. I IX-pili distribution <>r displaced atoms due to tared liltint.
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Fig. 2 Stored energy in BON) glass as a function of displacements per atom Cdpa). x = data corrected for temperature effect from data in Ref. 6.

RESULTS AND DISCUSSIONS

The stored energy measurements were perforined»using
a Dupont DSC 910 scanning microcalorimeter. The rate of
energy release at a heating rate of 10°C/min was recorded
between about 50°C and 550°C. The energy release was
calculated from the difference between the first and second
runs on the sample after irradiation. A third run was made
to make sure that, all the energy was released during the
first run. In this case the second and the third runs
appeared superimposed. The results obtained on samples
loaded with uranium and irradiated are shown in Fig. 2. We
can see that in the field explored the dependence on dose is
very weak as shown in the semiibgarithmic plot.

-An uncertainty exists regarding irradiation tempera-
tures. The gamma radiation contributes to the glass heating
0.6 W/g while for''the most charged capsule (BONIl-l, i ;)

BON[II-1) the fission heat contributes 1.24 W/g. As a
consequence, thermal calculations show that the central
temperature for the! BONI1-1 capsule is 72°C, While for the
BONI1-3 capsule it is 50°C. A temperature correction will
then give u slight increase in the values of stored energy at
the higher doses. Due to this uncertainty it is not possible
to state whether there is a logarithmic dependence on dose
or a total saturationi:effect. Art experiment at higher doses
with better temperature control is under way and will help
clarify this point. ; ,;

The results of stored energy measurements performed
on samples irradiated with heavy, ions are reported in
Table 4. When taking into account the rather diffeient

types of irradiations and in particular the much higher dnse
rates obtained with heavy ions with respect to fission
fragments, the values of stored energies for the glass
samples of the BONI type are in good agreement.

It is thus possible £p consider with some confidence the
results which can be achieved by this external irradiation
technique. When comparing the results for BONI samples
irradiated under the same conditions at 0.1 and 1 dpa,
respectively (Table 4), a saturation effect" seems more
likely. However, the total amount of energy stored at
saturation has a strong dependence on the temperature of
irradiation. This can be deduced from the comparisoli
between "samples irradiated with and without a silver
coating. For example, silver coated glass 189E gives a value
about 1.5 times higher than 189EII, uncoated, although it
has received only one tenth of the dose. It can be argued
that the metal coating keeps the irradiated surface at

„ ':

Sample

Class
BONI*
BONI
BONI

1891 *
I89i:

^TABLE 4 i

Heavy Ion

0 .1 S>
0.1
1
0.1
1

Irradiation

d pa/sec

1.35 x 10~'
1.35 x 10~'
1.35 x 10*'
l ' .35xl0~'
1.35 x 10 ' '

Cil/g

1 40
1 35
' 30
1 65
i 4 0

*Coatcd with a 100 A'silvei film.



approximately the temperature of the sample holders (i.e.,
the temperature of the cooling water) while the uncoated
surface is at a higher temperature due to the large energy
deposition of heavy ionsJn a relatively small insulating
sample thickness. Other possible effects due to the coating, '
such as the diffusion of silver atoms into the glass during
bombardment, are still being considered. Preliminary results
of back scattering analysis seem to show the presence of
silver atoms only ai the glass surface.

A strong dependency of s tored -energy upon the
temperature of irradiation has been reported by Mendel
et al.* and Hall et al.3 The interpretation of this phenome-
non requires more systematic measurements of glasses
irradiated at various controlled temperatures as well as a
theoretical study of the annealing mechanisms. Both of
these activities are now being developed. If we compare the
stored energy values obtained with the two different
simulation methods with those obtained by loading the
glass with alpha emitters,3 '6 '9 the following points can be
underlined. The use of displacements per atom as a unit of
dose seems appropriate for the study of radiation damage
of glasses. The results obtained using a simulation with
fission are somewhat lower than those obtained with alpha fJ

emitters. It is difficult to decide whether this is due to
imperfect control of the temperature or if it is a secondary-
effect of radiation annealing caused by the large amount of
ionization energy dissipated by fission fragments.

The tests performed using the accelerator have a very
high dose rate. Nevertheless the stored energy increases at
most by only a factor of 2 to 3. We thus conclude that the ,
dose rate does not have a very high influence on stored
energy.
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RADIATION EFFECTS IN VITREOUS AND DEVITRIFIED
SIMULATED WASTE GLASS

W. J. WEBER,, R. P. TURCOTTE, L. R. BUNNELL,
F. P. ROBERTS, and J. H. WESTSIK, Jr.

Pacific Northwest Laboratory, Riehland, Washington

ABSTRACT

Tin1 long-term radiation stability of vitreous and partially
devitrificd forms of high-level waste glass -was investigated in
accelerated experiments by 2 4 4Cm doping. Tiie effects of radiation
on infrastructure, phase behavior, density, impact strength, stored
energy, and teachability aie reported to a cumulative radiation dose
of, 5 x 10'" a decays/cm3. This dose ,produces"saturation of radi-
ation effects in most properties.

INTRODUCTION

Glass is recognized as the most highly developed solid
form for the storage of high-level nuclear wastes.' All
high-level waste (HLW) solids will be subjected to gamma,
beta, neutron, and alpha self-radiation. The major potential
for detrimental long-term effects is from the spontaneous
alpha decay of the long-lived actinide elements.2'3 In an
alpha-decay event, a high-energy alpha particle (~5.5 MeV)
and recoil nucleus (~0.1 MeV) are produced. Nearly all the
energy of the recoil nucleus is lost through elastic collisions,
thereby causing atomic displacements. In the case of the
alpha particle, most of the energy is lost in ionization, but
enough energy is lost in elastic collisions to account for
some displacements (<20% of total). Both these displace-
ments and the stable helium atoms which result from the
capture of two electrons by the alpha particles, and which
must be structurally accommodated, may affect the long-
term integrity and stability of waste solids.

The present study considers the radiation effects from
the alpha decay of 2 4 4 Cm on vitreous and partially
devitrified forms of HLW glass. The effects of radiation on
density, phase behavior, microstructure, stored energy,

teachability, and impact', strength are investigated to a
cumulative dose of 5 X 10' * a decays/cm3, which is equiv-
alent to ~10 3 years storage for high-level wastes from the
reprocessing of commercial spent fuel4 (3.3/f. enriched UO2

fuel) and over 106 years for some defense wastes.3

EXPERIMENTAL METHOD

The simulated IILW glass examined is a borosilicate
glass, designated 77-260 (Ref. 6). This, glass is characterized
by a waste composition high in gadolinum and sodium and
a glass frit high in titanium and copper. The glass was doped
with 2 wt.% 2 4 4 Cm (added as:an oxide powder) which has
a Lhalf-life of 1 .̂1 years. One vitreous and two partially
devitrified forms of this glass composition were prepared,
for experimentation. Each of the three s-ample types were
melted at 1100°C for 2 hours in an air atmosphere. The
vitreous sample was air quenched and annealed at 530°C
for 1 hour before furnace cooling. One glass was partially
devitrified by slow cooling at 6°C/hr from 1050°C to
produce large crystals (~25 to 100 yum in size). A fine
dispersion of small crystals (<5 /im in size) was introduced
in the third glass by annealing at 700°C for one week.

Density measurements were made on 3-gram specimens
by the buoyancy technique to an accuracy of about
±0.001 g/cm3. Conventional optical and scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy
(EDXS), and quantitative X-ray diffraction (XRD) methods
were used. Alpha-autoradiography was undertaken using
cellulose nitrate and NaOH etching.7 Impact tests were
conducted at the beginning and conclusion of this study by
impacting cyclindrical specimens (1.3 cm diameter, 1.3 cm
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height) at 160 ft lbs and subjecting the remains to sieve
analysis. Stored energy release was measured by differential
scanning calorimetry (DSC), as previously described in
detail." l.each rates were measured using dynamic Soxhlet
and acid-base (pM4 and pH9) leach tests* The leach tests
were carried out at three different dose levels on cylindrical
waters (1.3 cm diameter, 0.25 cm thickness).

RESULTS AND DISCUSSION

The typical microstrueiures observed in each of the
three sample types are shown in Fig. I (a, b, and c). The
vitreous sample (Fig. la) is found to contain about 2 wt.'/c
crystals, mostly insoluble RuO : and palladium. Both
partially devitrified samples are about 30 wt.% crystalline.
The slow-cooled sample (6°C/hr) shown in Fig. lb contains
mostly large crystals. 25 to 100/^m in size. The other
sample (Hg. Icj, devitrified at 700°C for one week,
contains a high density of uniformly dispersed crystals less
than 5 pm in size. The two major devitrification products
identified in both partially devitrified samples were
C'a3Gd7(Si04 MPO4 )O2. with a hexagonal (apatite) crystal
structure, and a gadolinium titanate phase (indeterminable
stoichiometry) with a cubic crystal structure.

As expected from the similarity of aetinide and
rare-earth oxide chemistry, curium also appears in these
crystalline phases. Estimates of the curium concentration
levels were made both by energy dispersive X-ray spec-
troscopy (LDXS) on the SEM and by alpha-
auloradiography. The autoradiographic technique, which is
more accurate, could be used only for the slow-cooled
(6°C/hr) sample containing large crystals. A typical alpha-
autoradiograph and corresponding optical micrograph are
shown in Figs. Id and le, respectively. Table 1 gives the

Table 1

2 4 4 Cm Concentration in Devitrified 77-260 Waste Glass

Component
phase

Ca3Gd7(Si0Js(P04)02
Gd-titanatc
Residual glass

Relative concentration

Alpha-
autoradiography

6°C/hr

6
4
1

SEM-EDXS data

6'X/hr

- 4
- 4

1

700°C,
1 week

-2.5
-2.5

1

estimated concentration factors, normalized to the glass
matrix, in each case.

X-ray diffraction analysis of the vitreous sample re-
vealed no changes in structure as a result of self-radiation.
The diffracted X-ray intensity ratio, I/Io, of a principal
reflection in each of the two major crystalline phases in the
partially devitrified samples is shown in Fig. 2 as a function
of accumulated dose. The gadolinium titanate phase is

essentially stable with respect to radiation effects; however,
the apatite structure. Ca3Gd7(SiO4)5(PO4)O2, has trans-
formed from a crystalline to an X-ray amorphous
(metamict) state. Similar behavior of an apatite structure
has been observed in supercalcine.9 The stability of the
gadolinium titanate is somewhat surprising, since in another
study of a glass-ceramic waste form, a rare-earth titanate
(also cubic structure, but different composition) was
observed to become X-ray amorphous at doses comparable
to those reached in this study. Obviously, the role of
structure type and composition in radiation-induced amor-
phization needs to be further explored. The rate of
atnorphization of Ca3Gd7(Si04)s(PO4)O2 appears to be
greatest in then slow-cooled (6°C/hr)° sample. This is likely
due to the higher 2 4 4 Cm concentration in the crystals of
this sample, as suggested by the SEM-EDXS results of
Table 1. Accurate lattice constant measurements were not
possible. Data indicate that a may increase by as much as
3'."/ in the apatite structure; the change in c} is small. No
measurable lattice constant change was observed in the
gadolinium titanate.

The initial densities of the samples increased with the
degree of devitrification. The initial density, of the slow-
cooled (6°C/hr) sample was 3.201 g/cm3, (he initial density
of the 700°C annealed sample was 3.189g/cm3, and the
initial density of the vitreous sample was 3.153 g/cm3. The
changes in densities as a function of accumulated alpha
decay are shown in Fig. 2. The density change in the
vitreous sample is among the smallest measured in any
glass,6 <±0.1%. The density change in the 700°C, one-
week-annealed sample saturated at —0.45%.; while1 a satu-
ration value of about -1.0% was reached in the slow-cooled
sample. The decrease in density for both partially devit-
rified samples is partly the result of the volume change
associated with the Ca3Gd7(Si04)s(P©4)C>2 phase and
partly due to the behavior of the residual glass.

The results of the stored energy measurements are also
shown in Fig. 2. The stored energy does not exceed 30 cal/g
for any of the samples and is similar in behavior to other
waste glasses previously studied. 2>6>8 The vitreous sample
exhibits a significantly higher energy release than either of
the two partially devitrified samples. This behavior is partly
due to the reduced fractional volume of glass in the
partially devitrified samples; assuming that the stored
energy in the residual glass phase has saturated (a rea-
sonable assumption, even though the 2A4Cm concentration
in the glass is lower), then the contribution of the residual
glass phase to the stored energy release is reduced propor-
tionately to its fractional volume. The other reason for the
lower energy release in the devitrified samples is1 that the
maximum temperature limit under test conditions is 600°C,
which is sufficient to anneal damage in the glass phase but
is not high enough for full recovery of damage in the
crystalline phases. As a result only a fraction of the stored
energy in the crystalline phases contributes to the observed
stored energy release values.
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(d)

Fig. I Initial niicrostriictures in the three waste glass forms investigated and alphj-aiitoradiograph with corresponding optical images before and
after microfracturing. (a) As-prepared, vitreous sample; (b) Partially devitrified sample cooled at 6 (." h i ; (e) Partially devitrified sample annealed at
700' C for one week; (d) Alpha-auioradiograph of region shown in <e) and if): (e) Slow-cooled sample (6' C luV exhibit ing no microcr.io.ks after
2 x 10' ' a decavs/cm 3 ; ( f ) Microeracks devolom-d in KIIUP iinvi .-ii'inr S v in 1 ' > .l.-.-ivs'-i-m3

" r ' » l " ' • • " • - £ • " • " - • • • • • • I • " i u . • " > • I . I I . > > . i J i i m -

s tv decays/cm 3 ; ( 0 Microcracks developed in same area after S x 10' " a decays ' em'



Vitreous 'As Prepared!

Deviinfied (6°C' h I

Devitrilieu I7OO°C. 1 Weeki

sample remained uiu'luingod. the 700 (' annealed sample
(small crystals, uneraeked) developed a few cracks, and the
exieni of the lnicrocracking did not significantly change in
the slow-cooled (large crystal;,) sample. Since glass crystal
thermal expansion differences could be a factor, identically
prepared, ^but undopcd. samples were also exposed to
water. Nvi'effects were observed in any of the undoped
samples, confirming that the observed mierofraciuring is a
result of radiation-induced stresses.

The impact test lesults are shown in Tig. .1. The data
indicate that the samples have marginally better impact
performance than soda lime silica glass. There is a trend in
the low-dose samples toward the expected results, i.e.. that
the devitrified samples appear tougher than the vitreous
sample. Since the normal data spicad is about ±5'7. the
stacking order may be fortuitous. TheJdata also suggest that
the self-radiation did not negatively affect the impact
performance. This is somewhat surpiising in view of the
internal'1 stresses and microfracturing associated with the
amorphi/aiion of ihe apatite phase. The impact tesl, which"
has been lontinely used to examine different glass compo-
sitions, was designed with ihe idea that the crystallites
might be siiriounded by large tensile stress fields thai result
from differential thermal expansion or from radiation-
induced volume changes. These stresses are released during

Fig. 2 C h a n g e s in d i f f r a c t e d .X- r ay i n t e n s i t y r a t i o f l ' l 0 ) , d e n s i t y ,

a n d s t o r e d e n e r g y as a f u n c t i o n ol a c c u m u l a t e d d o s e in 2 4 4 C m

d o p e d 7 7 - 2 6 0 s i m u l a t e d w a s t e g lass .

One of the major objectives of this study was to verify
an expectation that devitrified glasses would' microfracture
under radiation-induced swelling of ingrown crystalline
phases. Based on previous studies, we also believed that
crystallite size would be an important factor. In fact, the
observed behavior clearly matched expected changes, the
vitreous sample is not physically affected by self-radiation
even though it contains_fine. crystallineinclusions (mostly
RuO; and palladium). Under anhydrous conditions, the
partially devitrified sample containing small crystals
(700°C. one week) is also not affected; this behavior is
similar to that observed in fine-grained nuclear waste
glass ceramics. In the slow-cooled sample containing large
crystals, microcracks developed under anhydrous, con-
ditions in the dose range from 2 x 1 0 l c t o 8 x 10 ' 7

a decays/cm3, as shown in the identical area micrographs
in Figs, le and If. The cause of the cracking is the volume
change associated with the amorphization of the apatite
phase, Ca3Gd7(SiO4)s(PO4)O2, which is complete at
about the same dose level where microcracking saturates.

hi order to examine an expected strength reduction in
the presence of water, samples with an accumulated dose o(
4.5 x 10 ' 8 a decays/cm3 were immersed in room temper-
ature water for three weeks and reexamined. The vitreous

• Vitreous IAS Prepared' j

• D e v i t r i f i e d i t>°C ; h i 1 |
-.< i

A D e v i t r i f i e d i 7 0 0 ° c ' , 1 I V P C M I

an- 400 600 800

SCREEN SIZE, u.m

1000 1200

Fig. 3 Particle sizes produced by 160"ft Ib impact on 2 4 4Cm doped
"- ' iH 1 simulated u.iste glass at two different dose levels. Results are
conip.iieJ to inulopeii soda lime silica glass.
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SOXHLET

Lass

C3 , . i

10 r

• Vitreous
• 6°C'h
A 700°C. 1 Week

•_

10" »...

I a Vitreous
< O6°r . /h

Solution^ A 700°C, 1 Week

i ^

T^^B^

ACCUMULATED DOSE. o-deuys/cm3x 10" '8

Fig. 4 Leach- rates as a function of accumulated dose in 2 t 4 O n
doped 77-260 simulated waste glass.

the fracture process with an expectation that the particle
size distribution,should be changed depending on stress
level. In spite of observed microfracturing, the particle size
distribution in impact appears to be relatively constant.

The leach test results are shown in Fig. 4. The leach
rates, expressed in grams of glass per cm2 of the geometric
surface area per day, are calculated using both weight loss
and 2 4 4 Cm concentration in solution. It is clear that leach
rates are not significantly affected by self-radiation. Al-
though this noneffect has been previously reported for
waste glasses,8'10 this is the first experimental evidence
that amorphization of crystalline phases may not cause
major changes in leach rates. Since ~20 to 45% of the
curium present was concentrated in the apatite phase, we
conclude that amorphization of the apatite phase increases
leach rates by less than a factor of ten. (The change could
be approximately zero.) Obviously, this question must be -
further explored, particularly in studies of nuclear waste
ceramics.

Another important observation is that leach rates based
on weight loss are, in general, higher than those based on
2 4 4 Cm solution analysis. This suggests that the 2 4 4 Cm is
retained to a high degree by both the glass and devitri-
fication products and that the more soluble elements
(alkali, boron) are the major species leached. There has
been no attempt to correct the data of Fig. 4 for the
increased area due to microfracturing (geometric area was
used). Hence, as with the irnpact behavior, it appears that
microfracturing has no measurable effect on the net
material leached. Further studies of the importance of
microcracking are in progress.

CONCLUSIONS

i

The results of this study allow several major con-
clusions:

• Physical-structural changes in the devitrified glasses
are larger than in the vitreous form. Nevertheless, effective
radiation-induced changes in density, leachability, impact
behavior, and stored energy are small in all cases.

. • In this study, the gadolinium titanate phase with a&
cubic structure is stable to self-radiation. The apatite
structure, Ca3Gd7(SiO4)s(PO4)O2, is unstable and trans-
forms to an X-ray amorphous state. There is a relatively
large radiation-induced increase in crystal volume, causing
microfracturing of the glass matrix. The cracking is minimal
if the crystals are small (<5 /im).

• For the glass composition studied, self-radiation does
not significantly affect chemical durability or impact
performance. Neither the observed crystalline phase amor-
phization nor the microfracturing causes large changes ia
the net material leached or the impact particle size
distribution. •
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EFFECTS OF IRRADIATION ON STRUCTURAL
PROPERTIES OF CRYSTALLINE CERAMICS

F. W. CLJNARD, Jr., and G. F. HURLEY
University of California, Los Alamos Scientific Laboratory, Los Alamos, NM

ABSTRACT

Stability of crystalline: ceramic nuclear waste may be degraded
by self-irradiation damage. Changes in density,-strength, thermal
conductivity, and lattice Structure are of concern. In this paper,
structural damage of ceramics under various radiation conditions is
discussed and related to possible effects in nuclear waste.

INTRODUCTION

Crystalline ceramic forms of nuclear waste must exhibit
stability over extremely long storage times."Self-irradiation
is a,.rnajor potential source of structural degradation which
can .reduce waste stability. The principal source of radiation
damage in nuclear waste is spontaneous decay of alpha-
active isotopes of actinide metals such as plutonium,
americium, neptunium, and curium.1 Damage effects'are
similar regardless of the isotope considered; alpha decay
produces a recoil ion which is born with an energy of
~100keV and loses this energy primarily by collisional
processes., The ~5 MeV alpha particle loses most of its
energy through electronic excitation and therefore causes
less collisional damage than does the recoil ion. However,
the helium gas deposited in the lattice is itself a source of
degradation.^ Beta-emitting isotopes in nuclear waste are
not » major source of displacement damage, but transmu-
tat* jn products resulting from beta decay can alter material
r-jhavior by inducing compositional changes.

Little information is available on alpha decay-induced
damage in ceramics or on the detailed characteristics of
ceramic nuclear waste. This paper considers theo broad
question of radiation-induced structural changes in ceramics
and relates these changes to possible effects in ceramic
waste.

IRRADIATION-INDUCED STRUCTURAL
CHANGES

Swelling

One or moreophases in multiphase ceramic waste may
swell under irradiation, with consequent fracture of the
swelling phase and perhaps of the waste mass itself. The-

1 resulting increase in surface area will lead to accelerated
dissolution if leaching agents are present. In addition,

- fracture will decrease thermal conduction, thus increasing
waste temperature and thermal stresses which may cause
further degradation.

Ceramic waste will be damaged to a level of roughly one
displacement per atom (dpa)* in ~102 to 10s yr if alpha
decay Devents are uniformly distributed,2

 awith higher
localized damage levels anticipated if actinide isotopes are
concentrated in certain phases. At 1 to 10 dpa, swelling of-
most ceramics falls within the range zero to a few percent,
as shown by the neutron irradiation data of-Table 1.
Uniform swelling is not necessarily detrimental. However,
differential or constrained swelling beyond that which can
be accommodated elastically (on the order of 0.3 vol%) or
plastically may lead to fracture. Some noncubic ceramics
such as A12O3 swell anisotropically and are therefore more
likely to suffer structural deterioration (e.g., by grain
boundary separation) than are those that swell isojro-
pically.

Swelling of ceramics can occur by two mechanisms: an
accumulation of point'defects which dilate the lattice and
the creation of new lattice sites. Lattice dilational swelling

*Dpa values for ceramics are rough estimates, since displacement
energies are unknown in almost all cases.
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TABLE 1 tt

/s,

Changes Induced in Ceramics by Neutron Irradiation to ~1 to 10 dpa

Ceramic

AijQ,

Y3Al5O1 2 t
SiC i
ZrO,~6%Y,O3

-.-, ' ••• °

MgAl',0,*
Si3N;
BeO-5 SiC

- T - j "

Irradiation
temp., ° K

1015

1015
825^
650
875

%1025
1015

,1015
1015

Fluence,
n/m2*

2.8 x 1 0 "

2 . 8 x 1 0 "
2.7 x 1 0 "
3.5 x 1 0 "
3.2 x 1 0 "
2 . 8 x 1 0 "
2.8 x 1 0 "
2 . 8 x 1 0 "
2.8 x 1 0 "

Swelling,
vol%

1.9

0.0
1.2
0.2
1.6
0.0
0.0
0.3 ,,
3.3

Reduction
in thermal

conductivity, %i

53

62
87

8
53

" T60

Aggregated
defects resolved

o
Voids andcdis-

locatiun tangles
Clusters

Dislocation loops
Pores and tangles,.
Clusters <=
None

, None"

Ref.

3

3,4
S,6
1
7
1
3 &

3,4
3

*lin > 0.1 MeV except >0.1 8 MeV for SiC.
t Derived from thermal diffusivity data, except for
^Single crystal.

SiC.

is greatest at low temperatures where point defects can
remain isolated, and this growth often correlates with
lattice expansion measured by X-ray diffraction. Creation
of new lattice sites typically involves such phenomena as
condensation of vacancies into voids and conversion of
interstitials to lattice atoms (e.g., by precipitation into
interstitial loops). These defect aggregates are usually large
enough to be observed by transmission electron microscopy
(TJEM). Figure 1 shows an example of aggregates, in this
case voids and dislocation tangles, in A12O3. Aggregated
defects seen in other ceramics are listed in Table 1. The
mechanism and magnitude of swelling vary with temper-
ature and the ceramic under consideration; thet, 3% vol
change for SiC at 300°K appears to be due to lattice
dilation,s whereas that observed in A12O3 at elevated
temperatures roughly coincides with measured void
volume.8 Ceramics which swell by the formation of new
lattice sites tend to show a swelling peak as a function of
temperature, but location of the peak is not typically at the
same fraction of the absolute melting point as that observed
for most metals (0.4 to 0.6 T m ) . The swelling peak for'
ZrO 2 -6%Y 2 O 3 (Table 1) occurs at ;~0.29 T m . whereas
other ceramics show peaks at temperatures ranging from
0.21 to 0.53 Tm«(Ref. 9).

Insoluble gases can enhance swelling at elevated temper-
atures by stabilizing voids against re-solution. Since an
alpha-decay-induced damage.level of 1 dpa is accompanied
by formation of a large amount (~1000 appm) of Helium,2

gas effects may play a major role in determining swelling
behavior of nuclear waste,
u

Strength

Stresses on ceramic waste may arise from macro,-
scopically or microscopically constrained swelling, thermal
stresses, dead weight, or stresses from geological effects.
Good fracture strength is important in preventing mechan-
ical failure and concomitant pulverization from any of

these sources. Strength of brittle ceramics is determined by
the stress required to extend a flaw, according to the
relationship o\ c^ = Kc. Here, a f is the fracture stress, c -is.%
flaw siz&, and Kc is the fracture toughness. Thus irradiation
damage Can affect strength if flaw size or fracture toughness;

is altered, ^ <* • •

Change in fracture Toughness. Since fracture toughness
is proportional to the product (Young's modulus x fracture"
surface energy), increases or decreases in strength
could be brought about by a change in either of these
terms.a Fracture toughness of sapphire is increa°sed by
high-temperature irradiation which produces mkrovoids.10

Here the voids ale viewed as impeding the crack front,
thereby effectively producing an increase in energy for
crack propagation. Factors which might reduce fracture
toughness would include any reduction in crack blunting
processes or a reduction of modulus. Changes in theTafteTare
not usually large, while changes due to the former wbuld
likely be limited to a reduction in that portion of the
fracture energy attributable to plastic blunting processes.

Change in Crack Size. A number x>f damage effects
could result in changes in crack size. Anisotropic swelling
such as that seen in A12O3 results in inte'rgranular sepa-
ration and concomitant loss of strength.1' Differential
swelling, which occurs in SiC bodies containing free Si,
results in loss of strength due to production of cracks.12

Another mechanism1 for flaw size change is in-situ high-
temperature deformation leading to surface roughening.
This process has been observed to operate in the absence of
radiation effects13 and may be worsened by radiation-
induced creep such as that seen in UO2 (Ref. 14). However,
the opposite effect could occur if enhanced creep or
diffusion results in blunting of cracks.

Not all ceramics are brittle, and most become ductile at
sufficiently high temperature^. Fracture strength of ductile
ceramics is related to the flow stress, because plastic
deformation initiates flaws or causes preexisting flaws to •
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Fjg.1.
AI2O3

Voids (aligned along the c
after irradiation to 4.3 X 101

axis) and dislocation tangle:, in
5 n/ml at 87S"K.

grow; either can become the fracture-initiating defect. Thus,
fracture occurs at a low stress compared with that expected
from preexisting (laws. Magnesium oxide is an important
example of this type of behavior; the effect of irradiation is
to harden the material and hence raise the fracture stress.15

Grain boundary phenomena are of particular concern
when corisidering,effects of irradiation on strength. It has
been observed in elevated-temperature tests of 2 3 8 PuO 2

that helium from alpha decay, forms an extensive network
of gas bubbles along grain boundaries:16 this could lead to
a significant loss of strength. Denudation of aggregated
damage near grain boundaries which act as sinks for defects
might result in/reduced swelling in these zones and
consequent high internal stresses, even in cubic materials.
Finally, the nature of both intergranular and intragranular
fracture can affect the morphology of new surfaces formed
and thus alter subsequent leaching behavior.

It should be noted that some phenomena affecting
strength (e.g., stow crack growth and atomistic processes)

were not addressed in this section, nor will those described"
necessarily affect strength of'ceramics at I to IOdpa.*The
question of strength changes under irradiation is complex,
and, as is the case for all structural properties relevant to
nuclear waste, must Ultimately be answered by experimen-
tation.

. . " - • • " • ; 7 )

Thwmal Conductivity

A reduction in thermal conductivity will result in higher
operating temperatures and thermal stresses, either of
which can degrade waste structure. One source of reduced
thermal conductivity is cracking of the waste mass, as
mentioned above. Another is the presence of radiation-
induced lattice defects which scatter the phononsby whkh

•Price5 found that the strength ot cubic SiC is little changed by
irradiation to this dose level.
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heat is conducted. The magnitude ol the- lattei effect is
shown for a number ot ceramics in Table !. It is apparent
thai large changes are tu he expected m:a: loomlemper-
alure. When this property is measured at elevated
temperature, the fractional degradation is lessened due to J
reduction in conductivity nt the starling material as a refill
of increased phonoii phonon scattering. I 01 example, in
neutron-irradiated Mrigle-crv stal ' \l;<)| the feduciion is
45'7 at RT but oHi> 15'; at "23 K (Kel I 7|. Thus at hii'hei
operating temperatures degradation is expected lo be
JesseriejJ«inu can remain significant,

"A tendency toward saturation of the reduction is
typically observed. SiC exhibits salutation below
lO2-* n/m3 (~1 dp;i>.'* while lotnteen othei ..c'Minio jp-
proach or haye reached tins condition at ^2 x IU2' niij,2-.
(~2c) dpa).1 ° Higher irradiation temperatures, whete
defects are"more likely to be observed in the form of laiue'
aggregates, are typically chaiacten/ed hy a lesser reduction
in thermal conductivity!1" This is consistent with calcu-
lations which show dial smaller delects aie more effective
at scattering phonoiis' l>

Results m Table I show that the nature o] delects in
different ceramics can vary gieatly with lixed uradi.it!.>n
conditions. The slight reduction in thermal conductivity
observed IjjjrfvfgAK O4 (indicating a prohab'e low point;
defect t^ntent) and the absence ot aggregated delects
suggest that defect recombination and annihilation aojur
relatively easily in this material. Such behavior would be
desiraiS^..in ceramic nuclear waste and, il not an intrinsic
property, could perhaps be engineered into the material.
For example, a finely dispersed second phase could be'.,
added to refine gram si/e and supply interphase boundaries.
both of which will increase surface area available tor defect
trapping and annihilation. This approach has been used to
inhibit void formation in stainless steel.2 n Not |ust thermal
conductivity hut all physical properties of importance to
nuclear waste stability are, subject to improvement by"
reengineering ot materials, it known principles ot radiation'
damage control are applied.

Lattice Structure

Radiation-induced disordering of crystalline ceramics
can cause a gradual transition to an amorphous Or glassy
structure. (This effect is termed metamicti/ation when
induced in minerals by radioactive decay.) Major changes in
important structural properties such as density, strength,
and thermal conductivity may result. In addition, the
higher free energy of the glassy structure is likely to
increase leaching rates. Amorphi/aiion can take place over a
wide range of damage levels, depending on the material;
irradiation with heavy ions results in 1 lsformation at
~0.1 to 100 dpa.21 while a similar damage dose is required
for metamicti/.ation of minerals.22 Since nuclear wasie will "
be damaged to ~1 to 10 dpa. amorphi/ation must be
considered a possibility.

The follow ing (actors seem to favor amorphi/at ion

• Low ionic bonding character

• Open lattice structure J

• High water content

Nuiiuih and Keil\ * " ->i".eyeM the hea \ \ I>D ii;aiJuiion

beha'ii'ir "I ''<> nonmeials" and Inund thai those uni t

loiiKitv ' () 4," show a std'niL1 'endencv t<> atnorplu/e II w'as=

suggested"thai such coiisideulioits as ilie absence o | an

electrostatic teitu m the Jisordei eiu'iuy nt U'i\ j lently

bimJeii niaiesiaJs nia> he Responsible l a y l o ! and; ;Lwmi; :4

t . impaiea the structure ot the thorite phase ol ThSifJ^

UVIIKSI ls .ol ten touini 111 ,,the metannct stale) with that <•!

1 lie 'aiw.i\s.cr\stalline liuUomie phase ot the sank' inaienal.

They toum! that t|ie ptincipal dilleieiKe is die ptcscncc-.>t

.1 nelwoik ol laiue mteiconnecled void space"! in the la l tue

<-t thonte-. It h;is h«vn p«>Mijijttil th.it jn open Ijtlia*

stniC'iuie can relativelv easih accomniodale iatliC'.- .Uioidet

ami that this might itKiease the likelihood o! metanucii/.i

tion. Also, tintrite is Juir . i^ton/ed In j high w.iU'V ..oiitent.;

whicli !ii.i\ emei , ilie l.iiiice ihiough inteicotiijettei! void

spaces '* Suve .die preseiue <>t watei hâ - beeilKiiiuiui't«i

ts ,sj|.i-

h i f i i > ' t h e••-c-it'es."' th is n, . i \ be an n n p o i t a n t f.lc-Tor i n . ;

l i ke l i hood •>! a ' lKciplu/ . i i ioK "̂  , '=-'—

,'/

SUMMARY

At the damage level anticipated for ceramic nuclear
waste (~l to lOdpa). vinie ceramics undeigo !iu|<»r
structural changes while oiheis ari; little aitected. Die
tiiltowmg inaterial characteristics seem to enhance 'irta-
diation'stability of one 01 ano'hei material o

• ( tibic ci> stal stiuctuie J

• High helium peimeability '
• Large internal suitace area

,,» High fraclij're louglmess
• High ionic, bonding character
• Dense atomic packing ^ -; c
• Lou propensity for absorption of water

These are phenomenplogical obseivations. gained by ob-
serving the effect of a paiticular characteristic on irra-
diation behavior of one ceramic or a class of ceramics; thus
contradictions are inevitable, tor example, dense atomic
packing may suppress amorphi/arion but could enhance
lattice dilaiional swelling. Nevertheless, in cases where
irradiation stability of a ceramic nuclear waste form is
found 10 be inadequate, it should be possible to apply
knowledge of the role of these factors to development of
more stable waste forms.
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THE METAMICT STATE RADIATION DAMAGE
IN CRYSTALLINE MATERIALS I

RICHARD !•'. HAAKl R ami R()1)NI;Y C. liVVlNG
Department ol'Creoloiiy. University of New Mexico, Albuquerque.

New Mexico

ABSTRACT THE METAMICTIZATION PROCESS

\ le \ imict minerals provide an excellent basis lor Ihe cv;ilu.ttinn
"1 IniH'-tenn radiation damjiie eltects. particularly such chanties in
pin steal .mil cliemical properlies a\ microfraciurini.'. hydmthermal
tlTor.itii>ii. ami solubility. 1 Ills paper summarizes pertinent literature

• TI metamkti /a iMii ami proposes experiments ili.il .ire <. run. al to llir
eluudation •" structural luntruN on radiation damage in crystalline
phases. .5 -.- '

INTRODUCTION

Metamict minerals are a class of radioactive materials
which were initially crystalline but are now amorphous to
X-ray diffraction. Although the exact mechanism for the
apparent loss of crystallinity is not understood, it is certain,
that structural damage from alpha particles and recoil
nuclei are critical to the process. Since these minerals have
been severely affected by radiation damage, as well as
exposed to weathering and alteration processes over geo-
logic periods of time, they may serve as useful analogues to
crystalline waste forms which are subject to similar
processes. The purpose of this paper is to provide back-
ground information on the process of metamictization and
to summarize experiments which are designed to elucidate
the structural controls on radiation damage. To illustrate
the changes in physical and chemical properties accompany-
ing progressive radiation damage, zircon [tetragonal (Zr.U)
SiOj ] . a widely studied metamict mineral, will be discussed
in detail.

Minerals containing as little as 0.5 wt.# UO2 or ThO2

may become metamict. Accompanying tlie metamict transi-
tion are decreased density, refractive index, and birefrin-
gence; and increased hydmtion, alteration and microfrac-
turing.' As the crystal structure becomes increasingly
disrupted. X-ray diffraction maxima broaden, shift to lower
values of 20, and ultimately become indistinguishable from
background. The X-ray diffraction pattern of a metamict
mineral is similar to that of a glass. ":

Zircon: A Case Study

Because of its wide use in uranium/lead age, dating,
zircon is one of the most thoroughly studied metamict
minerals. Many -of the early studies on radiation damage
effects in zircon were undertaken to°investigate the
possibility of using , radiation damage as a means of
estimating age.2 '3 Radiation damage proved unsatisfactory
as an age-dating technique. Nonetheless, data accumulated
during these investigations offer a clear picture of the
process of metamicti'zation in zircon.

Holland and Gottfried3 measured the physical proper-
ties of zircon as a function of degree of metamictization.
The zircons were of gem quality and completely unaltered.
They were dated and total alpha dosages were calculated
from measurements of their present alpha activity, lead
content and thorium/uranium ratios.

Densities were determined by the flotation method and
plotted as a function of total alpha particle dosage.
Specimens with total alpha dosages in excess of approxi-
mately 10 ' 5 a/mg had reduced densities. For dosages above
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2 X I 0 1 5 , the density decreases rapidly from 4.65 g/cnr' to
a saturation density of 3 . % g/cm3 Cor specimens with alpha
dosages of approximately 11 x 1O1S a/mg (Fig. 1).

X-ray powder diffraction wiis used to monitor changes
in unit cell dimensions as a function of total alpha dosage.
It was determined that expansion rates of unit cell
parameters are quite anisotropic. c increases about twice as
rapidly as (/. for dosages below approximately 2.3 x 10' 5

a/tng. At higher dosages the situation is reversed, a increases*
faster than c, so that unit cell parameter changes for
saturated material represent an approximately isotropic
expansion. At low dosages, peak shapes remain approxi-
mately unchanged, but at alpha dosages above
2 x l 0 l s a / m g . line broadening becomes progressively
more severe (Kig. 2). For specimens with dosages of 5 to
7 X I01 s a/mg, all but the most intense diffraction maxima
are indistinguishable from background. "Metamict zircons
which have a density of approximately 4.0 g/eni3 (i.e., a
dosage of 101 6 a/tng) display an essentially featureless
X-ray diffraction pattern.

Refractive indices, Nw and Ne, were measured for the
same set of zircons and plotted as a function of radiation
dosage (Fig. ]). At dosages above 1.5 X 1015 a/mg, refrac-
tive indices and birefringence decrease rapidly. Completely

-metamict specimens with dosages in excess of approxi-
mately 11 x 10' * are optically isotropic.

The structure of (lie metamicl state, whether glassy or
crystalline, has n e e " t n e subject of considerable debate. It is
certain thai metamict minerals cannot be composed of
crystallites exceeding approximately 0.01 pirn, as this is the
lower limit of crystallite sizes'"'which will diffract Xrays.
That metamict minerals do not diffract Xrays and can
store amounts of energy which are comparable to their
heats of fusion (e.g., 8l).l cal/gm for gadolinite4) has
supported the contention that metamict minerals are glassy.,

T ransmission electron microscopy is better suited to the
study 'of the metarnict state since electron diffraction
patterns can be obtained on samples having a mean
crystalline size of less than 0.01 pirn. Bursill and McLarens

have applied TI'M to the study of metamict zircon (dosage
-10"' a/mg). When flakes of metamict zircon were ex-:

amined by TIM, diffraction patterns revealed that they
were composed of slightly misoriented zircon crystallites
approximately 0.01 /j.m in diameter (Fig. 3). In this in-
stance, it appears that metamict zircons are nonvitreous. It
is striking thai the electron diffraction patterns of Bursill
and Mcl-aren are essentially those of a simple crystal.

Chemical changes in zircon as a- function of degree of
melamictization are poorly understood and poorly docu-
mented. That lead is not retained'well by metamict zircon-
is obvious since metamict zircons give discordant U/Pb
radiometric ages. However, it should be noted that (1) the
majority of all published U/Pb ages are discordant6 and (2)
the question of lead retentivity is not particularly relevant
to radioactive waste disposal, as production of radiogenic
lead will be negligible during the time scale of concern (106

years).- \- .
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Loss of uranium from metamict zircon is not well
documented. A study of the Hydrothermal stability of lead
and uranium in a single melamict zircon suggests that
uranium loss is insignificant under the following conditions:
500'T. 1000 bars, 2 molal NaCI solution.7 This is con-
sistent with the observation that ..letamorphism increases
the 11 content of nonmetamict zircon." It should, however.,
be noted that the mobility and solubility of uranium varies
enormously as a function of l-ih, pll, total carbonate
concentration, and temperature. Only minor loss of ura-
nium would be expected under the experimental conditions
of Pidgeon et al.7 More significant leaching of uranium may
be observed in an oxidizing, acidic, or basic environment'
with significant carbonate concentrations and a tempera-
ture of 100°C or less.

Another aspect of alteration of metamict zircon is loss
of silica. Annealing metamict zircons at temperatures of,
1000°C often results in a material whose powder pattern
may be indexed as ZrSiCXj + ZrO : or ZrO : . suggesting loss
of silica from' the crystal structure. A study of-the
compositions of 69 zircon and;,thorite specimens indicates
these minerals are frequently five- to ten-mole" deficient
in SiO2 (Ref.,9). Many of the published analyses used in
that study may be of questionable quality. More extreme
loss of SiO2 from metamict zircon resulting in replacement
of zircon by ZrO2 lias been observed by Bylinskaya and
Perets.10

The distribution of uranium within zircon crystals is
often inhomogeneous. As a result, single zircon crystals are

sometimes zoned with alternating uranium-rich metamict.
altered layers, and fresh unaltered layers with low uranium
concentrations.' ' Since zoned zircons are inhomogeneous,
it is difficult to estimate how compositions have been
affected by preferential leaching of:melamict /ones. It is
apparent that the "metamicf zircon is more altered than
adjacent layers of nonnietamict zircon. •

STRUCTURAL CONTROLS ON =
RADIATION DAMAGE

Some structures are markedly more susceptible to
radiation damage than others. To illustrate how great the
differences in susceptibility may be, it is useful to compare
the alpha decay rates of a typical metamict zircon with
2 J 8 P u O 2 . a compound with the uraninite fluorite struc-
ture which suffers only minor radiation damage effects
(Table 1).

TABLE 1

A Comparison of Zircon and 2 3 * PuO2

Zircon 'PuO,

Actinidc content
Alpha dec;/)' rate
: (ct/mg • day)

I '•;• U O ,

8.5 x 10"
' Ratio of decay rates 1.0
Radiation efleet Becomes metamict

4.9 x 1 0 "
5.8 x ID'
Becomes'2'V less dense12
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Several structural generalizations concerning llic struc-
ture of metamict minerals may be made. Metamict minerals
tend to have (I) complex compositions, (2) channels or
interstitial voids which may accommodate displaced atoms
or water, and (3) uranium or thorium present though not
necessarily essential to their structures.

Moiiii7.itc, monoclinic CePO4, is a natural host for
actinide elements and normally has a high stability toward
radiation damage. It is a common phase in supercalcine
formulations. In contrast to zircon which contains less than
4 wt.% (U,Th)O2 and is commonly metamict, monazite
containing 20 wt// (U,Th)O2 is seldom reported in the
metamict state. If, like the uraninitc structure, monazite is
shown to be stable to the high alpha disintegration rates
expected from the presence of 0.5 to 1 wt.% plutonium +
curium + americium, it would appear to be an excellent
candidate for isolating actinide elements. Although natural
monazite may contain 20 wl./& (U,Th)O2 and remain
nonmetamict, this does not necessarily imply that monazite
as a waste phase containing 0.5 to 1 wiX.'A plutonium +
curium + americium will be immune to metamictization.
Furthermore, rare occurrences (perhaps based on incorrect
identifications) of metamiel monazite' ' and isostruciural
huttonitcM (ThSiO4) suggest thai particular compositions
of this phase may be subject to metamictization._ Before _
monazite, or any crystalline phase, is accepted as a waste
form, it must be verified that anticipated compositions are
stable and that the phase is not subject to adverse cffecls
resulting from radiation damage. Experiments to determine
the suitability of monazite (and additional crystalline
phases) as actinide hosts are being planned at Uattelle, PNL.

EXPERIMENTAL

Since typical HLW contains 0.1- to 0.2-mole '7t ameri-
cium + curium + plutonium whose half-lives are negligible
in comparison with the 10'J to 10'° year half-lives of
natural uranium and thorium, substantial radiation damage
effects in actinide host phases are a distinct possibility.15

Monazite-like and zircon-like phases are possible hosts for
actinide elements in ceramic-crystalline waste forms. Ex-
periments to determine their structural stabilities to radia-
tion damage are necessary.

Phases of interest include the two pairs of isomorphous
minerals huttonite -monazite and thorite (ThSiO4)--zircon.
These phases will be synthesized with small amounts of
plutonium or curium substituting for cerium, thorium, and
zirconium. Radiation damage in these phases will be
monitored by X-ray diffraction methods in conjunction
with determination of changes in physical properties.
Solubility and leachability of these phases will also be
determined as a function of degree of metamictization.

CONCLUSIONS

Radiation damage effects in actinide-containing phases
may not be deleterious to the waste form. Metamictization

is undesirable only if it results in (1) excessive increases in
volume, (2) extensive microfracturing. or (3) increased
leach rates. Since uranium- and thorium-containing minerals
do not contain plutonium, curium, or americium, they
must be, considered imperfect analogues to waste phases.
The effects of high-alpha particle fluxes and recoil nuclei on
monazite-like phases are not known; only when the crucial
experimental data on radiation damage effects is available
can informed conclusions be made.

Radiation damage simulation experiments should, for
orthosilicate and orthophqsphate structures, lead to an
understanding of the interrelationships among the degree of
metamictization, alpha particle dosage, alpha activity and
structure dependent self-annealing processes. The under-
standing of the process ofjnetamictization and empirical
data on the solubility and leachability of synthetic
"metamict minerals" will provide information on the
suitability of orthosilicates and orthopliosphates as actinide
hosts. These radiation damage experiments will also deter-
mine if there is an upper limit to the amounts of
plutonium + americium + curium which may be isolated in
monazitc-like phases without unacceptable radiation
damage effects.
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RADIATION DAMAGE STUDIES ON SYNTHETIC
NaCI CRYSTALS AND NATURAL ROCK SALT

FOR WASTE DISPOSAL APPLICATIONS

R. W.'KLAFFKY,+ K. J. SWYLER,* and P. W. LEVY*
*Brookhaven National Laboratory, Upton, New York, and fLos Alamos

Scientific Laboratory, Los Alamos, New Mexico

ABSTRACT

Radial ion damage studies are being made on synthetic NaCI and
natural rock salt crystals from various localities, including potential
repository sites. Measurements are being made with equipment for
recording the radiation-induced I'-cchter and colloid particle
absorption bands during irradiation with 1.5 MeV electrons at
various temperatures. A technique has been developed to resolve the
overlapping F-center and colloid bands. The resulting spectra and
curves of absorption versus dose provide information on colloid
particle size and concentration and activation energies for processes
occurring during colloid formation; additional data suggest that
both strain and radiation-induced dislocations contribute to the
colloid formation process.

INTRODUCTION

As part of the program to dispose of radioactive waste
in underground repositories, radiation damage studies are
being made on natural rock salt. The radiation levels from
the waste are expected to produce considerable radiation
damage in the salt.1"4 Radiation damage considerations
will enter into repository siU selection, engineering, and
risk assessment. It is expected that radiation damage effects
will be particularly important in assessing any physical and
chemical interactions that might occur between the encap-
sulated waste and the surrounding rock. For example, the
chemical reactions between canisters, under either wet or
dry conditions, and normal rock salt could differ appre-
ciably from chemical reactions with irradiated rock salt
containing colloid sodium particles and an equivalent
amount of chlorine in undetermined form. Furthermore,
these interactions will take place in a gamma-ray radiation
field as long as the canister integrity is maintained, but

-alpha-pai tide and beta;ray irradiation will be involved if the
canister opens and mixing occurs. Since the surrounding
rock will be continuously irradiated, it is prudent to make
measurements under conditions where it is possible to
study effects occurring during irradiation which might not
be detected if measurements are made only after irradi-
ation. Such studies can be conveniently made with the"
unique-equipment at Brookhaven National Laboratory for
making optical measurements on samples while they are
irradiated with electrons.

Until recently a large part of the information on
radiation damage to rock salt was obtained with synthetic
crystals.1"3 This work showed that irradiation at temper-
atures expected in rock adjacent to canisters would
produce F-centers (electrons trapped on chlorine atom
vacancies), colloidal sodium metal* particles, interstitial
dislocation loops, and, presumably, chlorine atorn,clusters.
The F-centers and colloid particles can be conveniently
studied by optical absorption techniques since they
produce absorption bands at ~2.6 eV (472 rim) and 2.1 eV
(585 nm), respectively. Appreciable information on radi-
ation effects in both natural and synthetic NaCI,
particularly on stored energy effects, is contained in a
publication by Jenks and Bopp.3

A thorough characterization of radiation damage in °
both synthetic NaCI crystals and natural rock salt from
various localities, including localities under consideration as
repository sites, was initiated recently. The apparatus for
making optical absorption measurements during electron
irradiation is used to record absorption spectra as often as
every 40 sec on samples contained in a temperature-
controlled chamber during and after irradiation with
1.5 MeV electrons.4 Measurements are made at different
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temperatures and dose rates, on "unstrained" samples, and
on samples plastically deformed prior to irradiation. At
temperatures where colloid formation is observed, the
F-center absorption grows to a saturation level and at this
point the colloid formation rate increases from a very low
to a rapidly increasing value. The F-center saturation level
varies strongly with temperature and dose rate but is only
slightly dependent on plastic deformation or the geological
origin of the natural samples. The dose required for
F-center saturation and rapid colloid growth decreases with
increasing deformation. The colloid1' formation rate is
strongly temperature dependent; it is low at 125°C,
increases to a maximum at roughly 175°C\ and is negligible
at 300°C, " ' „ o

The radiation-induced F-center and colloid absorption
bands strongly overlap. To obtain reliable growth kinetics
the bands must be resolved well enough.to obtain precise
absorption versus dose curves. A technique for making this
resolution is described below. This leads to a number of•••
useful results. The average colloid particle concentration
and radius are obtained by fitting the classical Mie theory
expression for colloid particle extinction coefficients to the
resolved colloid band.5 Accurate F-center saturationlevels

"are'obtliife'dTrdm which one rriayTdetermine activation
energies thai can be compared to those in the Jain-Lidiard
treatment for radiation-induced colloid growth.6 Finally, it
has been shown that cycles of irradiation, annealing, and
reirradiation produce a reduction in the dose required for
the onset of rapid colloid growth similar to that produced
by plastic deformation. This observation suggests that
radiation- and strain-induced dislocations play equivalent
roles in colloid formation. ,

COLLOID ABSORPTION BAND ANALYSIS

The numerical procedure for resolving recorded
spectra into separate F-center and colloid absorption bands
proceeds in two steps. First, the shape of the F-band—and
the combined F- and M-bands if the latter is present—is
determined from spectra recorded as the F-center band is
approaching saturation and rapid colloid band'growth is
commencing. The spectrum chosen is subtracted from
spectra recorded at later times. If this choice is satisfactory,
the resulting spectra contain only the colloid absorption
intrpduced by additional irradiation. However, if the
resulting spectra contain detectable F-band contributions,
another trial spectrum is chosen and the procedure re-
peated. At doses where this subtraction can be made, the
resolved colloid band and the chosen F-band (shape) are
fitted to the measured spectra by a procedure which adjusts
the F- and colloid-band intensities until a least squares best
fit is obtained. Figure 1 shows the separate F-band and
colloid band obtained for a synthetic NaCl crystal sub-
jected to a 250Mrad dose at 153°C. The solid line .through
the data points (upper curve) is the sum, of the two
components.

SYNTHETIC No Cl

0-
3.0 1.6

ENERGY, EV

Fig. 1 Typical radiation-induced absorption spectrum for synthetic
NaCl resolved into F-center (2.6 eV) and Na metal colloid (2.1 eV)
bands using the resolution procedure described in the text.
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Fig. 2 Measured sodium metal colloid absorption band (+ + + +)
and a best-fit theoretical extinction curve (— ) computed from
Mie theory modified for small particles. The numerical values
obtained from the theoretical curve are: average colloid radius =
1.44 nm; plasma frequency = 7.96 x 10 ' s Hz; number of colloid
particles/cm3 = 7 .2x10 '* ; and the colloid volume fraction =
9.0 x 10~6 . '

The resolved colloid bands, such as those shown in
Fig. 2, have been analyzed to obtain data on the average
particle diameter and colloid particle concentration. The
Kreibig and Fragstein7 modification of the Mie5 theory for
small particles (< 10 nm radius) was used with an appropri-
ately adjusted plasma frequency. An adequate fit was
obtained using only the electric dipole term in the
extinction coefficient expansion. Figure 2 shows the fit
obtained for the resolved colloid band shown in Fig. 1. The
Fig. 2 analysis yields 1.44 nm for the average colloid
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particle radius and 7.2 x I0 1 4 cm""3 for the colloid parti-
cle concentration. In future studies this analysis will be
used to determine the average colloid particle radius and
concentration during irradiation at different temperatures.

TEMPERATURE DEPENDENCE ON THE
F-CENTER SATURATION LEVEL

Thg, resolution procedure described above provides
curves of F-center concentration versus dose which increase
monotonically to a well-defined plateau or saturation level
(Fig. 3). At a given temperature the colloid formation is
low until the F centers reach saturation and increases at a
much greater rate at higher doses.

ln\lie_ Jain Lidiard theory of radiation-induced colloid
formatidS, the F-center saturation level plays an important
role.6 Tlifc.theoryi assumes that the F-center diffusion is
controlled by a single thermally activated process during
irradiation at a given dose rate. Also, the temperature
dependence of the F-center saturation level is determined
by the F-center diffusion process. In this case an Arrhenius
plot of log saturation level versus I/T should contain a
single linear component; The theory also predicts that the
activation energy would be one-half the thermal diffusion
energy, and, since Jain and Lidiard used 0.8 eV, the value
obtained from the Arrhenius plot should be 0.4 eV.

An Arrhenius plot obtained from measured F-center
saturation levels is shown in Fig. 4." The saturation levels
were obtained from growth curves made by resolving
recorded spectra into F-center and colloid bands. The data
have not been corrected for temperature dependent changes
in F-center bandwidth,0 but this would introduce very small
changes. Clearly, there are two linear regions in Fig. 4. This
could occur if there were two thermally activated processes
controlling the F-center saturation levels. The activation
energies are approximately 0.2 eV for the low temperature
region and approximately 0.9 eV for the high temperature
one. Neither of these values is close to the 0.4 eV expected
by Jain and Lidiard. The low temperature region corre-
sponds to the temperature range where colloid formation is

300 250 200 150 ^SL^...

6OH a) SYNTHETIC NaCI 60-ib> NATURAL ROCK-
S SALT . "

IRRADIATION TIME, 10?sec

Fig. 3 Growth of F-center ( - - - - ) and colloid (-= )
absorption bands during irradiation with-, 1.5 MeV electrons at
120 Mrads/hi in (a) synthetic NaCI and (b) natural rock salt (from
Ref. 4). " "i?
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Fig. 4 I'-center saturation levels versus reciprocal temperature for
synthetic NaCI crystals irradiated with 1.5 MeV electrons at 120_and
340 Mrads/hr. The high and low temperature regionsjcorrespond to
activation energies of 0.9 and 0.2 eV, respectively.' i

most rapid, i.e., the 150-18'5°C region. These observations,
together with previous dose rate and annealing measure-
ments, indicate that a number of processes mky be involved
in F-center and colloid formation. For example, the low
temperature process may involve a transient radiation-
induced species assart" io/iized FLcenter while the high
temperature process may representc the annealing ° of
radiation-induced F-centers. Finally, the existence of these
two processes must be reconciled with/the occurrence of
the maximum in the colloid formation rate observed in the
150- 185°C region

DISLOGATION-RELAXED EFFECTS IN
r NATURAL AND SYNTHETIC ROCK SALT

As descriSed above, cin both natural and synthetic salt
^crystals and at temperatures where colloid formation is

observed, the dose required to achieve. F-center saturation
roughly corresponds to the dose at which the colloid
formation rate increases from a low to a relatively high
value. The magnitudeaof this inductiok period' dose is?
decreased, by plastically deforming the samples prior to
irradiation. "A remarkably similar reduction is effected by a
cycle of irradiation, annealing and tfien reirradiation to
establish the modified induction period. These observations
suggest that an increase.in dislocation density d&ireases the ,
induction period dose. To test this hypothesis, yield point
measurements ?were made on synthetic Nad samples
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Fig. 5 Yield stress versus dose required to produce rapid colloid
growth. This curve demonstrates that strain- and radiation-induced
dislocations play equivalent roles in the colloid formation^process.

subjected to irradiation and annealing cycles. From these
data, Fig. 5 was made which provides a measure of the
presumed dislocations introduced by irradiation. Several
results are illustrated by Fig. 5. First, the points obtained

°froni both sequences lie close to the samp line. Second, if
the yield point is a valid measure of dislocation density, this
plot irnplies that strain-induced and radiation-induced
dislocations play equivalent roles in the radiation-induced

, colloid formation process.
i " The inductipn period dose required to produce rapid

colloid growth has been studied in a variety of natural rock
salt crystals irradiated at 150°C. Yield point measurements -
were made on corresponding samples to determine if the
induction period doses were related to the dislocation
density. A number of results are summarized in Table 1.
First, the saturation levels are nearly the same for all
samples. Second, the induction period doses for natural
samples are significantly lower than-for synthetic crystals,
third, the yield stresses for natural samples are clearly
higher; than those for the synthetic samples. However, the
"'induction period doses for AEC 8 and Alt Aussee samples
are not proportional to yield stress as one might expect.

Part of the differences in induction-period and-yield
^bint data for natural samples can be attributed to the
dislocation density present when Jhe measurements are
started. This is consistent with current information indi-
cating that most bedded salt has'been plastically deformed.
Some of the''differences between natural and synthetic salt
and samples from different locations can probably be
attributed-'to other factors. For example, the colloid
formation kinetics in natural salt differs from that, in
synthetic NaCl in, some respects. Also, impurities may be
important—the Alt Aussee salt contains a relatively high
level of bromine. Additional studies on impurity and
\iislocation related proper ties'are underway.

TABLE 1

F-Center Saturation Level, Induction Period Dose, and
Yield Stress in Natural and Synthetic NaCl Samples

Irradiated atfl .2 x 108 rads/hr and 150°C

Sample

1-center saturation level, cm"1

Induction period dose, Mrads
Yield stress, kg/cm2

Synthetic
NaCl "'

30.0
170-240
20-22

11 Natural rock salt '

AEC,;8

32.5
?-74

32

AltAuvee

28.9 -
28.0
34:0
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ABSTRACT

. i-rcn' survri.jkinc-veijmu^ hjs been in\cMi>:u,icd. V r j y dittJj*.-
•j n .inii .1 vanct> %>1 cleiiri-n . ' P ' K J I tnuN <Sf \ l . SI I'M. clfiiinn
i:ii.r>'piiibct hjvi' hcen UMii !•• ihjrjvtin/c the ^nstjl ^liuciurt-

INTRODUCTION

The "Mipetcakine i.-oncept" slates
miMure i>l elements that is high-level nuclear
moJilied Mith >:hemii:al additives and iherehy taiior-nude
mio an assemblage <i| higJt-iniegnty mineral-hke crystalline
phases ' " ° " " •

Reseaah «>n ceramic waste t<;frvis began sit the Pennsyl-
vania State Iniveisity <PSl I in 1V3 in cooperation w»tH
PdcJHc Northwest Laboratories (P^Ll It continued
earlier research tnio idealized rare earth (RE) and
jctinide (Ah( ceramics based on the billion-year-old sedi-
mentary resistate minerals as models* The high-level waste
management "polic> at the time was retrievable surface
storage (the "RSSP'l for about iQO years, pending a
decision on permanent disposal. The design specifications
on ceramic waste forms included low teachability, low
waste volatilisation during processing, and compatibihn of
all phases at temperatures as high as 800 C. Waste loading
was to be as high as reasonably possible and at least
comparable to the reference high-level waste (HLW)
product, glass. The first step in processing this ceramic was
to be calcination using the well-developed spray or

tluidi/ed-bed technologies. The precursor powder to this
ceramic wouid physically resemble ordinary calcine but
would have superior properties, hence the name "super-
calcine." Atter a crystalliiation-sintering step, the products
would become "consolidated super calcines" or "super-
calcme-ceranucs." 3

During the early stages of research many mineralogies
(i.e.. crystalline phase formation models) were explored.
These included titanates. zireonates. niobates. phosphates,
aluminates. silicates, and aluminosilicates ' ' ° Both dry
mixing of calcine plus addum*s and liquid-phase mixing of
high-level liquid waste (HLLW) plus liquid additives prior to
calcining were explored.11 The latter procedure was found
lobe far more satisfactory for producing homogeneous and
reactive mixtures that required minimal thermal treatment
tor c!\sta1li/atnm and consolidation. Consolidation by
mutine sinK'ini£ JS well as hot-pressing weje uiili/.eJ ' ' :

:

The requirement foi a cesium host phase that vias simulta-
neously refractory, leach resistant, and capable of contain-
ing substantial Cs led to a sui:e of mineralogies based on
pollucite (CsAlSi;pp» as this host phase.1' Starting in
l**"1^ these minetalogies have been utilized in cold
engineering-scale demonstrations of crystalline ceramics at
PNL*-1?

In this paper we describe lite details of the crystal
chemistry of the synthetic minerals of the low-sodium
Purex-process supej calcine-ceramics developed over the last
four years. (Related mineralogies for Thorex process and
high-sodium Purfx-process supercalcine-ceramics have been
developed ai PSL but have not yet been applied in
engineering-scale tests at PS'L.I
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EXPERIMENTAL PROCEDURES

Preparation

Detailed discussions of the preparation o f bench-scale
simulated supercalcines and of engineering-scale spray
superealcines are found in Rei's. 2. 5, 10. I I , 13, and 17.
Seven specimensare discussed in the present paper. Two are
press and fire pellets of rsf>fay supercalcines supplied by
PNL (SPC-2,oSPC-4), two are disc pellets of-these super-
calcines fabricated at PNL, and two are press and fire
pellets of the two supercalcines to*-which the appropriate
amount of uranium had been added. Uranium is a major
constituent of the'Purex-process PW-7-based wastes, but it
has not been possible for PNL to include this radioactive
element in the spray supercalcine runs. The U was later
incorporated in the spray supercalcines at PSU according to
the following procedure:

(1) Fire "as received" SPC-2 or SPC-4 for 5 hr at 8O0'JC
to remove most waler and nitrates.

(2) Add an appropriate amount of lAf UOjfNOsJj
solution and enough deionized water to make a
uniform slurry.

(3) Dry the slurry rapidly at 120°C and calcine the
resulting powder at 600°C for 2 hrs.

These specimens are designated as SPC-2+U and SPC-4+U.
The last specimen, called PSU-SPC-2+U, was a press and fire
pellet of a batch of S P C ^ U that had, been prepared at PSU
by a boil-down procedure followed by calcining at 600°C
for 2 hr. •.. •; %

The same press and fire procedure was used for each of
the specimens prepared at PSU: 0.75 in. (1.91 cm) pressed
at 12,500 psi (86.2 MPa); pellets placed on a platinum beat
and fired in air at 12OO°C for 2 hr. All of the supercalcines
had been given a 900°C/2 hr prefiring to remove the
remaining H-jO and NJpx (typically 5 to 10% by weight)
and to simulate the heat treatment schedule used' for the
disc pellets at PNL. The oxide compositions and waste
loading of the five siipercalcihes are given in Table 1.

\ \ <J

X-Ray Diffraction and Microchemistry

Each specimen was thoroughly characterized by X-ray
diffraction (XRD). Diffractograms were obtained on a
Siemens diffractometer using Cu(<Ca radiation, a diffracted
beam monochrometer, a scintillation detector, and solid
state electronics at scan rates of 2° and '/^/minute. The
data were corrected by the use of an NBS Si SRM-640
standard (a0 = 5.43088 A). Unit cell parameters from
least-squares refinements were obtained using unambigu-
ously indexed reflections of the phases of interest:! Ele-
mental chemistry (for elements heavjer than N«j) of
individual supercalcine-ceramic phases was obtained by
energy dispersive X-ray specfiometry (EDXS) on a variety
of electron-optical instruments. A JEOL 50 A scanning
electron microscope (SEM) and an ETEC Autoprobe
electron microprobe (EM) were applicable to those phases

TABLE!

Composition* of SupercalcMe-Ceramics, wt.%

Oxide

Waste
I O
CeO,
RL.O,*

MoO3

P 0^
BaO •

SrO
( S j O

Rb2O
Na2O.
RuO,
Ie3°3
Cij 03

NiO
CdO
Ag2O

Additives
CaO a

SrO
AI,O3

SiOj

Waste loading

SPC-2

16.3
19.0'
7.6
8.0
4.2
2.4
1.6
4 . 5 '-•

0.5
0.2
0.5
4.7
0.5
0.2
0.2

4.9
1.2
4.4

19.1

70.5',?

SI»C-2+U

" 16.5
13.7

si 5.9
6.4
6.7
3.5
2.0
1.4 *

"3.7
0.4
0.1
0.4
3.9
0.4
0.2
0.1

0

4.1
1.0
3.7

15.9

75.3%

PSL-SfC-
2+U

16.5
4.1?

25.7 i
6.4 ;
6.7 !
3.5 ;
2.0
1.4 ;
3.7

'0.5
0.1

3.9
0.4
0.2

r

4.1
1.2
3.7

15.9

75.1%

SPC-4

6.8
30.2

7.8
8.2

;*.4.3
2.5
1.7"
4.6
0.6
0.2
0.5
4.8
0.5
0.2
0.2
0.1

2.1
2.6
4:5

17.6

73.2%

SPC-4+L

1 6.8'J
5.6

25.2
6.5
6.8
3.5
2.1
\A
3.8
0.5
0.1
0.4
4.0
0.5
0.2
0.1
0.1

1.7
2.1
3.8

14.7

77.7';;,

*RI\ = La, Pr, Nd, Sm, hu, CId, Y (plus Rt as a stand-in lor
Am + Om).

having grain sizes greater than ~ I 0 fim. Two scanning
transmission electron microscopes, one at PSU (Philips EM
300) and one at the Rockwell Science Center (Philips
EM 400) have been used for phases having smaller grain
sizes.

RESULTS AND DISCUSSION

Synthetic Mineral Synthesis

The first step in development of supercalcine-ceramics,
and a crucial step in their characterization, is the synthesis
of each synthetic mineral phase by the same procedures
(calcination, press and fire, hot pressing, etc.) used for the
full scale preparation. Nominal stoichiometries of each of
the phases in every mineralogy developed to date has been
synthesized. Its solid solution behavior for elements in the

"wastes and for additives are always investigated. For
examples, see Ref. 14 for Na, Ca, Sr, Ba, rare earth
(RE = trivalent La, Pr, Nd, Sm, Eu, Gd, Y), Ce, and PO4

behavior in the apatite structure solid solution (Ass) phase;
see Ref. 7 for Ca, RE, Ce, U, Th, and Si behavior in the
monazite (Mss) phase. In some cases a full isothermal phase
diagram is determined as in the scheelite structure solid
solution (Sss) and fluorite structure solid solution (F s s)
phases.15 '16 Being able to synthesize, a phase whose
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diftraciogram matches the corresponding reflections in the
complex supercak'ine-ceramic is a key siep in phase
identification. Mechanical mixtures of these phases closely
maich the full supercalcine-ceramic diffractogram. The
phases are also used in quantitative XRD phase analysis of
the various products.

Compatibility Studies

Once it lias been foundthat a particular phase can be
synthesized, it is next necessary to determine its compati-
bility with other supercalcine phases under relevant condi-
tions. More than 300 separate studies of the type described
in Refs. 2. 5, 11. and 17 have been used to establish the
compatibility of synthetic minerals in current supercalcine-
ceramics under the following conditions: a 2- to 4-hr
crystallization-consolidation firings at 1000 to 120Q°C;
indefinitely (i.e., for months to years) at SOO'T (the
maximum RSSF centerline temperature). While compati-
bility studies have focused on these two sets of conditions,
it should be recognized that compatibility relations may
not be the same at higher firing temperatures.

X-Ray Phase Analysis

A typical X-ray diffractogram of a supercalcine-ceramic
is shown in Fig. 1. Individual reflections have been marked
and deconvolved for seven crystalline phases. The phase
identification code and nominal compositions are given in
Table 2. One phase shown in Fig. 1 is not listed in this
table. In most supercalcine-ceramics there is also a zirconia-
rich phase, sometimes isostructural with the tetragonal
phase of ZrOj and sometimes having the cubic fludrite
structure that has been designated T s s . Two other phases in
the phase formation model were expected to be present
below the detection level of the X-ray powder methods.
The presence of the ferrimagnetic(Fe,Ni)(Ff/<Cr)2O* phase

SPC-4+U
I200*C 2hr

1 i r '• „

1
, • D A , "

QSss

• FsS
• MS5

OP
earss

3 25 3b 35 ' 40 45
DEGREES TWO THETA (CuK«)

^ '^ F« . 1 A portion of the X-ray dilTracto£ram of SPC-++L'.

in crystallized SPC-2 was confirmed by the action of a hand
magnet on the powder. The presence of a Ru phase,
presumably RuOj. was ascertained indirectly by Ru volatil-
ization tests and compatibility studies.

In addition lo the numerous reflections from crystalline
phases, note the gradual rise in background at lower 20
angles. Most of this rise is due to instrumental behavior (as
determined with the silicon standard mount) and scattering
from the glass mount, but a contribution also comes from
one or more of the X-ray amorphous phases present in an
engineering-scale supercalcine-ceramic. In industrial applica-
tions, the composition of the HLLW feed is expected to

.vary from the average \?y a substantial amount. Thus, to
make supercalcine formulations adaptable for such condi-
tions, excess additives are deliberately included in each
formulation. For example, to insure that excesses of Cs and
Mo in HLLW will be incorporated into refractory phases,
excess Ca, Al, and Si were incorporated into the SPC-2 and

TABLE 2

""* Crystal Chemistry of Major Supercalcine-Ceramic Phases*

Nominal composition

(Ca.Sr^RE.fSiO^O,*

REP04

(U,Ce,Zr,RE)OJ+x

(Cs,RbjNa)AlSi2O6

(Ca,Sr,Ba)Mo64

(Fe,Cr)2O3

(Nj,Fe)(Fe,Cr)1
aO4

RuO,

Structure type

Apatite ~:

Monazite
Fluorite
Pollucite

Scheelite
Corundum

Spinel

Rutile '

Code

Ass

Mss

l-ss
P

Sss
(FejO3)ss

SPSS

RuO,

EDXST chemistry

major: Si,Ca,RE(Gd,Nd > La > Ce > Pr > Y)
minor: Sr,Zr,[Al] ' j

major: P,RE(Nd,Gd> La > Pr)
major: U,Zr,RE(Gd> Ce >°Y,Sm)
major: Cs,Al,Si
minor: [Ca),[l-e]
major: Mo,Ca,Sr,[Ba)
major: Fe
minor: Cr
major: Fe
minor: Ni,(Cr]
major: Ru

^Brackets around an element indicate that it was not observed in the particular phase in every
supercalcine-ceramic.

t Energy dispersive X-ray spectrometry.
tRE = rare earths La, Ce, Pr, Nd, Sm, Gd, Y.

317



SPC-4 lormulations. Most 01 all- <>l this excess malenal

icmains amoiphous ilurinj! the short ciystaili/ation-

consolidation tiring anil contributes Us incoherent scatter-

ing to tlio dilfraciogram background.

As shown in Table I. except lor l i . the onlv significant

differences among the various supercaleine-eeramic compo-

sitions are in Ihe Rf. \ . the alkaline earths (C'a and Srl.aiid

Si. These differences arc more easily related to ciystal

chemistry when compositions aic expressed as milhmoles m

Ihe oiigmal formulation

Mll.LIMOl AR COM I N TRATIONS

K.nv rarilis
(V
Nd
(id
Others

Alkaline earths
(";•

St.
Silicon (Sn

Sit-2

if.V
61

7.

127

15(1
•1?

5.39

SIT-4

5)

153
: i

f>2
(>X

4S'.I

Hsr-spc-2+r

51
-7"?

155
7S

1511

54

5 34

The wide \urkitionvin R-I-. concenliations between SPC-2
and SPC-4 tesiilted honi use at I'NI. ol a less expensive, bur
not representative, commercial mixture ol !<[ '.•> in SPC-2.
hi SPC-4, compositions were closei to the conect fission
product RT ratios ol PW-7 and in PS!.-SPC2+1 the exact

..ratios were used. Refined eellpaiametci data tor live of the
major synthetic mi.'icials in these siipeiealcinc-ceiamic.'?are
listed in 'fable .v Many crystal chemical insights result from
examination of the data in Tables 2 and 3. combined with
knowledge of the waste chemistry, as is discussed below.

Apatite. The" cell volumes of the SPC-2 Av, phasevjire,"
larger llian tin SPC-4 because ol the gieaiei propoiMo'n ol
large RF's (La. ( V ) used in the • SPC-2 feed. WheivV is
udded to the PNL-SPC-2 batch, the Ass phase drops to a
minor conti'ihulot whose rejections aie too weak to be
used in a refinement. Ibis occurs because the 1 O ; + Nf-\s
phase stabilizes CeO; in '.he Ce4+ oxidation state rather
than as CeJ + in A s v In PSU-SPC-2+U where the RI-
distributions are correct, the Ass phase gave moderately
intense reflect ions that could be used in a unit cell
refinement.The Ce'4 + — Ce4+ redox reaction is temperature
dependent. The SPC-2 disc pellets fired only to 11 IOC by
PNL have a less intense ASN phase and a smaller A.,s cell
because most of the Ce crystallizes in the CeOi-rich F s s

phase. In the I 2 0 0 C firing, more of the Ce4* is reduced to
Ce3 + which reacts with available Ca and Si to form Ass.
The Ass cell is larger because of the large ionic radius of
Ce 3 + . This mechanism is confirmed by crystallization of
SPC-2 in nitrogen rather than air. Diffractograms of the
product (see Fig. 4 of Ref. 6) indicate that nearly all of the
CeO2 is reduced. Understanding the crystal chemistry of
any Ass phases formed in crystalline ceramics or devitrified

glasses is important because Ass is a potential host lor the
o-emittiiig actinides (An) These elements usually cause Ass

to become meiamici.1" Because it may influence An solid
solution behavior, care should be taken to select the correct
R|-.Ce ratio in simulated wastes, and CeOj should not be
corisideied as a crystal chemical stand-in for UO:.

Srluvliu: SPC-4 based lormulations have more Sr and
less (a additives than SPC-2 formulations. The ionic radius

""ol -Sr+ is laiger. and thus the SPC-4 unit cells are larger.
N'oie thai within the error ol the measurements', the unit
cell sizes aie virtually identical for each group of formula-
tions. This indicates thai the phases are relatively pure
alkaline earth molybdaies and do not incorporate, and are
not otherwise affected by, the differences in RE. Ce.and'U
concentiatrons. The I-.DXS studies of Ss, crystals confirmed
this. . ,. ;. !:

Munaziic. The Rl. elements in supercalcine-ceramics
aie partitioned into cither three or four phases (Ass. fss.
M,s. and T s s | . We have lound that the laiger RL's (La.Prl
ci\vtalii/e pielereniially in the Mss phase. This is clearly
tellecied in the cell sizes. The SI*C-2 formulations prepared
at PNL- with lughei proportions of Lii and Ce hav̂ e the
laiger cell parameters while PSl'-SPC-Z+l' and the SPC-4>
with., high concentiatioiis

! cells.
of the small Gd - ion have

rtuoriic. The cell paiameter data til" the F s s phases
correlate to the concentrations of IJ. Ce. Zr. and Ri!. In ihe
absence uf I.', the F s s phase, is a CeO; ZrO; RI:2O, solid
s'iiution. Note that, with ihe highei firing temperature of
the SPC-2 prepared at PSU compared to SPC-2 disc pellets..
more Ce is ieduced and incorporated.into Ass,which leads
to a larger cell parametei for the former..) Bet ween SPC-2
and SPC-4. she former had the anomalously high Ce
concentiation which would be expected to bring the cell
parameter closer to the 5.41-A of purecCeCK. Also. SPC-4
had the required high concentiation of smaller (Jd3+ ions.
Tlje F\s phase pieferenlially incoiporatcs the smaller Rl: ' +

ions and this' somehow also leads 1O incorporation of larger
ZrOi concentrations. The combination of these substitu-
tions gave the remaikably low 5.14 A.cell parameter. Part
ol the reason for the availability of so much RI: was the
lower concentrations of,C;ii and Si in SPC-4 which were
apparently inadequate for lull crystallization of RF.1+ in
Ass. When U is added, the cell parametei tends toward the
5.44 to 5.47 A range of L'0J+v-, In (lie presence of UO : + V

Ce remains oxidized and is concentrated in the F s s phase as
was noted curlier in the discussion of Ass.

Potlutiii: The Cs. Rh. and Na concentration*were the
same in every batch, so the similarity of cell parameter in
every case,but one is expected. The SPC-2 pellets were
unique in being prepared at a lower temperature. It is
possible that at this temperature the small Na+ crystallizes
in the pollucite phase and gives the small unit cell; while at
the higher temperature. Na forms in the noncrystalline
intergranular phase.
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TABLE 3

Unit Cell Parameters* for Supercalcine-Cerainic Phases

Solid solution structure type

Apitite (A^)
hexagonal P6,/rrv

Scheelite (S^), Monazitc (Mss). Fluorite (F^), Pollucitc (P),
tetragonal 14,/a monoclinic P2, ,'n cubic Fm3m cubic Ia3d

SPC-2
PNL spray calcine: pcllctizcd
and tired at 1200 C in air
for 2 hr at PSl'

SP<-2 disc pellets •
Prepared at PN1.:
crystallization-consolidation
at 1110 ( ' tor 8hr

SK-2+U
Prepared at PSU from PNI.
spra\ calcine + U nitrate:
fired-a 1 120l> C" tor 2 In

Psr-spc-2+f
Complete batch prepared at
PSl' by boil-down procedure:
tired at 1200 t lor 2 hr

SPC-4
PNL spiay calcine: pellelized
and tired at 1 200 C for 2 hr

' at PSU

SPC-4 disc pellets
Prepared at PNL:
crystallization-consolidation
at 1230 C for 4 8 hr

SPC-4+U
Prepared at PSU from PNL
spray calcine + U nitrate:
fired at I 200 C for 2 hr

a0 =-9.558(4)

c0 = 7.032(16)

v = 556.4 !

a,,= 9.5 20(6)

c,, = 7.004(7)

v = 549.7

Too tew reflec-
tions for refine-
ment

ac, •= <).480<4>

c() =6.957(8)

v = 541.5

a,, = 9.505(4)

c0 =.6.978(3)

v = 545.9

a0 = 9.497(4)

c0 = 6.976(4)

v = 544.9 '

aut= 9.505(4)

c0 = 6.975(4)

v = 545.7

a0 =5.31(2)

c0 = 11.83(3)
O

v = 333

a,, =5.32(2)

c0 = 11.83(3) ,

v = 334

a0 = 5.314(8)

a0 = 6.820(8)
b,, =7.050(8)
c0 = 6.499(8)
>}= ! 03.53(10)
v = 303.8

a0 = 6.800(8)
b0 = 7.026(8)
(.-„ =6.475(8,)
,!= 103.72(10)
v = 300.5

aa = 6.809(8)
bn = 7.061(8)

ci, = 11.824(10) cn =6.497(8)
J= 103.64(10)

v = 333.7

a,, = 5.30(1(8)

c,, = 11.851(8)

v '= 332.9

a0 =5.382(4) -

c0 = 11.971(6)

v = 346.8

a0 = 5.378(4)

c0 = 11.999(8)

v = 347.1

a o « 5.378(4)

c0 = 11.931(8)

v = 345.1

v = 303.6

a,, =6."75 0(8)
b,, =6.998(8)
ct, = 6.433(8)
i)= 103.98(10)
v = 294.9

a0 ="6.749(4) ,
b0 = 6.968(4)
c0 =6.413(4)
.. (J= 103.50(10)

v = 293.3

a0 =6.749(4)
b,, =6.971(4)
ca =6.432(4)

J= 103.96(10)
v = 293.7

an =6.761(6)
b0 = 6.950(8)
c0 =6.439(8)
>J= 103.72(10)

: v= 293.9

a0 = 5.342(3)

v= 152.4

a0 =5.355(4)

v= 153.9

a,, = 5.384(3)

v= 156.1

a,, =5.339(3)

v = 152.2

aa=5°.l 92(31

v = 140.0

,,a0 =5.'l<>0<3)

v= 139.8

a0 =5.347(3)

v= 152.9,,

v=2537

a,, = 13.6U(9)

v=?522 ih

6

ao = 13.649(9)

v = 2543

a, = 13.639(4)

v = 2537

a0 = 13.646(4)

( iv=2541 =

j 0 = 1 3.643(4-)

v=2539

a0 = 13.648(6)

v= 2542

*a0, b 0 , c0 in A; 3 in degrees; v in A3.
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Tetragonal XrO2. In SPC-2 and SPC-2+U pellets, a

phase rich in ZrO? occurs. It appears to be isusiruutuial

with the tetragonal high temperature polymorph of ZrOj

(P4; /nine) and has cell parameters as follows:

SK.-2 SPC-2 disc pullets SPC-2+U

aD 3.639(3)
cn 5.236(9)
v 69.3

3.622(6)
5.220(7)

68.5

3.621(3)
5.229(4)

68.6

This phase was not observed by XRD in PSU-SPC-2+U,but

it was identified by STKM. In addition to ?.r there were

minor 1J. Rl:, and Ce. Inclusion of these ions stabilized the

tetragonal polyinorph. In the other specimens most of the

Zr was incorporated in the cubic F s s phase.

Microchemistry

Determinations of the mieroehemistry of individual

phases in siipercaleine-eeramics are still underway. Most of

the phases have grain sizes below ~IO ptm so the EDXS

characterization has been confined principally to STLM

instruments. The bulk of llje results to date has been

obtained on SPC-4. a hot-pressed SPC-2, and PSU-SPC-2+U

specimens. Table 2 gives the F.DXS-chemistry for eight of

the synthetic minerals in the specimens. Two other phases

were also noted in PSU-SPC-2+U by STF.M. A minor

crystalline phase with Al > Si ,- Fc may be a Fe-substiluted

mullitc forming from the excess Al + Si additives. There is

also a minor glassy intergranular phase whose chemistry has

not yet been determined.

CONCLUSIONS

While the basic mineralogies were designed to be the

same, the exact formulations of SPC-2 and SPC-4 based

ceramics differed. Investigating the effects of these differ-

ences has led to increased understanding of the crystal

chemistry in these ceramics. New mineralogies for apatite-

free and high-sodium supercalcine-ceramics have been devel-

oped and need now to be tested on the engineering scale.

Finally, it has been shown that solidification of repro-

cessing wastes into crystalline ceramics having tailored

crystal chemistries is feasible, and considerable innovation

can be looked forward to in this area in the near future.
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ABSTRACT

A novel process which uses solidified porous high-silica glass
powder lo fixate radioactive high level wastes is descrined. "li"e
process \ iekls cylinders consisting of a core of liigli-siiica glass
containing the waste elements in its structure and a protective layer
also of high-silica glass completely free of waste elements. The
process can be applied to waste streams containing (I to 100'" solids.
The core region exhibits a higher.coefficient of thermal expansion
and a lower glass transition temperature than the outer protective
layer. This leads to mechanical strengthening of the glass and good
resistance to stress corrosion by the development of a high residual
compressive stress on the surface of the sample. Both the core and
the protective layer exhibit extremely high chemical durability and
offer an effective fixation of the radioactive waste elements,
including 2 3 9 Pu and " T c which have long half-lives, for calculated
periods of more than 1 million years, when temperatures are not
allowed lo rise above 100"C.

INTRODUCTION

Contamination of groundwater. if it comes in contact
with disposed nuclear waste, can occur by leaching action
on the fixation medium. While the importance of high
chemical durability in achieving safe disposal criteria is well
recognized, little attention lias been given to the minimiza-
tion of exposed surface. The dissolution of waste products
from fixation materials and dissemination into the sur-
roundings is a function of both the chemical durability of
the material and its surface-to-volume ratio. An increase in
exposed surface-to-volume ratio by a factor of ten can be
obtained through breakage or powdering of the fixation
medium. The resulting increase in material dissemination to
the surrounding bath is equivalent to an increase in
dissolution rate by the same factor.

Glasses break by brittle,.fracture which occurs through
the catastrophic growth of surface flaws when exposed to a
high, tensile^ stress. JJreaKage may Ije avoided by several
mechanisms. First, the stresses in the glass may be reduced.
These develop during cooling and arc due to the contrac-
tion of the glass. If different portions of the glass cool at
different rates, then large stresses will develop. This
problem may be minimized by reducing cooling rates and
by designing glass fixation materials with low coefficients
of thermal expansion. Some stresses in the gjass occur by
external events, such as impact or static stresses during

..storage. Breakage occurs when the tensile stress at a crack
tip is large enough to propagate it. Failure may occur
immediately (catastrophic crack propagation) or after a
long period of slow crack growth (delayed failure). The
second mechanism which may be used lo prevent breakage
operates by preventing the stresses at the glass surface.,
where the cracks are present, from becoming high tensile
stresses. This is accomplished by designing materials which;
upon cooling; develop a large residual compressive stress on
the surface.1 Since the net stress auhe crack tip is the sum
of all stresses present, this large residual compressive stress
avoids breakage and delayed failure as long as the applied
tensile stresses are smaller in magnitude. This mechanism is
the major mode of strengthening glass and is used in glass
tempering processes.-

In this paper, we describe how both low coefficient'of
expansion and strengthening by residual surface stresses
may be obtained in a glass fixation medium for high-level
nuclear wastes. This process can be applied to the.high-silica
glasses which have exhibited superior chemical durability at
temperatures below 100°C in aqueous solutions.
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PORE SIZE: 0.01 TO 0.02 MICRONS
GRAIN SIZE: 10 TO 300MICRONS

Fig. 1 Schematic representation of porous glass matrix process. The large grains represent the porous glass
powder, W/'X. with dissolved waste, EZZ2, in the pores. The waste solids, I H I , are located interstitially
between the grains.

THE POROUS GLASS MATRIX PROCESS

The high residual surface compression necessary for
strengthening is obtained by developing a layered material
with a core and a surface or cladding region. If the core
region has a higher coefficient of thermal expansion and a
lower glass transition temperature than the cladding region,
the composite, during cooling after fabrication, will exhibit
a high compressive stress in the surface or cladding region.
If the cladding material is made up of a high-silica glass,
then it will also exhibit a low coefficient of thermal
expansion, a very high chemical durability, and a high
resistance to devitrification.

A fabrication process achieving these objectives was
developed. The process consists of mixing the high-level
liquid wastes and solid precipitates with a dry porous
high-silica glass crushed in to'powder. The pores within each
grain vary between 0.01 and 0.02 fx and the grains
themselves vary from 10 to 300 n in diameter.

When the porous powder is mixed with a waste stream,
the liquid penetrates into the pores ôf the powder and
deposits any dissolved'wastes present in the liquid, while
the solid precipitates are deposited between the grains of
the powder (Fig. 1). Drying and heating allow the pores to

collapse, thus trapping the dissolved wastes in the glass
matrix of each powder grain. The mixture is then heated
inside a high-silica glass tube with a sealed end. After the
powder sinters and traps the intergranular solids, the tube
itself collapses on the high-silica glass and waste mixture.
The collapsing temperature depends upon the specific
composition of the high-silica glass tube; it ranges from
900° to 1300°C. (The latter temperature is due to the
present use of commercial Vycor tubes and can be readily
lowered by use of modified Phasil tubes.2) A solid glass
material thus obtained consists of a core, which contains
the waste element oxides fixed in a,,solid high-silica glass
matrix, and an outer cladding layer composed of a
high-silica glass totally free of waste components. The core
has a silica content of >80 mole %, thus satisfying very high
chemical durability criteria. In addition the core has a
higher coefficient of thermal expansion than the cladding
layer. Therefore during cooling, high residual compressive
stresses are developed at the surface of the object, and good
strengthening may be achieved. The cladding layer aho
provides multibarrier protection to chemical attack and
exhibits a very high chemical durability. This high-level
waste solidification process, termed "Porous Glass Matrix"
(PGM) process, offers good physical and chemical stability
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-s TABLE I

West Valley PW-8a Waste Composition

Oxide

Na,0 ,
I'C,O,
Cr,O,
NiO

i',o5
RbaO
SrO
ZrOj

M<iOj
Rh,O,
Ag2O
CdO

Reported, wt.%

16.62 o'
34.29V

1.36-
1.74

1.58
0.21
1.25
5.84

7.54
0.36

.0,104 _ _ . ,
0.15

Simulated, wt.%

16.62
34.29

^ 1.36
':, 1-74

h5H

i t 21
1.25
5.84

7.54
0.36

: ' . „ ..._Q.1O4 ._..

0.15

Oxide

TeO2

Cs2O
BaO
Y,O3

U2O3
CcO2

Pr.O, ,
Nd2O3

SnijOj
Ku2O,
GdjO.,

Reported, wt.%

0.86
1.14

° 1.85
0.05

6.05
12.09
1.06
3=62

0.64
0.17
0.43'

Simulated, wt.%

1.14
1.85
0.05

6.05
1 2 . 0 9 " ••>

1.06
3.62

0.64 -
0.17
0.43

j TABLE 2

United Kingdom UKM-22 Waste Composition

Oxide

AI2O3

Rb2O
Cs2'0
Mj.0

SrO
liaO
Y2O,
U. ,0 ,

Pr.O,,
Nd2O3 '-

CcO2

Reported, wt.%

19.89
0.43
3.00

24.68

1.25
1.48
0.66
1.71

1.67
7.08

3 . 8 5 • o

Simulated, wt.%

19.89
0.43
i'.oo

24.68 ,

1.25 o
1.48
0.66
1.71

7.08

' 3.85

Oxide

ZrO,
PO/
Cr2O,
MoO,

lc2O : ,
RuOj"
NiO2

IMO

ZnO
U3OR-

so4

Reported, wt.%

5.57
0.93
2.18
6.89 °

10.63
-,.- 2''65

1.40
f.7l

1.71
0.23

0.39

Simulated, wt.%

5.57 *
0.93 ,,
2.18
6.89

10.63
2.65
1.40 .:•
1:71

1.71
Replaced

by CeO2

0.39

for radwaste fixation and can handle both military and
commercial reprocessed wastes containing from 0 to 100%
solids and be readily adapted to equipment used for the
borosilicate glass process.3

LONG-TERM CHEMICAL DURABILITY

The chemical durability of high-silica fixation media
prepared via the PGM process for the encapsulation of
simulated military and commercial radwastes, such as the
West Valley PW-8a waste3 (Table 1), the United Kingdom
UKM-22 waste4 (Table 2), and the Savannah River Plant
waste5 (Table 3), was tested and compared against the
chemical durability of waste glass prepared via the borosili-
cate process.3 The chemical durability test was conducted
by immersing powdered glass samples in distilled water at
45 and 70°C for a variety of times up to 10 days. The rate
of silica release into the distilled water at 45 and 70°C was
measured and is representative of the release rate of most
waste elements in the glass.6 The rate of release at 20 and

100°C was obtained by extrapolation of= the measured
rates. The rates are summarized in Table 4. The high-silica
PGM glass exhibits a lower dissolution rate than the.
borosilicate glass.

In order to determine the expected behavior of fixation
materials in terms of their ability to prevent dissolution of
waste materials by an aqueous environment, a calculation
was conducted to evaluate the amount of each radioactive
isotope released into the surrounding bath as a function of
storage time. The amount Mi of radioisotbpe, i, released
into the surrounding medium due to a dissolution of the
glass was calculated as a function of storage time, t, and
initial concentration in the waste, MOJ, by the following
expression: ;

M' - a . c - t / r , 7 2 D t D2t2

Mo; ' \pr0 p2rj)

2Dt D2t
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TABLE 3

Savannah River Plant Waiste Composition

Salts in
feeds 5 and 6

NiiNO,
••• N a N O ,

NaAlO,
NaOH

„ Na2C:O, .-
Na2SO,
Na 2 C 2 O,
NaCI

Nal- '-
NaIIJlj.0,
Slarch
Na I-.DTA

NaBO.rt

r ""

" t i l ,

/col i to

Reported,
wt.%

2.28 '•''"''
0.20
0.20
1.02

0.08
1.06
0.0013
1.9,1

0.19
0.0007
0.00003
5.62 r

(1.00001
' 2.58

1.27
4.00
7,73

Simulated,
wt.%

' 2.28
0.20
0.20
1.02

0.08 //
I .(To

0.0013

1.91- t3

0.19

' 0.0003
5.62

c'J.OOOGI
2.58

"7.73

Oxides in
feeds S and 6

., N a 2 O •••

I-e2O,
; AI2O,

MnO, "

, ,U,OB

", CM
NiO
SiO2

Reported,
wt.%

2.98
36.87

7.48
10.41

3.45
' 2,75 .•

4.57
3.34^

* , •>

Simulated,
•'wt.% •.-.

2.98
36.87°

7.48
10.41

' *

2.75
.. 4.57

3.34

, = •

*U,OB,;is replaced by 2.12 wt.%CeO, in simulaliun tests.

TABLE 4

Dissolution of Glass Matrixes at Various Temperatures

Concentration of.
radwaslc

Matrix dissolution
rate, g/em2/day

PGM glass

' 20%

2.9 x 10 '"
6.75 x 10 1 0

9.4 x 1 0 "
9.7 x 10 ' '

Borosilicate glass:

13

7 . 9 >
1.3 >
2 . 7 )

1 .11 >

30%

< 1 0 . s

d O " 7

(10 * G=
< 10" s ,:

TfC)

13
20
70

100

where the isotope i is the decay product of the isotope j ; D
is the matrix dissolution rate; p is the glass density; r0 is the
radius of the waste glass rod; T\ and 7j are the mean
lifetimes of isotopes i and j , respectively; snd a is the ratio=

of the concentration of each isotope in the dissolved glass
to the concentration of each jsotope loaded in the glass.
Generally, a is unity, unless the glass contains several
regions with different waste element concentrations such as
in a multibarrier protection system. Then a becomes the
ratio of the concentration of wastes in the outer barrier
which is dissolved to the concentration in the bulk. The
values of the constants used in the calculations were r0 = 1
cm and p = 2.5 g/cm3 for both fixation media. Calculations
were conducted for a borosilicate glass of composition
76-68 with waste composition PW-8a-2 (a = 1) and for the
high-silica PGM glass with (a) complete exposure of the
core region (a = 1, no protective barrier) and (b) a protec-
tive barrier which exposes the core over 0.2% of the total
area corresponding to inadvertent breakage (a = 0.002).
Other values of constants assumed are given in the figure
captions. The calculations are conducted for two specific

long-lived isotopes, namely " T c an,d 239Pu", which have
half-lives of 21 2,000 arid 24,400 "years, respectiveiy;^utcr-
pium-239 is a decay product of " 3 A m with a;half-life of
7,400 years'. These calculations also involve various types of
thermal conditions during storage "which include one
scenario with storage at 100°C for the initial 100 years and
at 20°C thereafter. , * , "

For a storage condition of 100°C*for the first 100 years
and 20°C thereafter, the accumulated -2»39-Pu and " T c
released are shown in Figs. 2 and 3^ respectively^ for the-
borosilicate glass, for,, the PGM, high-siliea corejpand for the1"
latter with a protective glass layer and a surface exposureoof
0.2% due to expected breakage.,These resultscshow clearly
the effect of the differences in chemical durability'be/ween
the high-silica and the borosilicate glass (see Figs. 2(Jand 3,
curve 1) for radwaste fixation. The further reduction in
release rate afforded by tire protective barrier with a 0.2%
surface exposure is seen"in" the comparison of curve 3 with
curve 2; a

SUMMARY AND CONCLUSIONS

In conclusion, high-silica nuclear waste disposal glasses
were prepared by the .PGM process for the fixation of
commercial and military reprocessed wastes. They consist
of a core matrix containing the waste elements as an
integral part of a high-silica glass structure, surrounded by a
cladding region of lower thermal expansion coefficient and
higher glass transition, temperature which is totally free of
waste elements and which exhibits a high surface compres-
sion (30,000 to 70,000 psi) during the cooling step of the
process giving rise to a high strength material.
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lii addition to iis high mechanical stability, the HJM
glasses exhibit a veiv high chemical durability in their coie
and ihen cladding rcgiu:v. If the cladding layer is I mm
thick, ii will take over a million years to dissolve at room
tetnporaluie. This provides an excellent multibarrier protec-
tion t<> the waste fixation medium. Calculations of the
iclease of JS<JPti and *'JTc to the environment show that
the high-silica WiM glasses are able to provide effective
lixation of the most pernicious elements present in the
waste slream despite their extremely long half-lives. This
dkvtive fixation is affoided with or without lmiltibarriei
pioteciioii. although a protective barriei is desirable lor the
ita leased margin of safely.
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r
of brinle fracture caused by impacts is very limited and was
supplemented by relevania'topics treated in the more
generalized reference literature, specifically: deformation of
materials," properties of ceramics," glass,* lead,1 ° and of
the paniculate stale of matter.1 ' fracture mechanic* of
ceramics.12 engineering studies of mineral crushing.1 ' and '
design (actors for waste forms. 14

A Summary of Impact Tests Made
with Full Scale Components

Studies of the ciwipacJ behavior of laige shipping casks
for ...transportation o( radioactive* ^materials have been
Nuniniaii/ed as a designer's handbook.* This suniinaYy...--
included both recommended design principles and engineer-
ing properties for shielded casks made of lead audited and
the results ol impact tests The deloimaiMns ol these
ductile materials were, correlated with the input kinetic *
energy of impact lor a puclical ran ê ol impact velocities
and other conditions. Impact detoimatimi was measured by
the, Misplacement volume _ W ( I H ' ) ni the .configuration
change resulting Horn plastic (low ol (IK- steel and lead Thr
(otal volume \'O ot each maienal remained coiisianu'hut a
fractional volumetric Jelormation wav ineasified '?*jjy

.••ilV Vo Plastic flow was found lo lake place Aheii local
Mjesses exceeded the dynamic flow stress, «[> (Pasci&y, Pa».
which was a threshold sttess tm plastic deformation:^u
characteristic property <>l each ol the niateuativ The'V
fundamental Relationship <>f impact uVJoimaiion ty impact '
energy was expietsed b> the energy Ki'fanVc equating ilk*
input mechanic,'.! eneigy ot impacj. W|. to the energy
absorbed in deformation. Wj). bv the ptodtM ol tlie

flow stit-ss <;jj jnd displacement volume AV

u I I I

Iq I » UK>»II Ini onlv OIK- vompoiurnt. 11 also was
sh>>wn t<> appiv to lead sti-cl compoMlev !MI which the
t.Mjl impact erietev is equal to the sum ol ilu-Jetoimaii<m
rneipe^of tlie two componentv. Rcteience values o! n^ lor
lead and tor mild *u*l treie (.11 x 10" Pa and .V5 x 10* Pa.
lespectnelv ' Sm^e i!k- lead ha» ihc iowf r ihreshold itiess
!oi «kt<*trnatioh. n \n>»y abv>rb impact etietgy pteiziiii-
tully to steel howrvci. the apphcjiion >>i stievs to the
ouiiide ol the cask requited thai the steel shell (which was
outside the lead I be deloimed as a piccunditlori lor the
deformation <*i the lead. The application ol ihis method to
impact jnilvus was successlul (lt>i putp:>scs ol enpneennf;
jeecurjiv t in j number ot wale-model studies/ The lead
and steel apparent!) showed mi significant strain-rate
sensitmn. which is a tact important tor b»<ih (a) the
MtaMishment ot principles ol scale modeling and (bHhc
application ot impact «Kip. m lesls without regard to
impact vrktcitv, Recent studies al a number ot research
sites have esiaMtshed this enpneermg approach to impact
analysis to vaiious maiemh and designs of shippinic
casks.1' A full-tcale demonsiratKHi of acceptable impact

resistance of typical large shipping ca&ksat speeds up to SO
mph was mad'j at Sandia Laboratories." These demonstra-
tions were designed on the basis of calculational models and
ol impact tests of reduced-scale models embodying the
above principles of impact deformation of ductile mate-

- 'rials.'; r v ; _ ' '"
Preliminary impact testing of /^-scale (and smaller)''

models of canfstercd glass monoliths simulating.Jtigh-level
waste was perior.med al Batlelle Pacific Northwest Labora-
tory (P\L), in support of She analysis of risk in high-level
waste-management operations.1 A literature review made as
part of /this study disclosed thai there were conhictmg
theories ot brittle fracture and an absence of data on
impact breakup of glass monoliths. Also, the literature on6

5 brittle Iracture did noi>esiaj>lish the Validity of scaling laws
tui MnierpietatioiPiol staiH-scale modei^^sfs'and lacked
delimtive intormaliori=yn brittle ductile ci-ntposites.l ^

0 Impact lests ol reduced-scale (H'-, aM \) models Were
\4arr1ed out * ̂ 11 simulated glass-tilled staii»l|ss steel canisters

at*1 impact velocities of up to hO mph (35/2,m s) and at
iemper=ai.ures of about 20 to 42^'{'. Both teteiena-
wasie glas^ci^mposilions and devitntied versions were

^used.1 The inaiXintuni impact velocity *as equivalent to"'
about II2JJ J kg tifWanisler^mss. Phytographs made ol the
iixulc! canistoi striking a conciclc pad at an impact \elociiy

. oiQl.'.'2 ins muKju-il thai Uie duration ol intpa î WJS
about 2 itiiJJtseJi'Snds. At ibis velocity, the impact sliowed
teHousd heighls imlicaliKg ihe tracHon ol m;paci eneigy
going into sotal detotmatjon (oh)ect-and°bafrjet I wjs..abojit
>*?* ". Micropli«fog|ap^=o!°(&ss'liagnieHt^\"ma!let than ^
Jim showed a shape facloi isi about l i . ihi.v i>c t^ be
compared with a lactor ol *vj«ir cubes and spheres."- -/' '

In these tests, the impacted monuliihs m stainless stW'l
canivieis vwrie uxa'nStK'd tor ciacks in 'thcr stainless steel
cariister. pjMalf-siA- Jisiiihinn-ns .>1 glass jragmenis. jnd
.total suilacc areas o| Jtagmcnts TfcMOsulis wei>: staled to
be pioneering clloits providing (albes!I otde(-<»t-injpiii!ii<ic
estimates <>t eitecls 101 ' realist!^ »;ase>. The prirtcipal
ijujniiuiivt' 10siilis were tb.- meaMiiemenis ot the total
surijce area ol _gla» IrjgnvuK jnd tin* mass liaction ot

., particles 01 testable si/e (iv.. smaller than Ill^nu -\i IIH"
highest impact velocity U S . 2 m si. the liagiivntaiioti

- pMtfuted a -K>-!«>!d increase ol the onginal glass surtace
aiea. The ma** traction ol jdass particles ot rcsptrable si/e
was found 10 fanpe from 10 * m (he control specimens,
l/eio impact vel«vit\Ji«> Hi * tot .'5 2 m sintp^t lekviix
The lepott* cotkiuded that the limited prop am did not
establish tlk- vcalnif law-s lor buttle trac'ure ot glass,,
monoliilis and (hat (he vl ram-rate dependence ot ihe glass
beliavior was still unknown ,,

The siratepes o* enpnecrmg Jatfn used in IIK- ».nk
leading to successful luN-scaie Jen»onnration ol impact
lesotarwe ol shippmg casks made of steel and lead could
probably he used successfully tot composites ot buttle and
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ductile materials. However, tile literature on this subject
lacks a widely accepted theory and does not define the
practical effectiveness of engineering-design methodology.
This is particularly true, for impact fracture of brittle
materials, where further work is needed to establish a useful
ie!aiion of impact deformation to impact energy,, as has
been done for ductile materials, l-or example, the principal
results obtained in the realistic model studies at PNL were
plotted as a function of impact velocity.1 and trrc empirical
data showed decided curvature, making interpolation and
extrapolation seem difficult. However, the same results if
replotted as a function of impact energy are nearly linear,
suggesting that energy correlations for brittle materials may
he more useful, as was the case for ductile materials.

Laboratory-Scale Tests of the Impact
Fracture of Brittle Materials

A preliminary laboiatory -scale investigation of impact
icsistance of glass and concrete waste tornis was made4 at
the Savannah River l.dboiatory (SRlJ. Refeience waste
vlki compositions Imijc for glass and live toi conciete)
weie piepaied in the form ol;- 10-g cylindeis (1.3 ciii
-.iiamcier and 2.* em ' long). The glass specimens were

.•••>. implicate glass, specially loimulated loi SRI. wastes.and
iiaJ a density of .v<) g cm' arid compressive stierigth in flic
;.inge ot 4.> x 10' ' ti)*i.')X 1 0 ' ' Pa in static loali tests."'

The SIIMII glass specimens were placed in a device foi
-.conducting impact test*, which consisted essentially <;J a
""liaih'niei" and an,, "anvil." each made ol hardened tool
steel. A 2-kg weight-Jasliiig distances o! ui} to so cm
provided a inaxinuim smglt'-drop impact energy u! ] .v~ .1.
winch was applied to the llai e«>l .>! the specimen. The
mip.ic! resulted in liags^entation ini'waid Irom the smcnn-
Hned vsdes <ii use cylindrical specimen.^Repealed impact*
were siss'd t" obtain cumulative energies up to 'M J up the
li»-g specimtTfiV Panicle-sue distributions weve "deiS'mined
h\ •.ic'-ing techniques =.wih live screens, sized in thtf range ;>!,
21) h> 0.1-2$ mm. With some samples, the mawiui passing
the smallest sieve was j |sn aiialy/ed by a ( "i:Ue:\ci>unte!.
dcmettical surlace areas weie circulated (assuming cubical

Symmetry ) trom IIK1 si/e hactions. |-.ij impact energies in
the range ';>;'• 2,0 to ~> J g. the :ati>> ot eneigv input h>
viuijce area i>t restilimg tia£ments was nearh omstant
I l.Oh - 0.11 I x 10* J in : . I oi 'he glass specimen^, no
particles we^e detected4 •>! a si/e smaJlei tluw s ,Mtn.

Specimens ^>v coiureie JIWIIIKHII aJdmves) shewed
jivnii! ilk- SJIIV IKIJI suitace JTI'J "t tsjfgmeniaiion pei riiut
.u energy as the glass specimens slumeu Howevei. conciete
Mill additives (40'; waste sludget avejaged about 2.* rime*
lughe; surface area 1nj the same energy inpsit. The
..VrncretO4 al>o haJ~ a significantly higher proportion .'1
paiticles «>t iespirable si/e (i.e.. smaller iluii lO^mi.

iTipac' tests oi sma||, uncaniMered glass spccmwiis have ,,
been aivi conducted at l*Nl. in an jppr«udi similar to tlut
at SRI.. Small (3g( :.jvciinens .«f ielerence glasses anJ
ceiJimcs were impacted at energy inpiMs ot ..*' to"130 J g

(Ret. 15). In some cases, particle sizes w^re'measured by
screening, but tlie total surface areas were not reported. In
other cases, the total surface area was measured by the
Brunauer 1-mmeti Tellei (HIT) method (which is based
on gas adsorption), but no panicle si/e determinations weie
made.1" The specific impact energies of these tests were
higher by more than an ordei of magnitude than in the SRI.
tests or in the PNL engmeeiing-seale tests cited above. It
was observed in these impact te.sj,s o\ small uncanisteied
glass specimens that the oveiall impact proceeds in stages,
even for a single impact by a tailing weight. The first
(primary ) impact results in an explosive fiagnientation ol
the original body, and the downwaid movement of the
impact jam then crushes the primary fragments in succes-
sive stages.1 " ,

Evaluation of Laboratory-Scale Tests

The above tests in which glass specimens ol a certain
si/e were fragmcnu&l by multiple impacts were found to
give a nearly constant ralio'ol input ener^ to fracture
surtace area. 1 .Oh X 10'* .1 m*. over a range ot eneigy
inputs. This tact suggests thai the ellects ol impacts may be
determined by ")0. the surface-energy pioperty of, the
material, which has been theoieJicu'ly defined but is
diltiv'ult to measure in piaciical terms. It is also known that '
stntace eneigy and haidness ot solids are related, and both
inciease with incieasing liiiei molecular toices* Ilnwever. in
actual fhech.misms ot tiacture. (heinechauical eneigy inpyl
u'ljtined to pioducesbrittle tiattuie t,s much largei than can
be accosiilleilloi by the eiiuilihrium siir/ace eneigy ">,, oi
file niatcnal. ..-,;. „ ° J

Tlra dissipation ot ••Mnpfii mechanical energy in the
single-impaCjt tiacture of hiittle mai^ial has been measured
by .) calonmemc nieihod.' ' The BIT gas adsorption
met h<ut; was used to nieasiiK^ihe increase ol sin face area ol
glass and tjuait/ specimens impacted by 3a dual-pendulum,
device. The specimens were impacted inside a calorimeter
so tliat the liea! geneiated could bi« Mibtiactfjjd from I|,K-
impact mechanical eneigy ,!»> «>Htain t),ie true MIIfaiv energy .
which was toiind t>> hi' !ess~rhan ^ t) .1 IVT and probably •
about 1.0 J n r . The'input sii-tace-enersiy lo^u.i'iemein was
abi(Ut "" J 'i\r in the\e tests1 ,, a r J

PRELIMINARY FORMULATION OF
CALCULATIONAL MODELS OF IMPACT
FRACTURE OF BRITTLE MATERIALS IN
CERAMIC-METAL COMPOSITES

Introduction

The coinetsion ot impact eneigv into nieaMiiahle
J.-toMiiaiioiii, tit inatenals can be ouiinu'U as tollo-As (I I A
massive body tailing tieely in the earth s gravity accrues
velocity and kinenc enetgy , (2) ll this moving body makes
contact with an esscnually unyielding sintace. a'decelera-
lion occurs in which the velocity ilecieases as the decelera-



tiim force «>n the outside surface of the body (at the /one
of contact) results in a linear (inward) deformation ol the
hody. (3) This deformation is initially elastic, and the
elastic deformation energy is stored throughout the volume
of tlie body as the product of the conipressive stress in the
material and the volumetric deformation. (4) In the con-
tinuing deformation process, the elastic stress increases to a
maximum when the velocity of the body has fallen to zero
and all the kinetic energy has been convened into elastic
energy. (5) For impact velocities well below the speed of
sound, the conversion of kinetic energy to elastic energy is
independent of velocity and of the time rate of elastic
deformation. ((i)lf stresses in some region of the body
exceed the elastic limits, the material can deform by plastic
flow ( i f ductile) or by fracture ( i f brittle). (7) In such cases,
the stored elastic energy is consumed in the inelastic
geometric defoimalion and in heat from frictional clfects.
(N)The paititioning of inelastic deformation energy among
different'materials in a composite hody depends on the
different thiesholJ stresses for inelastic deformation, the
configuration of the body, and the conditions for the
extent of deformation, including the limitations of energy
available. C ) Inelastic defoimation of bii i t le maleiials by
impacts takes the. form of Iractitie into fragments, i.e..
transformed into participate solids, which can consume
energy by contact friction under compiession. (10) The
chaiactcri/ation of particular matlei icquires the specifica-
tion of both the total surtace aiea foimcd and the mass
fi act ions of panicles according to the lange of si/e of
particles in the traction. ( I I ) Paniculate solids resulting
!"nj;v comminution processes geneially exhibit a si/e distn-'"'
bution characterized by a mean si/e and a standard
deviation, such as that described1 ' mathematically h^ the
lognoimai probability function.

Energy and Stress in Brittle Fracture

The deformation of ductile material in me<1ianieal,
impacts is well established tor a wide range of materials anil
ol impact conditions of practical inteiest. When the impact
force results in a conipressive stress in the material above
the value of the dynamic flow sliess (up) , a,property of the
mateiial. the material deforms inelasticalK (irreversibly) In..
plastic flow, as a local change in volumetric configuration
measured >'as displacement volume AV. The deformation
behavior of the ductile material is such that essentially all
energy absorbed inelustically in the material lesults in
plastic f low: that is. loi impact energy absorbed inelasti-
cally. Wp = upAV. as given in Fq. 1 above. \i is understood
that op is a composite property of the hody which is a
function of t h e fundamental elastic modulus. Poisson's
ratio, and the tensile yield sjress and. in piactice. is
independent of the configuration of the body and the
conditions of impact for materials that do not show
sensitivity to rate .of strain. Equation I has been found
approximately valid for practical materials, shapes, sizes.
and velocities of impact.5

The impact delormation of brittle material differs from
that ol ductile material in the different ratios of heal
produced from the icquired mechanical energy input for a
given amount of deformation/ m brittle fracture, only
about \'"' ol the impact energy is consumed by the surface
energy: the balance lorms heat. In impact deformation of
ductile material, the heat effect is much less. For fracture
(i.e., surface area is increased b> a factor of If) or more),
the brittle body is fragmented into many small pieces and
the energy is consumed in frictional contact of these pieces
in conipressive impacts as well as in breaking atomic bonds
in the formation of new surfaces. If >0 's l n e equilibrium
surface energy. W| is the impact energy absorbed, and AS|
is the total surface area formed in the fracture;,then

AS, =
yW,

7o

where y is the fractional efficiency with which W| is
converted to 70 and y must be defined lor the si/e.
eonfigiuation, and impact conditions. This is done by the
conceptual Itacture processes described below.

f rom a general conceptualization of the type of
compiessive fracture of, brittle material that occurs in an
impact, a threshold compiessive stress <;<• loi fracture can
be estimated as ti\ ;p. where o\ is the tensile fracture stress
and /J is Poisso'ii's latio. Both // and <i\ are basic elastic
propeities ol the material.7 '" The estimated compressive
Miess calculated in this way is consistent with reported
properties ot glass.*'1'' l o i a piactical case ol extensive
fracture, the body must receive the above threshold
compiessive stress «<• = r,t y. I'mm this stress the elastic
work W( stored at the value of compiessive stress sufficient
to cause tract tire can be calculated as a one-dimensional
approximation as

where VV, is the original volume ot the brittle body and L
(Young's modulus) ivan elastic property of the material.

From conceptualization of the tensile fracture of a
brittle body under short-term static loads, the ratio of
surface area to energy can be found in terms of the new
surface. 2S,, (§„ is the cross-sectional area), produced in a
single cross-sectional fracture and the stored elastic tensile
energy ty'ij, required as input .energy to raise the tensile
stress to the elastic limit, i.e.. to the tensile fracture stress
o\ This elastic energy may be calculated as

w,. = 21. (4)

From Fq. 4, the energy surface area ratio can be stated in
terms of the general case, where the surface area formed is
AS| as



5)

where W| is the input energy absorbed by both fractjre
and friction and So is the original cross-sectional area of the
material through which the tensile stress was applied.
Although this conceptual model is based on pure tensile
fracture, the ratio \V derivable from Kq. 5 is believed

to
3;
of

to apply generally and to be valid as an approximation
the more practical compressive fracture model of Eq.J
that is. the efficiency of the conversion of elastic energy
tensile fracture in l:q. 5 is at least as'high as the compressive
tracture in Eq. 3. The energy efficiency y of equation 2 can
then be compared to the ratio W| /.AS| in Eq. 5. Since
surface energy y,, is defined as a property of the material
only, we see that energy efficiency y is a function of the
material and of the surface to volume ratio So/Vo. Tl|e
extent to which y depends on geometrical configuration of
the body and on the conditions of impact must be verified
experimentally. The. above model implies fracture is i'a
lunction only of W'| ;V,, and of S0 'V0 .

The surface-energy relations for brittle fracture can be
summarized from Iqs. 2 and 5 as

(6

which has a form analogous to Eq. I for ductile materials
("alculations by fq. (i are in approximate agreement withji
limited data.4- ' '

Models for Brittle Fracture in

Ceramic-Metal Composite Bodies

The energy and threshold stress for deformation of
ductile material is given in Eq. I. The energy and threshold
stress required for fracture of brittle material is given by
a\ ii. The total energy Wj available from the impact for
deformation and fracture of a composite is

vv, = vvD + w , (7)

Impact resistance of a reference design of a metal-
matrix waste package can be measured by the increase in
surface area -1S|?. which is considered to constitute an
increased potential for entering the human environment by
aqueous leaching. This increase in surface area is related to
energy as in Eq. 6."The energy available for generation of
this surface area is a residual energy of the energy remaining
from the original impact energy \V| after the absorption of
energy by the deformation W^ of the stainless steel canister
wall ami of that portion of the total lead that lies between
the surface of the brittle body and the external source of
impact force. The actual extent of fracture will depend on
the input energy of impact and on competitive processes
for dissipating the energy.

., A summary composite model relating fracture surface
area to impact energy can be obtained from Eqs. 1, 6, and
7:

mm
= (W, (8)

Equation 8 shows two equations in a total of 10 variables,
most of which are properties of materials measurable
independently of impact conditions. The above model is
"calibrated" for a waste form when the remaining two
degrees of freedom are established experimentally.

The above conceptual and calculational models provide
a basis for design, development, and testing of ceramic-
metal composite waste forms.

REFERENCES

1. I,. I. .lardine and M. .1. Steindler, A Review of Metal Matrix
Fncapsiilation of Solidified Radioactive High-Level'Waste, DOK
Keport ANI.-78-19, Argonne National Laboratory, 1978.

2. L. J. Jardine and M. J. Steindler, A Perspective of Metal
Encapsulation of Waste, in Proceeding of Scientific Basis for
Xiicicar Waste Management, Boston, G. J. McCarthy (Fd.),
Plenum, NY, 1979.

3 . 1 . H. Smith and W. A., Ross, Impact Testing of Vitreous
Simulated High-Level Waste, in Canisters, DOl:. Report
UNWI.-I9O3. Battollc, Pacific Northwest Laboratory. 1975.

4. R. M. Wallace and J. A. Kelley, An Impact Test for Solid Waste
Forms, 1)01- Report DP-1400, Savannah River Laboratory.
1976.

5. L. !i. Shappert et al., A Guide for the Design, Fabrication and
Operation of Shipping Casks for Suclear Applications, OQV.
Report ORNL-NSIC-68. Oak Ridge National Laboratory. 1970.

6. H. R. Yoshimura. Crash Testing of Spent-Xuclear Fuel Shipping
Systems, in Proceedings of the Symposium on Waste Manage-
ment, Tucson, Arizona, March 6 8, 1978. DOF Report SAND-'
78-045lC.Sandia Laboratory; 1978.

7. I . A. McClintock and A. S. Argon. Mechanical Behavior o.t
Materials, Addison-Wesley Publishing Co.. Inc.. Reading. Mass.,

K. W. I). Kingen., Introduction to Ceramics. John Wiley & Sons.
Inc.. N'cw York. 1960.

9. J. R. HII(chins .ind R. V. Harrington. Glass, in Kirk-Othmcr
l-.ncrclopcdia of Chemical Technology, 2nd ed.. John Wiley &
Sons. Inc.. New York, 1966".

Id. Wilhclm lltifmann. Lead and Lead Allovs. Springer-Verlag.New
W k . 197(1.

11. <•',. Herii.ni el al.. Small Particle Statistics. Academic Press. Inc..
London, 196(1.

12. R. ('. Uradt et al.. Fracture Mechanics of Ceramics. VoK 1 and
1, Plenum I'rcss. New York. 1M73.

13. R. A. Zeleny and K. J. Piret. Dissipation of Energy in
Single-Particle Crushing, hid. hig. Ohm., /'roc. Dvs. /)«,i.. I:
37-41(1962).

14. \ \ . I. Mecham. \\ . B. Seeteldt, and M. J. Steindler. An Analysis
of Factors Influencing the Reliability of Retrievable Storage
Canisters tor Containment of Solid High-Level Radioactive

331



Waste, DOI-. Report ANI.. 76-82, Argonne National Laboratory, Savannah River Plant Waste, DOM Report DP-1382, Savannah
1976. River Laboratory 1975.

15. Proceeding of a Seminar on Transport Packaging lor Radio- 17. J. I.. MMmy, Quarterly Progress Report, Research and Devel-
active Materials, organized by the International Atomic Energy opmenl Activities, Waste luxation Program January through
Agency and held in Vienna, August 23 27,1976. March 1977, DOE Report PNL-2265, Battelle, Pacific North-

16. J. A. Kclley, Evaluation oj Class as a Matrix for Solidification oj west Laboratory, 1977.

332



STRESS ANALYSIS OF GLASS-CANISTER INTERACTION:
A STUDY OF RESIDUAL STRESSES AND FRACTURING

F. A. SIMONENand J. R. FRILHY
Pacific Northwest Laboratory, Ricliland, Washington

ABSTRACT

Residual stresses ami cracking in canisters filled with vitrified
nuclear waste are simulated using finite element computer calcula-
tions. Cooling rates, internal heat generation, and thermal expansion
coefficients significantly affect stress levels^ Glass behavior within
the softening temperature range is taken to follow the instant
freezing concept of Bartenev.

INTRODUCTION

In the vitrification of calcined radioactive wastes it has
long been recognized that thermal and residual stresses are
set up in both the glass and canister during cooling of the
molten glass. Such stresses have been manifested as cracking
of the glass and as tensile residual stresses in the walls of the
canisters. The causes and consequences of cracking of
high-level waste glass in large canisters are discussed
elsewhere.1

This paper describes computer simulations of the
solidification and cooling process which predict time
histories of stress in the glass canister system. Existing finite
element computer programs were adapted to perform these
simulations, and a collection of case studies was performed.
The results permit interpretation of canister residual stress
measurements and glass fracturing observations which are
available from engineering development trials of the vitrifi-
cation process. The objective of the analyses is to relate
stress levels and cracking to processing variables (i.e.,
cooling rates, thermal treatments, canister size, etc.). In
addition, the results indicate the extent to which experi-
mental observations of cracking in nonradioactive glass can
be applied to the radioactive situation.

Two analytical models are described. The first model is
one-dimensional and focuses on the factors that govern
residual stresses in the canister as well as the contained
glass. The second analytical model is two-dimensional in
scope and is applied to the prediction of crack patterns
within the glass.

ONE-DIMENSIONAL ANALYSIS OF
RESIDUAL STRESSES

Temperature and stress states in a typical longitudinal
slice of glass canister system were considered. Results of
steady-state and transient thermal analyses, based on the
ANSYS2 finite element computer program, supplied tem-
perature data to a companion finite element stress analysis
program. The hardening behavior of the glass during cooling
was treated by the instant freezing concept of Bartenev.3

More complex theological models of glass behavior in the
softening range have been applied, in which the effect of
temperature on stress relaxation is represented by a
contraction of the time scale.4 An equivalent time, f, is
defined as:

"f = t*(T) ., * s

For commercial soda-lime glass, the shift function, <1>, can
be represented as > ;

log, 0 {*}= 0.03861 ( T - 558)

where T is the temperature1 in °C. Numerical studies,
however, indicated (hat such phenomena have little effect
on stresses in the glass canister system.
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Fig. 1 Kft'ect of heat content and cooling conditions on glass stress.

Stresses associated with various cooling conditions for
an eight-inch diameter canister of glass produced by the
in-can melting process have been predicted. A significant
variable in these calculations was the rate of internal heat
generation due to radioactive decay. The heat rate was
varied from 0 to 100 watts/liter. Thermal and mechanical
properties were for a typical borosilicate glass and a 304L
stainless steel canister as given in Table 1. The solidification

TABLE 1

Thermal and Mechanical Properties

! h. v a

Canister and'fins
(304L SS)'|

Glass ;
28 x 10' psi
11 x 106 psi

0.3
0.3

9.6 x 10~6 " F - 1

5 x 10~6 "H"1

temperature for the instant freezing concept was taken as
1067°F, based on the softening behavior of the selected
glass composition.

Predictions of tensile residual stresses in the walls of
canisters (levels at or near the canister material yield
strength) are! consistent with stress measurements on
experimental canisters. Such stresses are due primarily to
the higher thejrmal expansion coefficient of the canister
material relative to the glass.

Figure 1 shows predicted stress levels in the glass for
various cooling conditions. Also, differences between non-

heating glass and a high heat content glass of 100 watts/liter
are shown. In all cases, filling was by the in-can melting
process. The predictions showed a profound effect of
internal heat generation on both glass and canister stresses.
The presence of internal heat within the glass results in a
predicted reduction of residual stress in the glass and a
predicted reduction or even elimination of the tensile
residual stress in the wall of the canister. Steady-state
thermal gradients in the glass due to internal heat genera-
tion result in compressive stresses at the center of the glass
and tensile stresses at the outer surface. This stress pattern
partially, cancels the residual stresses of internal tension and
external compression that develop during cooling of the

: glass from processing temperatures.

For cooling rates typical of proposed vitrification
processes, glass stresses can attain theoretical levels ap-
proaching, 30,000 psi."Since such stresses are well in excess
of typical glass strengths, the analyses clearly indicate that
cracking of the glass will occur, as lias been observed in
process development trials.

Changing the thermal environment by placement in
water storage increases glass tensile stresses in response to a
reduction of tensile residuai'stress in the canister wall due
to rapid cooling of the hot canister. The loss of tensile «
stress in the canister, wall implies a loss in the radial
compressive loading on the outer surface of the glass and
hence a reduction in the associated compressive contribu-
tion to the total stress state in the glass.

As shown in Fig. 1, the glass stress increases as the heat
generation rate in the glass decreases in response to
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STRESS ANALYSIS MODEL
FOR GLASS FRACTURING

Fig. 2 Glass-filled 8-inch diameter canister with eight internal fins.

The thermal1 expansion effects were studied by use of
finite element modeling. The finite element program used
in this analysis was a modified version of the code described
by Wilson.5 A sixteenth symmetry model of the canister
cross section was used to formulate the mesh configuration
shown in Fig. 2. Boundary conditions were imposed to
restrain circumferential motion at the radial boundaries of
the mesh. "•'

The finite element solution was performed so as to
allow glass cracking due to tensile stresses. Cracking was
simulated by .treating the glass as an orthotropic material
with zero elastic modulus normal to the crack face in the
manner described, for example, by Glenn.6 The loading was
a 1000cF temperature decrease, with the glass- canister fin
assembly taken to be stress free at the so-called instant
free/ing temperature. The glass material was then allowed
to crack in regions where tensile stresses exceeded some
initial threshold. Using the orthotropic3 properties for the
cracked glass in these regions, the analysis was repeated
using a diminishing glass strength with each iteration.

Figure 3 shows a graphical interpretation of the
predicted cracking process. Final crack patterns are shown
for assumed glass strengths from 0 to 10,000 psi. The
cracking initiates at the ends of the fins and subsequently
extends around each fin. Figure 4 shows a cross sectional
canister of the same dimensions as the finite element
model, and a similarity of the cracking patterns around the
fins can be seen. The sectioned canister also shows
extensive cracking near the outside surface of the glass. This
mode of cracking is the subject of present investigations.
Cracking near the outside surface is thought to be due to
thermal expansion mismatch between the canister and the
glass in the axial direction. Thermal gradients during
cooling may also be a factor.

radioactive decay. The analyses suggest that radioactive
glass with high heat rates will be less extensively cracked
initially but may over long time periods continue to crack
in response to a decaying heating rate;

TWO-DIMENSIONAL ANALYSIS OF
GLASS FRACTURING

The cross section of the eight-inch diameter canister
(Fig. 2) with eight internal fins for enhancement of heat
transfer was modeled. The glass had no internal heat
generation and was taken to be cooled from melting
temperatures (say l°C/hr). Stresses were due solely to the
fact that the coefficient of thermal expansion of the steel
fins and outer wall was greater than that of the glass. Asa
result, additional cooling after the glass solidified had the
following effects:

• The outer shell tended to compress the glass cylinder.
• The radial fin tended to shrink away from the

surrounding glass.

DISCUSSION

Analytical models of cracking have proven useful in
interpreting observations, in estimating the effects of
internal heat generation, and in identifying means to
minimize the extent of cracking. Hou;ever, quantitative
predictions of cracking (e.g., net increase in surface area
and particle size) are currently not possible. The conse-
quences of cracking of high-level waste glass is discussed in
a previous publication.' where it is concluded that the
amount of cracking in high-level waste glass can be0

controlled to meet expected waste form criteria. In most
situations the amount of cracking typically observed in
simulated waste glass should have no significant effect on
the safety of surface operations. Cracking will, however,
result in increased surface area and increased leaching rates
in the disposal environment. However, recent data7 suggest
that the quantity of leached material in the disposal
environment will not increase in proportion to surface area
and that other factors are more critical in accelerating leach
rates.
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10,000 psi FRACTURE STRESS 5000 psi FRACTURE STRESS

2,500 psi FRACTURE STRESS 0.0 psi FRACTURE STRESS

Fig. 3 Predicted cracking patterns in ylass-fillcd canister - 8-inch diameter canister with eight internal fins.

Fig. 4 Glass cracking pattern as seen in sectioned 8-inch diameter canister.

336



ACKNOWLEDGMENT

This paper is based on work performed for the U. S.
Department of Energy under contract EY-76-C-06-1830.

REFERENCES

1. S. C. Slate; L. R. Bunnell, W. A. Ross, F. A. Simonon, and J. H.
Westsik, Jr., Stress and Cracking in High-Level Waste Glass, in
Proceedings of High-Level Radioactive Solid Waste Forms,
Denver, NUREG/CP-0005, National Technical Information Ser-
vice, Springfield, VA, 1979.

2. G. J. DeSalvo and J. A. Swanson, ANSYS Engineering Analysis

User's Manual, Swanson Analysis Systems, Elizabeth, PA, March
15*75.

3. G. H. Bartenev, Tempering of Glass, Zh. Tekk. I-'iz., 19(12):
1423-1433(1949). «

4. E. H. Lee, T. G. Rogers, and T. C. Woo, Residual Stresses in a
Glass Plate Cooled Symmetrically from Both Surfaces, J. Am.
Ceram. Soc, 48(9): 480, September 1965.

5. E. L. Wilson and R. M. Jones, Finite Element Stress Analysis of
Axisymmetrk Solids with Orthotropic Temperature Dependent
Materials Properties, Air Force Report No., BSD-TR-67-333,
September 1967. '"' * ,

6. L. A. Glenn, The Fracture of a Glass Half-Space by Projectile
Impact, / Mi'di. Phys. Solids, 24: 96(1976).

7. W. A. Ross et al., Annual Ke/xjrt on the Characterization of
High-Uvcl Waste Classes, PNL-2625, Battclle, Pacific Northwest
Laboratories, Richland, WA, June 1978.

,337



VIII. IMMOBILIZATION OF SPECIAL
RADIOACTIVE WASTES

UTILIZATION OF BOROSILICATE GLASS
FOR TRANSURANIC WASTE IMMOBILIZATION

J. A. LHDFORD and P. M. WILLIAMS
Rockwell International, Golden, Colorado

ABSTRACT

Incinerated transuranic waste and oilier low-level residues have
been successfully-vi I rj tied by nikinf.' with boric 'acid and sodium
carbonate and healiim'to 1050 (' in a bencli:scale continuous
inciter. Che resulting borosilicate l̂ass demonstrates "excellent,
mechanical durability and chemical stability. /<

INTRODUCTION

A process has been., developed to immobilize various
types of transiiranic residues resulting from typical opera-
tions at nuclear materials "facilities. Residues are combined
with a minimum iof chemical ad9itives in an externally

==TJieated metal vessel to produce a borosilicate glass. The glass
; is fonried into small buttons which exhibit highly desirable

physical, mechanical, and chemical characteristics.

DISCUSSION

Waste Characterization „ '

Transuranic (TRU) waste, as generated at typical
nuclear materials facilities, exhibits an extreme range of
physicakchaiacteristics. In order to successfully process a
majority, of these materials, a twe^phase development effort
was undertaken a t t h e Rocky Flats Plant., The first phase,
volume and weight reduction, is accomplished primarily
through incineration. Ash from the incinerator is combined
with other suitable waste, streams and necessary additives
for further volume reduction and immobilization in the
second phase.. This two-phase approach results in an overall
TRU waste immobilization syst6in which is capable of
processing a great diversity of materials.

Incineration is accomplished through a fluidized-bed
incinerator (FBI) developed as a part of the program.1 A
listing of typical materials processed through the incinera-
tor is given in Table 1, and the chemical composition of the
resulting ash appears in part of Table 2. Two constituents
of the input to the incinerator produce ashes which differ
significantly in composition from the ash produced by
combustion of "ordinary" materials such as paper, plastics,
booties, and coveralls. The ash from high efficiency
particulate air (HEPA) filters and tributyl phosphate is
therefore reported separately in Table 2. The effectiveness
of the first phase of the process is indicated by the
considerable volume (£7%) and weight (88%) reductions
realized. However, as the residue of the FBI is partially
soluble arid highly dispersible (83 wt.% of particu-
lat.es < 200 n), it is apparent that immobilization, the
second phase of the program, is desirable. Other wastes
considered for introduction into the process at this point
include inorganic ion exchange resin and diatomite filter
aid. Typical chemical compositions of these materials are
given in Table 2. " e

Process Development " •"

Investigation of a number of possible waste forms arid
consideration , of the corhposition of the waste to be
immobilized resulted in the selection of the vitrified form
for further development. Examination of the waste compo-
sition (Table 2) indicates that very nearly all the essential
ingredients for forming * glass are present^in the wastes.
Only addition of small amounts of B2O3 (as H3BO3) and
Na2O (as Na2CO3) is necessary to produce glass with the
desired properties. As a result, large waste-to-additive ratios
can be obtained producing a waste form that is highly
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TABLE I

Typical Material.vProcessed Through
the Fluidi/ed Bed Incinerator

I'VC plastics
I'..per >?
Shoe covers
Organic ion exchange resin
I'nljethylene
Waste chemicals
Rubber
Wood
III I'A filters

leather
Reverse osmosis, me mbranes,-)
Naphtha
Metliylene chloride
Irichloroethylene
Hydra/me'

Oil „ „ ..
Methyrtellulose
Tnbutyl phosphate

TABLE 2

Chemical Coinpositiori of Simulated
Waste Streams by Wt.%

Ordinary Tributyl HEPA
Chemical waste phosphate filter

compound ash, 9f ash, % ash, '/<

Diatomite Inorganic
filter ion exchange

aid, % resin, %

Van
Va,CO.
Cr.O,
\1,O,

SiO,

N.i, SO,
C

Na,PO<
MuO

lc(),
Cab

Na2O -
I I , O,

5.0
3O.0
10.0
35.0
1 2.0

5.0
3.0

i oo.o

17.2
3.0

10.4

tl.'S
68.9

100.0

1.2

11.9
39.6

' 1,2
3.8
.3.6

33,9

2.6 "
2.2

100.0-

2.4
87.2

'• . 1 . 4

J3.6 o

4.9

100.0

24.9
58.5

13.7

/ 2.9

100.0°

weiglit and volume efficient. Glass also exhibits inherent
characteristics such as nonflammability, high structural
strength, and chemical stability, that indicate its applicabil-
ity as a final waste form for long-term storage.

Early development criteria demanded that the process
demonstrate maximum possible simplicity and component ,
longevity since it will have to operate with limited access
due to the containment requirements for radioactive
material processing or may have to operate rematetyr.
Therefore, an externally heated reactor vessel in an'~eie~c,trij(3,
furnace was chosen because this type of equipmejfjS'^SL)^ °
simple and well proven. The vessel, however, an
some challenges.

As molten glass is highly corrosive, reactor
investigations were limited to those materials known to bejj
extremely corrosion resistant as well as capable of with- o
standing temperatures of approximately 1000°C. Certain
metals appeared to satisfy these criteria.^Laboratory tests in
which coupons of test materials were submerged in mplten
glass for 500 hours indicated that Inconel 600 and 690

alloys were likely candidates. A vessel was subsequently
fabricated from a length of Inconel 600 pipe and placed
into operation. After 40 hours of operation, .sufficient
deterioration had occurred to prevent its further \ise.
Another vessel fabricated from a length of Inconel (S9Opipe
operated continuously for more than four/months. Destruc-
tive examination at the end of that period revealed ho
evidence of serious corrosion or other deterioration.

Another of the development criteria demanded that the
output' of the process be uniform and easily handled.
Various sizes of molds of graphite and steel were investi-
gated, as were marble forming machines. All were rejected,
however, because of mechanical complexity. Early work in
preparing specimens of glass for tests involved pouring glass
from crucibles onto a metal plate to form small buttons.
This technique is the basis for the forming method which
was finally adopted and is presently in use.

Production Propess

A bench-scale vitrification facility, processing simulated r

nonradioactive wastes, has been, in operation for several
years at the Rocky Flats Plant. Consisting primarily^pf
feeding, melting, and forming stages, the process complies
fully with the\-riterion of simplicity. Blended wastes and
additives are introduced into the hopper of the screw feeder
("Fig. ljTio, be conveyed, as required, to the 'reactor. The
feeder is a commercially available unit which employs'a
straight-thread, noncompressing screw, ft is supplied with a

• Fig. 1 Vitrification schematic.
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• i ' i . . i '-i| n l leni'lh's n l pipe, l a h n c a t e d p iuuai i ly of

:i . v l i- '«. - | irn"|r 'O'.(i < t i n thick:1 the ledesij/ncd vessel is

• I I I . . I M \ . t | i i , i i f in tmss seL l ion , ( l l ie cnineis have

' " i i n l ' -d i o ^ . n ih l . i le . o n s l i i n I m n ) nieasunni.' 2.i cm

'."' t i n i j^ep. .ly.ii \ ( l i i i i Inn^', Mo l ten glass, occupies,

•.iij i.i i iv!'/ niie i l i i n l n | the u- . ic io iN j-'ioss volume ol 24

•i ' l

itinj1 ihe lop neai one end is a°n Inconel dOO pipe.

„ Aiilr'.m nisule diaiuelei of r>..'!^ cm, which setves as IheTeeil

p.'I'I HI inl<-t lo the vessel. Another Inconel (M) pipe. 2.do

,_ . Hi IN ,iile thaiuelei. peneliales the top neat the ofhei end

" ,-tiicl . m i 1 , a-, c i i i i i in l mil Vuiili- aini'^ilf-gas oi i l lei . Directly

•ifi^'W i l i i . pipe is llie ).'lass outlet, an lucoiiel 6(X) pipe cap,

i«h i . h ini'.i'.iiit's .\oft-i-in inside dfameter, with af,0.d4 cm

di.iitii'ier hole llifough ihe bottom. Ihe glass lloW control

mil a lejijuh nl I.') cm diameter Inconel (>'H) threaded at

•lie Ad-'and1 machined lo a point at the cither, is installed

through a llneaded porlion ol the off-gas outlet in such iy

*,i\ (hat toial ion o f Ihe rod causes 'it lo n f tvc vertically.

Ihr . oincal cud of (he rod can thus be withdrawn Irom Ihe

hull' in ihe glass outlet, in Which it normally rests, and glass

; llow can IK1 miii.ijedaand ic'gulaled. Since Ih^ lass outlet is

•- i n i j | | \ vviiliinoilie healed chamber of the furnace, a hole has

lifen piovidcd ihrougli the refraciory and furnace bottom

diu'ctly below the outlet tj> allow the glass lo drop onto the

tomii i i j ! table. The feed port and,control rod guide/off-gas '

i>uiK"i ate,; ol a 'sufficient length lo extend through the

i f l i ac io r i ' anil lurnace top so as to be accessible from

In aciual operation", (he control rod is positioned to

allow glau. to"accuntulate al the outlet until the weight ol"

the collected material overcomes surface tension and a drop

nl glu^s tails. In the abseftce ol other variables, the volume

nl material ineach drop is relatively constant. The drops

jit1' allowedjCo (re* fall onlo ihe surface of a rotating melal

* whet<^ihe> fotm small, rouglily hemispherical but Ions

i. due l.i the conr.lant volume of material, arc virtually

U> otie another. Some "experimentation was neces-

saiv before an acceplable malerial for the disc was found. ,r-

In i t i j ! eHoits iHing ci imnwn materials such x<i aluminum

jnd suinlfss sieul were ui^uccevslul aj the heal Iransmilted

i<> ihe du*. from the rapid coolmg buttons caused severe

waipmji ltii.niM-1 alloys are the ntiK iuj leri j l-. * l i k h have '•

ilale pmven .:ilisl,a..lnr>. After residing on the Inriniin.'

table foi a period sulfkient ID allowadcijuate ^HIIIK.J; the

•••buttons eiitoiuitei a stationan plow which renu±b«.-s tLeiii .,

(mm the dr.c. Alter further pooling, the;, are av.-.uniulaied

fni future"transportation and.stnrage.

Product Characteristics

'Die pmdut.I ol the process is a button of glass with a

Hal bottom and; domed lop. round in plan._ineasurinj!

approximately IO'Xiim in diameter am) o mm in hciglfi.

I'.ach bullon is dark green to black in color, opaque, weighs

about 0.7S rgm, and occupies a volume of 0.3 cc. Packing

density of the product is 1.5 gm'cc. Die product, in bulk, is

easily conveyed by aQ number of means and can be

introduced into containers of various si/es and configura-

tion. Thus, the final shipping container can be chosen to

facilitate handling with sirjall capacity equipment. A stan-

dard thirty^gallo'n drum filled with buttons would weigh

less than 1X0 kg.

Statistically significant sampling of the output of the

process is facilitated by the product torm. As the buttons

are virtually identical to one another, randomly chosen

samples can be considered with confidence to represent

accuiately the characteristics of the process output. Any

number of tests of product quality, including^destructive

evaluation and determinations, of producj composition, can

be per(omied with no adverse effect on the product

actually Sestincd (,foj storage. A series of such destructive

and nondestructive tests have been developed to measure

the .performance of the product. The tests evaluate such

properties as impact resistance, uompressive strength, resis-

tance to damage from extreme temperature change, abra-

sion resistance, and le&h resistance. They are applied

periodically to a randomly chosen sample of the output o f

the process as a part of the quality assurance program, as

well as to indicate tlje effects on the oulput of intentional3
changes in input^t romposition and process operation.

Buttons cifrrently "produced are capable of withstanding a

free fall o f moVe than ° m onto a concrete surface and the

impact of a 2.5 cm diameter steel rod weighing 1.35 kg

falling,.'through a distance ofc.one meter. These results,"

together with the results of tests to determine resistance to

heat "ahd leaching, all̂ qw the buttons to "qualify for the

designalton\of special form material as determined by the

United Stales Department of Transportation.2

Resistance lo leaching has been evaluated through two
methods. Buttons submerged in a brine solution in a Static
tesl for moie thiin a ye^r-have experienced'no statistically
significant changes in weight. Dynamic tests, using Soxhlet-irS.
extraction apparatus and deionized water.,haw produgedCj"
leach rates on the order of 10 \ g m / c m 3 • day. Compari- ~
sijn with leach rates of 10 s gm/cm* -day , as determined
by the same procedure for commercially prepared borotili- '
cate glass, indicates a high level o f performance, especially
for a glir, prepared primarily from wastes. Other tests
involving devated temperatures and pressures are contem-
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CRYSTALLOCHEMICAL STABILIZATION OF RA0WASTE
ELEMENTS IN PORTLAND CEMENT CLINKER

( . M. JANI / . I N .nu l l . P. ( , jy \SSi \<
IX-p.iilmont <>l ( 11 c in i ̂  t r> . rh iu-rs i ty ol Aberdeen. OlilAberilecM. Si.oll.inii

ABSTRACT

Most ut llu* i l i inenK pr is iul in ;c model I'W 4I> t .ulw asti- Hiii;1

In-en successfully im orpor.itcd during ilmkeiiiif: m l " the I'.ili linn

silicale .iiul lernlc ph.ise-. i <mipnsiM>.' I'oriljml icuiiMit. I he hulk

composition (it a model waste h.is hccn s\ steu:jlic.ill\ altered In (he

addition nl iillicr IIIIIH.HIKI ii l!\,t' components lo produu' .in

inherently cvincntiiious niatcrial. I liis lias the advantage (li.il ( ! ) (In-

radwaste ions aru subsliluicd diroi'tly ini'o lln1 crystal slrQtlurc: of

the anhydrous ccmcnl phases, (2) the iinhydnited ccnicnl tiintiniits

lo behave as a ceramic, (3> during! Ijydralion the rjdwaste ions can

be more readily incorprialed into the hydrajion products, and u

(4) the hydration products should represent a close approach to

thermodynamic stability during storage iti'geological environments,

e.g., low pressures and temperatures between ()"(' and —IKOT.

INTRODOCTION

The development of ra.dwaste storage systems requires a
sophisticated approach to contend v/ith the many nuclear,
chemical, and engineering problems vyhich arise as well as
the very long time scale (~104 to 10s years) envisaged for
containment. The longer the life expectation of the
containment system the progressively more difficult it
becomes to ensure that the containment system will retain
its integrity , under adverse geological conditions. The
long-term survival of glasses in uncontrolled natural en-:

vironments is, itv our view, questionable. ^

WHY CONSIDER CEMENT CLINKER FOR
RADWASTE STABILIZATION?

The reasons fpr considering a cement clinker system can
be summarized as follows:

I Poriluntl ccfjient clinkers are a ictam:i material "and
possess wan) ni ihe desirable attributes ol ceramics:
" 2. The' properties, and phase comptisitiuns of the rele-

vant cement -forming* systems are well understood. 'f
3. Many ol the mineral phases present in cements are

chemically inert across a broad spectrum of geological
conditions. : " " ^ ••• -

4. When reaction with the environment particularly
with water occurs, the products of reactionare naturally
cementitious, insoluble in groundwater, and immobile.

3THE NATURE OF PORTLAND CEMENT

Anhydrous"cerri'ent clinkers are essentially ceramics.
Cement clinker isa similar tp: many ceramics in that the
clinker is composed of oxide and silicate phases, the phase
composition of the rawc material is .completely altered
during the firing, and the final stages of sintering are
achieved in the presence of a reactive liquid phase. A
typical Portland cement has the^composition shown in
Table 1. For, present purposes iithiso is only a "base"
composition, which will be* modified by inclusion of
radwaste constituents. Ordinary Portland cement consists
almost entirely of four principal phases. These are solid
solutions but have the idealized compositions Ca3Si0 s ,*
Ca2Si0+ . Ca3Al2

L0e,, and Ca4AI2Fe2'O,Qj. When cement
hydrates, the products (jf-hydraiion consist mainly of a ,
poorly crystalline gel. Because this gel is t.hjPmain^cemenU
ing agent.,in constructional concrete. mu$i is known about
its ceiiieniitioiis pjopftMios ;md I'Nvhi/aNiin in a wide range

- ' • : ' ? k . : < > •••:•• • ' ' " ;;••) - • • ' , : ' w .-.. • . : • • • " . » ; .
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. ' r e : i1 ;:::,! ! e \ t , ; i e s in this di-jvisi! siitrgest i ha l tliose"

; t • a te \ e r \ n > ^ i ! i h | e a n d r e m a i n r e l . i t neK inmPib i l e
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PREVIOUS WORK

Mtliiiugli much work has hi-cn dimoOM

- •liilions nt ladwastc inns with cement.: vir.tuallv no uo ik

!.as been dune on iiiti(f])uralin{! ladwastc.s at the clinker

sijjiL'.'Wf liavc recently described the use1 ol clinkers as a

ceramic1 using model waste tomuiiations suggested by

McCarthy and Davidson." The wast(J may be incorporated

as either dry powder or liquid form. The alkaline earths. Sr,
Ua. the lanthanons, and Y are soluble at ~]0'.' total level in
( : S and C,S. while these elements plus Ce and Zr are
appreciably soluble in the ferrile phase. Loadings in excess
of the- solubility limits of clinker phases were shown to
produce a lanthanon"apatite when silica iscpresent. The

• iipatite behaved as an inert "ceramic" phase while theC2S
solid solutions reacted slowly with water to give a slightly
hydrated cement which exhibited low leach rates for both
Nd and Sr. Therefore, radwaste-doped cementitious phases
with or without the presence of inert ceramic-type phases,
i.e., Ln-apatite, appear to afford scope for the development
of promising containment systems.

MOLYBDENUM AND CESIUiyi
SUBSTITUTIONS

Experimental s

Mixtures for sintering experiments', were made using
commercially-available reagent grade's of CaCO3,* AI2O3,*
Fe2O3 ,* and crushed optical-grade quartzt as y/ell as
various reagent grade carbonates, oxides, and kaolin. Dried
reagents were weighed out in 1- to 20-g batches, wet
blended in agate mortars, redried, placed in Pt crucibles,

I \BII I

( IIMI|MKIIIIII) dl Portland ( rntent

llMilt'

VI !
; \ . i S • K < i • 4

*"AnalaR." a trademark of British Drug House. Poole. Dorset.
tngland, , ;

TThcrmal Syndicatt-. Ltd., Walhend, Newcastle. I n^land.

• II - -

.iiul Im-d in elcilric.ilK hi-jii-d multles in air. It was

IKM-SSJIV tn Dnnd and rvsinte! hat».lies si-\eia! times until

.•nmplefe IIMCIHHI was nbtainvd.

I HI nidKbdeninn suhs!ii,ij.H.'iiis. ( . I M D O J was lor me d

Ir'i'ii ( . (CO, ami MjfO-i l>y s]im-iin|i overnight a! ""^0 ( .

I Ins, enabled entfiipinent <>t the nini\ bdeninn in a ceramic

phase, stable ii|i to 144^ • 5 t (Kef >); piujr^to being

mixed and icsinieied into ceiiK-ntitiotii silicate; alununate.

HI teni te phases. A similar met hod was employed for

coupled substitution ol' ccSTum and--iiiolvbdenum :by start-

in;; with C'sjMoOj made from OsCO, and Mo(),'sjiealed

„. overnight at 650'(. ' . a , :' '

lastly, cesium .substitution into combined C2S (4AF :

mixtures was attempted by first forming CsAISiO4 (pollu-
citc), following the technique of Gallagher, McCarthy, and
Smith.4

The phase compositions were determined by powder
X-ray diffraction using a Ha'gg Q'-iinier focusing camera
and CuKul radiation. The amount of molybdenum retained
and its distribution between the phases present were
determined byj CORA, a.Kratos transhiission electron
microanalyzer, I while bulk cesium was determined by
atomic absorption. - •<$

|i " " °

Types of Substitutions > j

Tlie molybdenum and cesium substitutions were of
three types:' |i • . - , ' - , _,

1. Single element substitution of molybdenum into C2S
and C3S lattices for Si4 + , into C3A for Al3 + , and into
C 4 AFforFe 3 + ^

2. Multiple element substitution of molybdenum and
cesium into C3S (molybdenurrl'to replace Si4+ and 2Cs+ to
replace Ca2i) • • • : > o

3. Single-element substitution of Cs+ into two-phase
mixtures of C2S and C^AF -

The ralio of Mo/Cs in a type 1 substitution was kept a t
~2 by addition of both Cs2MoO4 and CaMo04, this being
the ratio found in a PW-4b radwaste. The amount of Cs* 8
substituted into the C2S C4AF mixtures (type 3) was also
predetermined by the approximate Cs/f:e ratio found in a
PW-4b radwaste.
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Results

Type J. Molybdenum substitutions inlo. the calcium
silicates were attempted at I300'C, about 150"C lower
than the melting point (1445 + 5°C) of CaMoO4. AllhciCigh
5.8wt.% MoO3 was added to the CVS preparation as the
theoretical end member Ca2MoO4.s and 4.7 vvt.% MoO, to
the C3S preparation as the theoretical end member
Ca3MoOs 5, i.e., assuming molybdenum to be pentavalent.
the CORA analyses revealed that no significant amount of
molybdenum was present in the C2S or C3S phases
(Table 2). Moreover, the CORA analyses revealed that the
reaction was incomplete for the C3S substitution. Particles
of C3S, C2S, and CajMoOg were identified in the doped
C3S preparation by CORA analysis although present in
such small amounts that they were undetected by, X-ray
diffraction. However, when the samples were resintered for
24 (o 45 hours at a somewhat higher temperature
(~138O°C). the CORA analyses revealed that 4.5 wt.%
M0O3 out of the 5.8 wl.7r M0O3 added was retained in the
C2S phase while the X-ray diffraction analysis revealed the
presence of CaMoOa. Thus most of the iMo was in solid

solution in C ;S anil the remainder present as CaMoOj.
Skirting with prepared C ;S instead of the component
oxides d[d not change the resulting products (Table 2). The
CORA analyses of the molybdenum doped CSS ranged
from 1.9 to 4.9 wt/'i MoO, with nn average of ~3.b wt."
out of the 4:.7 \v\..% M0Q3 added. However, the correspond-
ing X-ray diffraction analysis did ijot indicate the presence
of a second molybdenum phase suggesting that at I38CTC.
C3S accepts most, if not all, the molybdenum correspond-
ing to a 109c- doping of the Ca^MoO,., end member.
Higher doping^ i.e., I5,,and 20^ Ca3MoO^.,, retained two
calcium molybdate phases, Ca3MoO6 and CaMoO4. even
after brief firings at 1380°C (Table 2\.

The calcium aluminate, C3A, did not accept molyb-
denum doping but formed a stable aluminum molybdate
phase, and. therefore, further experiments with CA* and
Ct 2Aft were.'not attempted. The calcium aluminofcrrite
phase, C 4 A F . did not crystailochemically accept

•C, ,A, = ik'iiO • 7AI;O,.
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I <MI ( ' Im 1 M i r p r o d i. ed a single J e m l e phase at

10 '!;<>!(• ' d o p i n g u|" tin.1 t hen ie t jka l end member1 . .

( a 4 A l : l iA1..,, , ( ) , , , l i a b l e 2). ( Ol<![\ ana lyses .JI th i s

p i n d u ^ t le ' .ea led tha t 2.0'• ' n\\ the 2. l ip M u O , a d d e d was

r e t a i n e d . T l i c R ' I n r e . ( , S and C.,AI a te the nivist p i o m i s i n g

..linker phases lo r CI J s t a l l nchemica l j e l e n t i o n <-.l' i i i u K b -

d e n t i m . nhiiDUgl) firing temperaluie . - ) (rinse t o l.^HO ( ' a r e

r e q u i t e d tu p r o m o t e rpac t ion in s ingle-phase p r e p a i a l i o n s .
•J .

Type 2. Coupled substitution ofjiMo5'"1 foi Si4 ' and
2(V for Ca"' were tried for C,S rather than C2S in view
of the retention of molybdenum „ by C,S in type 1 •
substitutions. Ten mole percent .of a'1 hypothetical
Cs :C'a sMo40| H end member were added as Cs2MoO4,
CaMo04, and CaO ('Fable 3). Firing at 1300cCrt'-fur 144
hours produced C:1S plus CaO and CaMoO4. An additional
firing overnight, close to the temperature of stability of
CaMoO'4, yielded only R-C3S* and a trace of CaO/
F.ncouragingly, atomic absorption revealed that ~].Q% of
the 1.9v? added was retained after firing first at 1300°C for
144 hours and subsequently for 24 hours at I380°C.
Further experiments of this nature are currently in
progress.

Type 3. Hxperiments to crystallochciriically substitute
2Cs* for Ca2 f in Q A F and C2S were based upon the
h y p o t h e t i c a l e n d m e m b e r c o m p o s i t i o n s
Ca,.sCsi .oAIjFe :0| O and Cs4SiO4. Since pollucite.
C'sAISiO4. was used as the starting "cesium-ceramic" phase,
it was not expected that substitutions leading to sub-

iii 'd. single phase ( 1 AT or ( ; S could lie m ad e .

I h t i ie lo ie . ihe l emauung bulk 4.hemislry wa.s ad | t i s led on

the liiai assiimplinii thai *>() 50 mix tu r e s ol undnpc'd C ; S

uit l i doped C;AI- or doped f'j 'S with undoped C 4 A I ; miglit

be jlnrnied. Firings at ;J 3(X) (' p roduced the e x p e c t e d

mix uies ol C 4 AF toge ther with fi- and 7 -C 2 S ( I a b l e 3 ) .

riie!,e samples contained "1.75 to 2.51? Cs2O, respectively,
andi 50^ of the Cs2O remained after firing at this
tern jerature for 120 hours. Additional heat treatment at
13X )̂rT for 24 hours caused partialmelting, and the sample
became contaminated with pieces of Pt foil, thereby
makjjng it difficult to obtain an accurate analysis for Cs2 0 .

Summary ,. .--• *

In the present work cementitious phases have been
found to be good crystallochemical hosts for both molyb-
denum and cesium. Volatilization may be reduced by using
stable precursor molybdenum 01 cesium compounds or
generating these in situ by an appropriate thermal ramp. In
summary, results of this study and a previous paper1

demonstrateUhat /3-C2S is, in general, a slightly better host
for Ln3 + elements, either singly or in combination, than
C3S. This is summarized in Fig. 1 which has been recast to
weight-percent. Likewise, Sr, Ba, and Nd dopings could be
higher in C4AF were it not that the Sr:Ba:Nd ratios were
adjusted to the Fe:Zr:Ce ratios appropriate to a PW-4b
rad waste. ,

. Molybdenum substitutes both for Si4+ in C2S and C3S
as well as for Fe 3 t in C4AF. Clearly from Fig. 1, Mo5"1 is
more soluble in C3S than C2S. Therefore, /3-C2S is a good
erystilllochemical host for Ln3+ ions while C3S is more
favorable for Mos+ and/or Cs+, and the calcium alumino-
ferriu. C4AF, appears to be a good crystal host for many

comn on radwasle ions.
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PHASE RELATIONS I N C , S F E R R I T E
RADWASTE SYSTEMS

Previously llir solid-solution ayslalloclicmn al relations
and the pailition <>l elenienis h'clwccii coexisting apatite
ami ( a<SiO., solid solutions had been explored.1 'Ihe
apatites were found typically lo be enriched in lanthanons
altliougli they can be a host lor a variety of ions (Sr, Ha,
I tc.) in solid solution. However, the .presence of excess (a
and Al with lanthanons yielded (a Ln aluminates, L,ii
aluniinate or a lanthanon mclilite, typically ('aNdAlTO,
(kef. .1). Likewise, large dopings of radwaste ions into
C.jAI' also produced fa l.n aluminutcs and the lanthanon
melilite.1 Therefore; the compatibility of doped C2S-
apatitc with doped and, undoped C4AF were examined. A
new phase appearing, -whose X-ray diffraction pattern is
similar to a mineralogie phase found in blast-furnace slags
called ceraltite,* was given the approximate'formula (C'a,
Cev.La, Nd, Pr) (Ti, Al, Fe)0., by kudneva and Malysheva5

and Lipin, Kurtseva, and Knya/.eva.6 Since only Ca, Nd,
Al, and Fe were present in ourinodel system we retained
the use of the name ceraltitc but redetermined its approxi-
mate formula by analysis of selected grains in the multi-
phase preparations with CORA.f Studies of this phase show
that ithas a range of compositions, close to 2CaO • IJI2O3 •
2[(Fe2O3) , .x(AJ2O3)x] , where Ln is typically Nd and
the value of x ranges between 0.0 and 0.33. The ghase
undoubtedly has substantial range ' of single-phase
homogeneity although Fe3 + and Al3+ are partially, but not

*Ceraltite is the earlier namt lor eclanitc.7

fTwcnly-scvcn sinters were prepared for the compositions
indicated by the CORA analyses, and the phase purity of the sinters
was determined from powder diffraction photographs. In this way
it was possible to converge on the composition given.

3 4 6 .... " » ''"

,. oniplcleh . iiiteuharu'eahlc- Snjjii sohitinns apparenth

i'\te,'.)d Irom the 1 e ' ' end ineniber !" a IIIOIJI I e'Al rjtin

• ?.() Beyond this i;iiio. ,1 secoml A M ) , ru K jihase. usiia!];.

( aVIAl , O-., is also obtained.

Cer.iltite is unrea..liu' l i z a r d s water and beha\es as a

ceramic. Althougli it lias been classified b> its U!s

coverers' '' as a perovskite ot.,the ABO 5 ) t \ pc. it is not clear

if this classification is"correct. The CaO N d : 0 , Al : O (

F-e;(), system already contains several perovskites. i.e.,
Ndf ; c0 j and NdAlOj, and distorted perovskites.
CajFejOs and its aluminous solid solutions,1 as well as
pseudoperovskiles, such as Ca 3Al 20 6 . It will be appre-
ciated that the presence' of so many pemvskitc-like phases
complicates the interpretation of the phases present by
X-ray powder diffraction methods.

The phase relations of ceraltite with other phases "can
(ibest be depicted in a series of figures, together with
Table 4. Figure 2 shows the tetrahedra CaO SiC>2
Nd2O3 k 2 O 3 . Both A12O3 and Fe2O3 have been pro-
jected to the R2O3 corner. Thenjoin C2S -Nd apatite shows
clearly; it is the assemblage designated F in Table 4. This
join is marked by extensive mutual solid solution. The
positions of other assemblages. A, B, and E, are shown.
These enable us to define" the coexistence of C2S solid
solutions with Nd apatite, cerjiltite and ferrite (C 2F-C 2A
solid solutions). Melilite, CaNdAI3C>7, does not« occur in
these assemblages, which are comparatively rich in Nd2O3 .

It is also convenient to represent these phase relations
in nongeometric form. Permissible combinations found in
the course of experimental study are shown in Fig. 3 and
indeed the sequence of cementitious, plus inert phases
found with increasing wt.% Nd2O3 in doped and undoped
C2S-ferrite mixtures is (I)C2S-ferrite (0.5 to 1.5%
Ndj'Oj) -*. (2) C2 S-ferrite-ceraltite (J1.5 to 9.59c Nd2O3) -»•
(.3) and (4)C2S-ceraltite (5.0 to 12.0% Nd 2 O 3 ) -*

i



Nd A pal.

S i O , (Fe.AI)2O3

l-ig. 2 Stliciii.itif. phase (Jia^rum showing conip.iliblc phases in !he
( .tO-rich regions of the system CM Nd^O., SiO. iTe.AI^O,,
il e .ind Al o\idc tompuiienls have been, projected to the same apex,
lx-'ttered features reier to assemblages given in Table 4.)

Fig. 3 Scheme showing compatible phase assemblages in the
systems of the type CaO-LnjO3-SiO2-Fe2Q3-AljO3 .

(5)C2S-ceraltite-apatite (-12 to 16% N d 2 O 3 ) - ' (6)C2S-
apat i te (~16to23%Nd 2 0 3 ) .

The projection of Fe and AJ oxides at the same point
brings some disadvantages. It is easier to see the phase
relations in the system without SiO2 in Fig. 4, where the
range of C3A solid solutions is shown by a solid segment
extending towards "C 3 F" andNdA103. The spatial orienta-
tion of-.this plane is suggested by dashed lines. NdAJO3 and
NdFeC>3, shown by a crosshatched line, are presumed to
form complete solid solutions. The extent of Ca substitu-
tion in these is not known. The composition of melilite,

which appears to accommodate-little Fellies near the base:
C2 F forms solid solutions extending fewards.Cj A and these
include some Nd. The extent of fe^fite solid-solutions is
shown by a wedgershaped^egj&ii. Finally, the1x?altite=
composition is shown irfiVs'appropriate position on the
plane C2F-NdFe03—NdAIO3 and the two-phase region of
ceraltite and ferrite solid solutions indicated by aperies of
tie lines. This figure is useful in demonstrating the different
behavior of Fe and Al relative to Nd during crystallo-

, chemical substitution in both cementitious and inert
ceramic phases. * , . •
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IODIDE AND IODATE SODALITES FOR THE LONG-TERM
STORAGE OF IODINE-129
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ABSTRACT

. ! i ' , • ! i ; .:; • • . . i . . S . : ' I ' J .

INTRODUCTION

J J i ' d i i s c i>! I!-- I n n ; - h a l t - h i e ( 1 ; . •• 1 . " X | O ~ y e a s s i . t h e

h u h v , . i H ' ! M i l n h i i i i v e i irn> i .t " t U s c o m p o u n d s , a n d i t s

. i l l i i i i n !>•! i h i ' i l i \ m i d a l a n d , ' ' " ' I is a h i o h a / a r d . R e s e a r c h

!.-•• d a t e h . i s b e e n in u i c n t i t y • m a l e i m U I m t h e l e m o v a l o f

11 i i • i ^ ' i n p e i m n i t h e o l | - » a s s t i c a i n s of l e p i o c c s s i u g p l a n t s

;.i1111 t h e u . i e ' i t t h e s e i i i a l e i i a l s l o t i t s Imiy-t<_"i r n s t o r a g e .

T\ pic .11 s t u b b i n g p r o c e s s e s u s e s i l v e r - <>i l e a d - e X c h a i i g e d

/ I ' u l i l e s r . i m o r i j e n i t e s ' ( A g X i n P h X ) . h \ p e r a / e o i r o p i c

nit tie acid; (loduN Process), and silver-loaded silica.3 A
siiliilinn" ot mercury nitrate also may be used to remove
iodine hum (lie of-l'-gases. Silver nitraie-coaled Berl saddles
are used at the Rockwell Manford Opeiations (Rockwell)
I'liiex Plant to sorb iodine from the off-gas. For long-lerni
storage. Yarbro ct al.2 proposed to convert the HI3O8 from
the lodox Process to Ba(IOa)2 to then be mixed with
concrete for storage. Mailen and Homer" proposed to
precipitate Pdl2 by judicious adjustment of oxidation states
in the fuels dissolver solution. The PdF2 so precipitated
would, however, remain with the bulk of the waste and
would not be selectively removed. Thus the radioiodine
could be volatilized when such sludges are sent to a
vitrification plant or some other high-temperature waste
immobilization process. While I-Pb-X, albeit Pbl2, I-Ag-X

l \ / ' h . ! . ' , ' . l U . i ( I O , t ; . i n - v : \ i n ^ i ' l t i h U ' . I I I C M - ^ u n p o J i i u i s

: » ' i l i . i p ' . . . i : ' . ' I I I >t ( n u n s I I I I I ' H i ' . 1 i t ; : n i ••!• ' V . I J T .

I n ' h i ' v . i i i k i k ' S i u l i o i ! h e i r , s m k i l i l r [ N ; u ( A T S 1 O 4 ) , , •

( I ; I . .1 i i a l i r . i l K ' i n 1 i n 1111;.' n n i u ' i . i l . i s p i i t p o . M ' d a s a

• • u i l . i h l c i n a l e i i a l I f l o n i ' t e n n s U 11 a;a-_- < i l l a d n i l n d i n c s 111 a

geolcigic lepusiioiy. Sudalne. loiind m the nephehkv1

s\enite. igneous, and othei rucks, is sometimes formed as an
alteiation pioduct of nephclite (NaAlSiO4 (. "Imnisaka and
i-.;igesteic studied the socialites [Na8(AlSi04 ;6X : . where
X "-' C I. Hi. I. and 0111 and found that iodide sodalite has a
cubic unit cell of dimension rA(l ~ 0.('014 inn. They also
suggested ilial. while (ho-naturally occufiing mineral has a
cubic ceil belonging to the space group 14.3m1, the synthetic
sodaliies may have a pplymorph with a primitive cell
belonging to the space group P43m. They prepared their
iodide sodalitc from synthetic nepheline ami Nal in sealed,
inert metal capsules and crucibles and;at pressures from O.I
to 200 MPa. Chloiide sodalite decomposed at temperatures
greater than I 5O3°K. Barrer and Cole6 reported that iodide
sodalite may be heated to about 1120°K without destruc-
tion of the crystalline lattice.

Barrel et al.7 reported on the preparation of chlorate
sodalite [Na6(AlSi04 )6 • l..H3NaC103 • 0.6«U2C3]. This
compound was stable up to about 920°K. Above this
temperature, it decomposed to chloride sodalite by evolu-
tion of oxygen. A three-step reaction mechanism was
proposed: ;

1. 2NaCIO3 -> NaC102 + NaCI04

2.NaC105 ->NaCl + 0 2

3.NaC104 -^NaC102 + O2

Neither the brornate nor the iodate analog was reported.
The sodalite aluminosilicate lattice consists of truncated •

octahedra which provide large "cages" in which to place
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I w o I I U ' I I H K I 1 , i i t p i r p . i l i i l l n i ! i l l I l i e ,< x i . i l i l f . w i ' h 1 n - . f i !

I . ( l a y I ' i ' . - p . i i i l i m i . K a o l i n ( | a \ ( K f S K . i n l i n ( H ' U I ^ I . I

K a o l i n ( n . ) w a s i n i x n l w i l l i \ ' ) . M N . i f J I I . n n l - . u l i : | V t i l .

N J I O . ! , o i K l ( ) , i n s l o i i ' l i i n i i i f l i i i a i i i n i i n l , H I a p i i | \ i ' l l i

y k - n e h o l l l c . S u l l i c i r n l w a l - - i w a s . i d i l n l I n m a k r a ll i i t k

p a s t e a n d t h e i n i \ l u : i ' a l l o v / c i l h i s i a m l n v - i i n r l i i il m u i i i

U ' l i i p i ' i a l i n c . 'I h i ' u u x t i J i i ' w a s I I H ' M i l r i f d a t M O K I n a

l i c c - l l i i w i n g p o w d r i .

2 . A h i i n i i i o s i l n . - n t i 1 f i i ' l . B a n c i a n d W l i i l o ' USL-II LH'IS <>l

a l u m i n a a n d s i l i c a s u s p e n d e d in a c p i i - m i s a l k a l i a n d e x c e s s

N a ( ' l l o p i e p a i e s o d a l i l e . In u i n w i n k , h o i n n j ' e n e o u s g e l s

were prepaied by dissolving N . I A I O ; and Nal, Na lO, , oi

KlOi in a minimum amount ol deioni/i'd walci. Colloidal,

silica (I iidnx AS-40) was added and liie lesullin^ solution

healed while stining unti l-Ihc mass gelled. The ratio of
1 L.udox lo NaAK). was I ..S.' : I by wcighl or 0.7.i : 1 as

SiO2 : NaAlO 2 . These gels were then diied overnight in an

oven al ,?46r'K. Sodium aliuninate was chosen as the

starting- malerial since oilier salts ol aluminum contain

cither anions which would "compete for the. same sites as

iodine or nitrates that cause the release of I2 gas upon

heating. Similarly, use of organoaluminum compounds

would result in reducing conditions when .the organic

fragments were burned during heating.

Consolidation

Both iodide and iuilatc sodalitcs were cold-pressed and

fired at temperatures up lo 1270°K without visible loss of

iodine. Although no.quantitative measurements of iodine

loss were made, subliming 12 would have been easily visible

even in small quantities.

Both iodide and iodate sodalitcs were vacuum hot-

pressed in 38.1 mm graphite dies. Consolidation of the

sodalites occurred at 13:8 MPa and a die surface temper-

ature of 1470cK. No method was available for measuring

the temperature at the sample, but it is estimated that the

Leach Rate Measurements

i i . > ! l i f ' a i , . ' ! . - , i t , , | S . . \ l d . ' l ! ' - , i , ! i ' I ' ,!-. ••'•••'

i n v . , - 1 1 f > i , i h l i . h i - i f m . ' t h . ' i d "' n n - . i ! . , l

RESULTS AND DISCUSSION

Crystal Structure

o: I.:.;'

ll HIRcul l t s . ; l u m i p u w d e i . X - I , I > d i l t u . tit'SM s...

hut-piesM'i l s ample s a ie s h o w n in 'I abje I 'Ihes-j. d . i t j

i nd i ca t e t h a i , al Ihe high t e n i p e i a t u i e s used lo p i e p a i e

these samples , inda te soda l i i e d e c n n i p o s e s b \ !• >•,.•> ol

„ o x y g e n In f o n n iod ide soda l i l e .

A l l h o n g h the ac tua l d e s t i u c t i o n m e c h a n i s m t m i n d a l e

s o d a h t e was not inves t iga t ed , it wot i ld n o t be suipusniL ' t>>

find a mechanism similar to the decomposj.tjpn of chloiate

sodahle.7 Only difhaction peaks I'm the sodahte phases aie

shown in Table r. Table 2, however, lists the othei peaks

iound in the dilfiaction scans ol sodalites prepaied eithei

by ciild-piessing and liring oi b> hol-piessing which did not

match those reported by Tomisaka and hugestor. s The

intensity -of these lines., seems to vary dependnm on

processing conditions. Attempts to fit these lines to othei

phases such as nepheline, carnegieite. Nal. \ a I O . , . albeit

crystobalite, etc. . failed. Tomisaka and bugester5 men-

tioned a similar phenomenon and have ascribed it to

polymorphism in these sodalites. Both the observed and

literature powder diffraction peaks in Table 1 were indexed

assuming a unit cell belonging (o the space group 143m.
which requires that the sum of the Miller indices for each

peak must be an even number (h + k + 1 = 2n). 4,

In Table 2, the extra lines from the powder diffraction

patterns were indexed according to the^primitive cell P43m

(h + k +1 = 2n + 1). For the primitive cell, there is 'no

restriction on the values of h, k, and I. There is excellent

agreement (Table 2) between the calculated d spacings for

the polymorph with A o = 0.9014 nm and the observed

values. It appears, therefore, that the sodalites prepared in

this study are1 polymorphs, possibly high-temperature
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Leach Rates

ll has been noted that the Soxhlet leach tusl is a good
lest o| sample consolidation.1 ' Table 4 lists the leach rates

^ - TABLE 4

Leach Rate Data for Sodalites

TAULI: 2

Extra Diffraction Peaks for Iodide Sodiilite

Soxhlet test

(Jbsencd peaks I'olymorph indexing

ci. mil t l . nm* h k I

(1.5009 4
0.4084 23 0.4031 2 I 0
0.3191 6 0.3187 * 2 2 0

5 0.2718 3 1 1
2 0.2500 3 2 0a

0.2670
0.2499
0.2354
0.112 3
0.1665
0.1620

0.1922—• 'T- 3 ' 1
0.1674 5 2 0

•Calculated on An - 0.9014 nm.

forms. Annealing of samples at lower temperatures to verify
this possibility has not yet been done. Only very weak
diffraction peaks remain unindexed.

Chemical Analyses and Densities

Analyses of the solids for iodine indicate that theo-
retical amounts (22 mass %) of iodine can be incorporated.

test,
Sample kg/(m2

Traction I
lost, 7r '' Mass lost. 7r

1
la
3

if J
/ ' - 4

•4 x 1 0 '

.5 x 1 0 *

. 7 x 1 0 *

10
35.4
42.4

8.4
29.1

.34.7

*'I'o concert -'Irom kg/(m2 • d) to g/tcm1 • cl>; divide by
10.

for the sodalite samples. Sample' 1 was very welj consol-
idated, and the Soxhlet leach rate was correspondingly low.
Sample la was not uniform and'did not appear to beful!y=
consolidirrcu-at the pelleLcenter. Sampje^ was Initially an
iodate sodalite. The release of O2 during fabrication, while
n6t destroying the unit cell structure, seemed to have an
effect on the sintering of the crystal grains. Both Soxhlet
and Paige leachates were analyzed for iodine. These data
indicate that the iodine is very well immobilized in the
sodalite lattice. In the case of sample 1, the relative amount
of iodine lost during the Soxhlet test nearly equals the
relative mass loss indicating that the iodine was leached at
the same rate as the rest of the aluminosilicate lattice.
There was insufficient amount of simple 2 from which to
olMain a valid leach rate.
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(b)

Fig. 1" Photomicrograph's of I he typical microstnicturcs of Iodine Sodaliie samples I i ci. crossed NicoK 1250 x) (I Ivcrossed J»'iV-olsr"250 x).

Microstructure ,( Q..

Figure l(a) shows the microstructure of a typical
hot-pressed iodide sodalite in the thin seo|io_n_under crossed
Nicols. These samples are typically very finegrained. The
grains are indistinguishable even after a brijp^tching with
H F . ° • ,. .- .,*~ ^ .,

Inhomogeneous consolidation of sample la is evident
from the photomicrograph [Figure l (b)] . The portion of

3 5 2 • . ' " ' •

the sample shown at the bottom of Figure l(b) was more
porous aniJ defied polishing. °Microcracking) mentioned
earlier is clearly visible.

CONCLUSIONS

Initial studies indicate that the polymorph referred to
by Tomisaka and Eugester' may be a high-temperature
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PROCESSES FOR «i*O«UZATIOI< OF HIGH-LEVEL
SCUD WASTES BY GLASS AWO CEPUMitC MATmCES

K II. US. W. I . ( L A R K , and W. B, HOWERTON
x Division. Oak Ridj.'c National Laboratory.
Oak Ridi!c.°

ABSTRACT

tut the inimohilt7;i!ion "I waste SK* hulls JIH! tissile '
pjrhck's imm leproii-ssirli: n( HIC'tR luels are presented. ( ' ( »
prevail ijhnilers »! »j \ te-niain\ matt^T.il were lormed under
pressures <>1 ~ 3 5 . "".I, or MiMP.i .mil sintered .1! temperatures
unmni: Irmn ~5<J<) to HO5 (" !m ~ l hr.>;Tiie cWinders containing
W SK' 25" vylt (.'lav.••25'1-' rod CIJ> possess the most desirable
properties fhiyh mechanical strength, I«'J' surface arej. and low
icaihatiility) ot the SCVITJI dillcrcnt corhpt>si(K>ns studied. Within
the pressure and lemperatwe ranges studied, the, pressure ot
I.Imder tormation and the sinlenn).1 tcmpcralure appear lo haye
rela!ivel> minor I'lteiu on those proper)ks except tor the initial
cesium lcachabilit>. Higher pressure and tempcrasure «ou1*i tend to
retlucc the initial leachahililv si^niticantlv.

INTRODUCTION t

Silicon carbide hulls and waste fissile particles are
among the high-level solid waste (HLSW),streams unique to
HTGR fuel reprocessing.' The SIC hulk are Khe Imajor
portion bf the residue discharged from the fissile particle
dissolver. They contain small amounts^ of radionuclides
(primarily fission products) that migrate'1 out of the fuel
kernel and interacted with the SiC layer during irradiation
of fuel particles in the resjetor. These radionuclides appear
to have formed some stable compounds that resist leaching
by HNOj and severit! other mineral acids. • - 1

Tlie waste fissile particles result from the headend
processing of 25 W fuel elements' up to the secondary s

crushing step., The outer high-density graphite coating {C
these particles was removed in the primary burning, but ttfe
individual fuel kernels are still protected by !wo graphite
layers and an SiC layer (outermost). Thus, in addition to

small amounts of radionuclides in^the SiC layer, the waste
fissile particles also contain the entire spectrum of fission
products and actinkJes "formed during irradiation, in the
reactor. » ^ °

Tlfe radioactivities of the SH5 hulls and the waste fissile
particles (both cooled for five years) are estimated at
-1000 Ciliter= and 5000 Ci/liter, respectively. Further-
more," since b§th types of wastes are fine solids (~80|/m
and ~500jitn. respectively )̂ and are readily dispersiWe. they
must be immobili/ed in a suitable matrix to control and
confine the radionuclides.

The objectives of the present experimental program are:
( l ) t o evaluate potential matrix materials for immobiliza-
tion. (2) to characterize different waste-matrix products",
and (3) to identify potential problems relative to the
iinmobili/alion of SiC hulls and waste fissile particles. The
ultimate goal of the program is 40 generate sufficient
technical data for the design of the larger-scale process and
equipment. This paper presents the results of the bench-
scale experimental study (cold laboratory development)
using ' 34Cs tracers and either nonradioactive SiC powders
or SiC hulls from unirradiated fissile fuel particles. Those
results are now being verified and refined through the
hoi-cell experimerits based on SiC hulls recovered from
actual spent fuel particles discharged from the Peach
Bottom

POTENTIAL (IMMOBILIZATION MEDIA

The basic requirement in immobilization of the HLSW
mentioned above is different from that of the soluble
high-level liquid waste (HLLW} calcines. Since th« radio-"



TABLE I

Characteristics of Clays Used in
Immuhli/ation of SiC Hulls

ChancierisiH's

tolor
St/c diMnlnitum. \K\.

• 5o ,a "
50 2d u
20 2 * - ,
• 2p

Ik-ul minci.il
lunitituentv «t.'

1 cldspji
M i u

MdULOIlIle
Illite
Ka 'linilc
Vcrmuuliic
( lilorstc
1 rcc 1 c _ ( ) ,

Clay type

It

Huff

S.8

6.6

3K.4
44.2

50.0
•5.0

- 5.0

l oo
35.0

o.24 .

(? R ••

Indun Kc>l

7.0

I3.i>

5 l o
24.0

60.0
5.0
] J 5

• 5.0
2o.o
10.0

• 5.0
• 5.(1

2.'»4

nuclides m HLS\\ ate essentially nonleuchable. the major
lequitenieni U tn IK them in place h\ IIICDIpi'taiing the
wastes into J matrix nwten.il thai IN chemically and
pin sicalh stable and dues not interact with the wastes. The
material should also exhibit a relatively low "mcltinji
point ' ot working temperatuie. since interactions between
SiC hulls and the matrix would tend to become significant
as the temperature increases. The high-level radioactivities
nl the SiC hulls and the waste fissile particles indicate that
glass and ceramic would probably be the best materials to
use t'oi immobilization. Six different types of classes were
selected for (he initial screening tests. Two types of
commercially available clay were also Used to investigate
their effectiveness in retention of key radionuelides. such as
cesium and strontium, and to serve as binder materials.

EXPERIMENTAL

Materials and Equipment

Important materials utilized included: (USiC powders
(~45- and ~115-Aim sizes) for the earlier scoping experi-
ments. (2) SiC hulls recovered from unirradiated fissile
particles. (3) cesium carbonate and ' 3 4Cs tracer for cesium
spiking of the SiC hulls. (4) chemicals (C.P.) for preparation
of different formulations of glasses, and (5) iwo t^'pes of
pottery clay (Buff and Indian Red), ihe approximate size
distributions and mineral compositions of which are shown
in Table 1.

Major pieces of equipment employed in immobilization
experiments were: (1) a hydraulic press with 24.000-lb/in.2

load capacity and (2) a tube furnace with a temperature
recorder-controller and the maximum temperature of

1200 C. Special dies for the hydraulic press made of
hardened stainless isieel 440 were designed to facilitate
remote handling in the hot cell. The hydraulic press was
used for preparation of the SiC-matrix cylinder samples.

Procedure for Scoping Study

, The initial phase ot the study used screening tests to
select suitable matrix materials from six different fypes of
glasses based mainly on their teachability and approximate
melting point. Table 2 indicates the formulations of those
glasses.

TAILE 2

Formulations of Glastes for Screening Tests to
Select Matrix Material

Type No.
of code Formulations of glu* batch (wt.9?)

Gl SiO.. 26.H: CaO. 5.6: PbO, 67.6
C,S Sio'^SiBjOj.-KKNajO, 25
C,i MM,,T.?7OS,52-^3^, 9;PbO, 32
G9 ,.. Si63,54; Al2O,,7.1;Bi'O3, 23.9;Na,O, 15
<;i) S J O J ^ : A I 2 O , , 3 : B , O , , 16; PbO, 61.9. 7nO, 10.1;

Ba6!3;CuO,3
•K Commercial soft glass (Kimble)

The chemical constituents for each batch were -first
blended thoroughly until a homogeneous mixture was
obtained. The mixture was then transferred to a muffle
furnace and; wits heated slowly until oil was molten (or
softened) sufficiently so that it could be poured easily.
After the melt was cooled naturally to room temperature^
the resulting glass was pulverized to the size range o f - 2 3 0 ,
+325 mesh. One-gram samples of the individual batches
were leached at ambient temperature for 65 "fir in 20 ml of
distilled water in separate sample containers which were
tumbled, end over end. at 25 rpm. The result of the scoping
study is presented in Table 3.

TABLE 3 0

Results of Screening Tests for Potential Matrix Materials for
Immobilization of SiC Hulls

Type No.
or code*

K
Gl
Gi l
G9
G8
G5

Wt.% kwsf

0.22
0.30
0.88
1.34

10.5
20.5

Approximate
melting point.

(°C>

1000

800
600
800
700
700

*See Table 2 for formulations of individual glass types.
t Weight loss of pulverized sample after leaching in distilled water

lor 65 hr at room temperature.

355



• - )

Methods for Immobilization of SiC Hulls h''
li

1 Ins phase ot s l iuh was lo i i iemcd widi ilevelopnK'iil ot

the immobilization technology toi SiC hulls based on the

selected matrix maleiials. Two mclliods of approach weie

e m p k n e d in the s iud \ . In the hist metlfhd. llie SiC wa,s

nnxed with the molten glass in ;> mold. This method was

tound in bo iins.ilisl;iclor>. All llie experimental lesults

presented in Tables 4 and 5 were based on tin" second

method which consisted ol < I ) blending the powdered

r lnuitux material with the cesium-spiked SiC (50 50 hs

weignl). ( 2 | piepaiation ol a cxlindncal pellet < ^ 2 c m in

diameter In ~2 cm luiih) ,m a hvdiaulic press at a pressure

, «tf- 35.4. "0.K or l,4l.(...\1Pa (~5].3O. ~102"10. or

"-2O53O I'sig). and (3) sinteiinj! the cyiindei at appropriate

temperatures £~500 to 1025 C) lor - 1 hr. The cyiindei

was removed from the Ifiin.'ice immediately alter sintering

and allowed to cool in aii at m o m temperature.

Methods for Characterization of
SiC/Matrix Cylinders

The compressed and sintered cylindrical samples pie-
paied by the preceding method uiidei varving process
conditions weie evaluated! lot the lollowing piopi-Tyes:

I. I.euclnibility irc\ium) was determined, by a modified
version of the IAI.A method.2 lor earliei samples, all the
external surfaces of the cylinder weie exposed to leaclianl
(water). Litei samples had only the top cylindrical surface

,. exposed to the leaehant. Total teachability (as a percentage^
of the loi-iil wejghl loss) was also determined for earliei
samples. , u

 ;

2. Porosity of each sample was determined by means of
the mercury porosimeter with an estimated accuracy within
+ ?'•:. , ;;.,

3. Surface area of fragmented specimen was determined
by the BET method. „ <i

4. Compressive strength of the sample was determined
based on the data obtained by Forney compressive strength
tester.

5. Cesium.analysis was carried out byjhe single-channel
gamma counter as well as by chemical analysis.

RESULTS AND DISCUSSION o

Scoping Study

The result of screening tests to select suitable matrix
materials for immobilization of SiC hulls appears in
Table 3. It is arranged in increasing order of solubility in
distilled water. The result indicates that Type G5 glass (high
Na2 O borosilicate) was nearly 100 times more soluble than
Type K (commercial soft glass), whereas Type Gl 1 (solder
glass) was approximately four times more soluble than that
of Type K. The approximate melting point ranged from
~600°C for Type Gl 1 to ^1000°C for Type Kand did not
appear to bear any direct relation to the solubility. Based

on these data. Type K glass was selected for the immobiliza-
tion studyv

1 ImmobHization Study

Mixing of the SiC with the molten soft glass in a mold
iesii|led in a SiC-glass product of very high porosity. This
was apparently caused by gases produced in the reaction
hetween SiC and the glass constituents. The method was
subsequently replaced by the second (thr,ee-step) method
described in the hxperimental section. In the initial study
ol the three-step method, Si<" matrix cylinders containing
50'-' SiC and different proportions of glass to clay (as
matiix material) were evaluated. This led to selection of the
composition consisting of 50'.' SiC 25'.' soft glass and
25'- led clay lor further study by comparing it with other
compositions, as illustrated in Table 4. Type P glass, which
was not tested in the scoping study, is the low melting
point (~d0O'T) lithium zinc phosphate glass with the
formulation adapted from Tindyala and Otf1 (in mole "i):
AI ;O,. 5.5; U ,O. 30; P , ( ) , . 40;ZnO. lc>.5;Ph0, 5.0. The
daia in Table 4 mdicaty that the waste SiC-matrix cylinder
with the composition of sample No. C-2 has the most
defffeJite-characieristics .ol the four compositions, based on
the eomr,;ressive strength, porosity, and leachabilily.
Table 5 illustrates the results of a more comprehensive
investigation of the effects of the immobilization matrix
composition, the pressure of cyliitffer formation, and the
sintering temperature on the characteristics of SiC-matrix
cylindrical samffles. -

Immobilization Matrix Composition. As demonstrated
in Table 5. so far as the cesium teachability,is concerned.
I lie buff (Type B) clay alone (samples 11-1 and -2) is just as
good an immobilization matrix as the mixture of the clay
with Type P glass (samples H-5 and -6). Addition of Type P
glass to clay, however, reduced both the porosity and BET,
surface area considerably. The effect on the compressive
strength was not clear based on the data shown. The cesium
leachability with the red (Type R) clay matrix was even
lower (more than-one order of magnitude lower) than that
with the buff clay. Type K (soft) glass had a beneficial
effect in reducing the cesium leachability when added to
either type of clay (samples H-3V-25, -26, arid -27). It also
drastically reduced the BET surface area and increased the
compressive strength of the resulting SiC-matrix cylinders.
According to Table 5. variations in the cesium leachability
and the BET surface area ave move dramatic than changes in
either'the porosity ort i ie compressive strength. Neverthe-
less, these variables do not appear to be related by any
simple correlation. -

Pressure of SiC-Matrix Cylinder Formation. Doubling of
pressure from 35.4 MPa to 70.8 MPa (H-25 versus H-26)
decreased the initial cesium leachability by an order of
magnitude, but no significant difference, in leachability
could be detected afterward. Only minor effects were
observed on other properties listed in Table 5. A further
increase in the pressure from 70.8 MPa to 141.6 MPa (H-26
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TAIJLE:4

Selected Characteristics of Waste SiC-Matri\ Cylinders of Various Compositions

Simple
No.

C-l
(-2
C-3
(-4

Composition of
nutri'

» Claj '

2<
:('

k,* \\t."

dlass
(t>pe)

,,

c 25 i K I

5n U' l

5(1 i K l

Selected characteristics of waste SiC-matrix cylinder

.-__. ( ompressive lo ta lwt .
c< Porosity." '' strength, loss.*

vol . • " c \M'a

Incremental Cs leach rale.
(frac. cm/day ):i

Initial Final

24 4 ; - s"

IW 4

(1.21 „

11.15

II HI 5 ( 4.1
"4 I 4t

oiiMJculile csp.iii- vii in U'liimc\iue lo S>C-_'lass reaction

4 H u l t c l a> w a s u s e d . I > p e k . c u m i i K ' i i i j I s o ! ! ( i l j s s i K i n r i l e i . I > p C I* l o w m c l t i i u ' p o i n t p h o s p h a t e p L i - s :

c y l i n d e r l n r n u t i n n p i e s s u i c w a s " ( l . S Ml ' . t t n r al l s a m p l e s ; M I I U T I I U ' i f i n p o i . i m r c w a s - S l i d ( t o r ( . ' - I - ( " - 2 .

a n d ( - 4 a n d 5 ' " ' ' '••: < -* '

* : . - \ l l e r I d d a \ s o ! l e a c h m . - , i i u ! d i > m i : .it 2 ' i n ( ' • • ; 2 4 l i : .

1 1 n m a l . r a t e i i ' i l u s t ,il.i> • l i i i a l . i . i l c t o r l o u i i l i d . i > . m i m h c i s i n p . n c n t l K ^ e v r c p i e s e n t p o w e r o l t e n . A l l

e x t e r n a l M i r l . u e ^ <>t t h e c y l i n d r i c a l " ' a n i p U w e r e e \ p i ' » e . i t > l e . V h . t n t i w a i e i I.

TABLt 5

Characlerislics of liVaste Si('-Matri\ Cylinder Formed Under Different Process Conditions

Sample
No.*

II-l
11-2
11-3
11-5
11-6
11-7
11-8
11-25
11-26
11-27

C omposi
matrix,-.

Clay
(type)

5l l iH)

50(11)

25(11)
25(B)
25(U)
50(l<)

50(.U)
25(R)
25(K)
25 (K)

l i o n <il

wl. ' :

(ilass

(type)

0
(1

25(K)
25 (Pi
25(1') •>'

0

0
25(k)
25(K) ''
2 5 i K )

Cylinder

formation
pressure. Ml-'a

141.6

- 141.6
I4!.f.

' 141.6
141.6

. 141.6
141.6
35.4
70.8

/ j ; l 4 l . 6

Porosity.
vol. ' ^

21.2
19.1

2-3.1
16.2-
15.0

23,1
21.6
29.3 ;

27.1
27.6,

(-.Characteristics of waste SiC-malri\ cylinder

BJ-T surface
i^rea, ra'.;g

9.4

9.9
1.3

"1.0
1.1
7.1
6.8

0.5p
0.48
0.51

Compressive
strength. MI'a

31.2

,. 39.0
47.6
57.(1
35.9

33.6
32.8
89.0
93.7
70.3

Incremental C
(frac. cm

Initial

2.4 ( 3)
2.2 ( 3)

~ 0
2.0 ( "3)
2.3 ( 31
1.6-( 4)

~(V

4.0 1 -4).-.
5.7 ( 5)
8.2 i 5)

's leach rate
/day):i

Final

,5.83( 4) •

5.2 ( 41
1.0 ( 4)
5.S ( -4)
6.8 (-4)

~U -
4.4 ( 5)

~ i )

~ l .

*Sinlering temperature was 1 025 C lor all samples except U-25. -26. and -2"1 (800 ('!.
•i Based on the total weiglii1 ot waste SiC + matrix: the balance ( 5 0 ' ) was always waste SK.\ 1 \ pe li, buff clay; Type R.

Indian.red clay (see "['able 1): 'I ypc K. commercial soft glass (Kimble), Type P, low-melting point phosphate glass.
^Initial, rate for first day; final, rate for 14th day; numbers in parentheses represent power of ten: only the top surface

o r the cylindrical sample was exposed to. the leaehant (water). The rate of - 0 implies - . h i 0 ~ s . the limit of detection.

versus H-27) did not exert any appreciable influence on the °"
characteristics of the SiC-matrix cylinders. A drop in the
compressive strength of ~ 2 0 " was unexpected, but the
reasons for this behavior have not yet been determined.

Sintering Temperature. No systematic study was carried
out to investigate the effect of the sintering temperature.
However, assuming that the effect of the pressure
(70.8 MPa versus 141.6 MPa) of cylinder formation ma |be
ignored (based on the preceding discussion on samples H--S6
and H-27). the temperature effect could be examined; byl
comparing samples C-l with H-l and H-2. and C-2 with 11-3:1
The sintering temperature for both C-l and C-2 was
~800°C, whereas that for H-l, H-2/and H-3 was 1025°C. A .
study of the data in Tables 4 and 5, indicates that the higher
temperature (1025°C) dramatically reduces the initial

cesium leaehubility. Using clay as the matrix, there seems to
be a slight drop in the porosity with an increase in
temperature (C-l versus H-l and,H-2). but the compressive
strength was almost unaffected. In the case of the 'clay-
soft-glass matrix (C-2 versus 11-3). the porosity was practi-
cally unchanged. Reduction iii --the compressive strength
(from 69.4 MPa 10-47.6 MPa) at a higher temperature was
observed, but it is uncertain that this behavior was caused
by the sintering temperature alone.

CONCLUSIONS j

The waste SiC hulls (and probably waste fissile particles
also) could be immobilized by (a) blending with the
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powdered matrix material, (b) farming a cylindrical com-
pact by means of a hydraulic press operating at a pressure
of ~70MPa to ~140MPa, and (c) sintering the resulting
compact at ~800°C for ~1 hr.

The SiC-matrix cylinder consisting' of 50 wt.9? SiC
25 wt./f soft glass T,25 wt.% red clay has the most desirable
properties (low teachability, tow pore surface area, and high
mechanical strength). The two types of clay used.in the
present study appear to be an effective matrix lor immo-
bilization of the SiC hulls. They could be utilized without
the addition of the glass, but the mechanical strength of tl?e
resulting cylinder would be appreciably lower.

The pressure required to form the cylindrical compact
of SiC matrix exerts minor effects on the properties of jfhe1

resulting product in the range of ~35 MPa to ~140 MPa.
The higher sintering temperature (i.e° ~1000°C versus
~800°C) seems to reduce the initial cesium leachability

remarkably. The temperature effect on other properties was
relatively minor between 800 and IOOO°C.
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INCORPORATION OF PRECIPITATE FROM TREATMENT
OF MEDIUM-LEVEL LIQUID RADIOACTIVE WASTE
INTO GLASS MATRIX OR CERAMICS TOGETHER

WITH HIGH-LEVEL LIQUID WASTE

M. HUSSAIN* and L. KAHL
Koniforscluings/entrum Karlsruhe GmbH. 7500 Karlsruhe, Fdcleml Republic of

Germany, and *Pakistan Atomic Energy Commission

ABSTRACT

"MAW-splittinp," i.e., precipitation and separation of the ;

radioactive matter I'rom the bulk liquid, has boon developed at
KemforschungSzentrum Karlsruhe (KI'K) as an alternative to direct
solidification of MLLW'-coneentrates by bitumini/.ation or cementa-
tion. More than" 90''! of the total radioactivity is removed from
MLLW stream by absorbing it on surface rich precipitate, which is
ultimately vitrified with HLLW. An addition of MLI.W-precipitate
to a matrix (glass or glass-ceramic), to which, HLLW has already
been incorporated, showed no significant decrease in product
quality or increase in product amount. ••

INTRODUCTION

About 1500 m3 of medium-level-liquid-radioactive-
waste-concentrate (MLLW-c) is expected from the future
German reprocessing facilities (1500 tons per year LWR
fuel), which will be solidified by mixing with cement or hot
bitumen in 200 liter drums. For ultimate disposal, these
drums will be kept in a salt formation. Annual production
of such drums will be about 16,000 with cernent (50 Ci/
drum) or 4000 with bitumen (200 Ci/drum)>'Plutonium
content will range from 2.5 g to 10 g per drum. Due to
radioactivity, the drums will be put in "lost concrete
containers" during transportation to the final storage and
shall cause an additional cost of S500 per drum and total of
S7.5 million per year. Besides higher cost of disposal,
limitations such as disintegration of cement blocks caused
by radiolysis of water of crystallization or enhancement of
heat production due to higher plutonium contents in
bitumen resulting in softening of bitumen product and
production of gas cannot be ignored.

One can overcome the^iTncertain'ties ir>'so]idification of
MLLW mentioned above if the lisSiori products and
actinides from MLLW-c are separated and fixed in a matrix
(glass or glass-ceramic) as HLLW</This can be achieved as
follows: ' ' v="

1. Evaporation of MLLW-c followed by mixing the solid
produced with glass-formers and then melting.

2. Separation of fission products and actinides from
MLLW-c and melting them with glass-formers.

3. Separation of fission products and actinides from
-MLLW-c and melting them together with HLLW.and

glass-formers. A „

MAW-SPLITTING

Since 1975, the process "MAW-splitting" has been
under development at KfK.,By this process more than 90%
of the fission products and actinides f\pm MLLW-c are
removed by absorbing them on surface rich reagents in the
form of precipitate.1 The precipitate is separated by
filtration and the filtrate which i^ about 80 to,90% of the
total volume is treated as low active waste. The filtrate
contains 80 to 90% of .^dissolved inactive salts, mainly
NaNO3. The resulting precipitate, after drying, is vitrified
by the methods (No. 2 or 3) as mentioned previously.1"3

The method for separation of fission products and
actinides from simulated MLLW-c is showtv in Table 1.
Except for 1 3 4 - l 3 7 C s , the other fission products are

' absorbed on surface rich hydroxides and oxyhydiates and
are coprecipitated. Cesium is attached with K4[Fe(CN)6].
Aclinides are precipitated in an alkaline medium as oxyhy-
drates. ,., •-•, ••"' ''
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TABLE 1

Precipitation of Simulated MLLW

Precipitation agerii
Amount,

g/liter
pH value

after dosage

TABLE 2
The Chemical Composition of Precipitate from

Treatment of One Liter Simulated MLLW* (As Oxides)

A1(NO3)3 •
SnClj
NaOH
TiCl5 in HC1
NaOH
•K4[Fe(CN),
NaOH
Water glass
NaOH

0

9 H , 0

I - 3 H , O ,

Tracer

, ; ' ; ' " ' 5 Nb
• ' * " ' R u

i a ' C s

7.0 (Ce, Zr, Nb)
1.5 (Ru)j i

l.O-(Sr);

0.5 (Cs) "

16.0 (Sr) y

_ / " " Df* °

190
1000
1000

190
* 250
° 1,000

1 - 2

Up to 3 . 5 , /

Up t<f4.0

"Dp to 7.0 ,

Up to 9.5

I

!

'1

l

*NaNO3 concentration up to 350 g/liter h a s n o
intluence on Df. Higiier concentration decreases the Df.

The chemical composition of the precipitate is given in
Table 2. Treatment of one liter MLLW-c produces about 14
to 16 g of precipitate in oxide form. Some of the
components present in the precipitate such as SiO2, TiO2,
AI2O3, and Na2O are also present in the basic glass and
glass-ceramic matrices selected for vitrification. Hence the
respective amounts ofothese constituents ate reduced from
the basic matrix. The precipitate so obtained from the
treatment of 10 liter MLLW-c is incorporated in one' kg
glass or glass-ceramics^with'HLLW andconStitutes only 3 to
4 w.t.% of the* product. In this work, the precipitate Jias
been vitrified together with HLLW. The objective of the
work is to evaluate vitrified products (glass and glass-
ceramics) with HLLW and-MLLW and to compare them ft
with products obtained only with HLLW and to confirm
•whether the','addition of precipitate is adequate or whether
the product1 becomes less stable. It was seen that addition
of the precipitate increased the activity of the HLLW-glass
Or glass-ceramics only 1% but did not increase the product °
amount. The vitrification of MLLW-precipitate only will
produce about 12 to 16 m ' /y r^ lass or glass-ceramic
product.

SELECTION AND PREPARATION OF A
BOROSILICATE GLASS AND GLASS-CERAMIC
MATRIX

VG 98/1*. a borosilicateiglass matrix, and VC 15, V
borosilicate glass-ceramic matrix, are the1 two matrices being
investigated in the pilot vitrification facility, at KfK for
vitrification of HLLW and were taken as basic matrices for *

Component

SiO2

A12O3

TiO,
SnO;
Na2O
K2O
CaO
MgO
l-e.O,

4.45
0.94-
0.51
1.19
4.43
0.10^
0.28'
0.33
0.32

ivt.%

30.48
6.44
3.49
8.15

30.34
2.05
1.92
2.26
2.19

Component

Cr2O3 l l
NiO
U3O.
CuO a
MnO

"PbO
ZnO'
Ru-6x
FP-Ox°

S

0.03
0.01
1.18
0.05
0.02
0.09
0.07
0,09
0.30

wl.%

0.21
0.07
8.08
0.34
0U4
0.62
0.48
0.62
2.05

*Total weight = 14.6. The weight may differ with the water
content of MLLW precipitate.

the present work. Tlfe compositions of these matrices are
shown in Tables 3 and 4. •' 0 • •

During leaching experiments, it was observed that the
glass product VG 98/1 with HLLW and MLLW^Iiad better
leach resistance compared to products with and without
HLLW (Fig. 1). It was thought that this is due to the
presence of MgO in the precipitate which was confirmed by
experiments. This is why borosilicate glass matrix VG 98/3
also contains MgO. A series of three glass matrices also
contains Gd2O3 , .,an ,expected neutron poison in the
dissolution step of reprocessing.

Simulated HLLW and simulated dried MLLW-c precipi-
tate are thoroughly mixed with frit (glass or glass-ceramic)
and heated at 800°C for degasification and then melted at
1200°C for 3 to 4 hr to produce a bubble free melt.4 The

imelt is poured into graphite molds, kept at 600°C for two
hr, and then cooled to rgpin temperature by switching off

athe furnace. The glass-ceramic product is kept at430°C for
24 hr and lhenDat 630°C for 72 hr for complete recrystalli- 1
zation.?' -- - a " j

PROPERTIES INVESTIGATED

The products with HLLW and HLLW-MLLW-precipj-
tate were investigated for the following properties for
comparison purposes. These investigations were selected
since they are important from the process development and
disposal viewppint. * <,

1. Viscosity of the melt at 1150°C (melting range 1100
tol200°C)

2. Volatility of fission products and glass components
from the melt

3. Formation of yellow phase o ,~
4. Recrystallization tendency (after 360 hr at 80(f C) of

borosilicate glass products -
5. Impact resistance
6. Thermal conductivity at 167°C

360



TABLE 3 j :

The Chemical Composition (wt.%) of Glass-Ceramic Products

-•' Component

SiO2

TiO2

A1,O,
B2O3=
MgO
CaO = f>
Na2O
LiaO "' "

= K2O
Gd,O 3

HLLW-Ox
MLLW-precipitatc-
• O x '

VC 15
(HLLW)

40.000
4.00
8.00
4.00
4.00*
4.00
4.00
8.00'
4.00

20.00,1

'- * V C M S ^
(HLLW+MLLWK

38.16
3.82°
7:63

'•- 3.82

3.82 -
<• 3 . 8 2 . . - ,

r3.82 -- '" '
7.63
3.82

20.00
a

3.68

VC 15 G
(HLLW)

35.00
3.50
7.00
3.50
3.50
3.50
3.50
7.00
3.50^

10.00 e

20.00

„ VC 15 G
(HLLW+ MLLW)

33.16
3.32
6.63
3.32

: 3.32
3.32
3.32
6.63
3.32

10.00
20.00

3.68

, TABLE 4

The Chemical Composition of Borosilicate Glasses

' --

OJ

o

Component

SiO2

TiO2

A12O3

B2O3

CaO
Na2O
G d , O , c

MgO
HAW-oxide
MAW-precipitate-

c oxide

" '• n • -

Basic

wt.%

45.30
3.80
1.30

12.20
2.50

24.70
10.20

*PPT = precipitate.

mole%

51.65
3.26 =
0.88

11.98.
3.05

27.26
1.92

o

VG 98/1 G

iu
wt.%

36.30
3.00
1.00
9.80
2.00

19.70
10.20

l°8.00
• • •

IW

molc%

47.41
2.95
0.77

11.05
2.79

24.94
2.l20

7.89

-

HAW + PPT* *

wt.%

36.00
3.00
1.00
9.00
2.00

17.20
10.20

' 0.33
18.00

'Y37

mole%

48sl9
3.02
0.79

10.40
2.87

22.58
2.26
0.66
7.93
O

1.30

Basic

wt.%

5J.00
4.4.0
1.40

12.80
2.90

24.50
°

2.00

mole%

53.70
3.70
0.62

11.11
* 3.09
24.69

3.09

:j VG98/2

HAW

wt.%

.41.60
3.52
1.12

10.24
2.32

19.60

1.60 *
20i00

n«)le%

49.23
2.86

,. 0.71
10.71

2.88
22.87

2.86
/•, J-88

HAW + PPT*

wt.%

40.06
3.39
1.08o

9.86
2.23

18.87

1.5r4
19.27

3.70

mole%

48.72
3.09

30.77
10.27

2.91
22.21

2.8J,
- 8.02%

= 1.20

-

Basic

wt.%

46.80
3.90
1.20

11.50
2.60

22.00
10.00

2.00

/

, mole%

52.35
3.36
0.67

11.41
3.36

23.49
,2.00

) 3.36

VG 98/2 G

HAW"

wt.%,

36.44
3.12
0.96
9.20
2.08

17.60
10.00

1.60
20.00

mole%

42.%
3.13
0.78'
0.16
3.13

21.88
2.34
3.13

J 8.59

--7

HAW-

wt.%

35.Q9

"i'.oo
* 0.92

8.86
> 2.00

16.95
9.63
1.54

19.27

3.70

trPPT* *

"mole%

46.39
2.97
0.72

10:03
2.83

21.68
2.29

°3.O5
8.73

1.30

O> \-
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Fig. 1 Weight loss by leaching of borosilicate .glass matrices in
Soxhlct at 8O°C.': u '

7. Leaching behavior of glass (w.r.t. weight and radio-
activijy in Soxhlet at 8O°C and jjsing the IAEA recom-.
mended method i t room temperature) 5 (i?

8. Leaching behavior of glass-ceramics against water,
saturated NaCl solution, and carnallite at boiling and at
room temperature Q

RESULTS DISCUSSION

The results obtained appear in Table 5.
!| ''I.'Viscosity. The presence of MgO in borosilicate glass

products increases the viscosity. All the matrices have a
viscosity" at 1150°C< 100 poise and hence cause no
problem in the pouring of glass in containers. In the case of
glass-ceramics, the addition of MLLW has no remarkable
effect. An addition ofGd2O3 also has shown an increase in
viscosity. "

2. Volatility of fission products. Volatility was mea-
sured by chemical analysis; Ruthenium volatility was not
measured. Addition of precipitate showed no significant
effect on volatility except 60% volatility of cesium has been
observed for the glass and. glass-ceramic matrices; due to^
formation of CsCl, The chloride was present in the
precipitate as a precipitating agent. Duea to this dis-
idvantage, a precipitation method without chloride is under

development; The volatility of some of the components is
(average values) B2O3 9.5%,«Na2O"l.5%, CaO fO.5%,
Cs2O 10 to 13% (in the absence, of Cl );

3 °Formation and suppression pf yellow phase. A Iigli t, •
water soluble yellow phase of molybdate and chromale was
(Vbserved at the surface of glass products. The formation of
this phas&has. been minimized by the addition of 1 to 2%

° Si. For glass-ceramicsit was not remarkable. „ 0 .-

"r. 4. Tendency towards devitrification. ExBept for glass5

pr&ducts 8 and 9, |he others had very little.or no tendency
'• towards devitrification. Glass product 8 was partially 0

devitrified while 9 was°tfully devitrified due to the presence
of MgO and Gcl2O3 in the"1 matrix. £/

5. Impact resistance. A test as" described by Wallace
and Kell̂ ey6 was used only for comparison, although the,
"reproducibilityof results is not good.

6. Thermal conductivity at 16 f C. No significant ef- ^
feet of addition of Ml,LW-precipitate on thermal conduc-
tivity has been observed for glass matrices. In the case of •>
glass-ceramics the effect is irregular. 0

1. Leach resistance.._ Leach tests for glass products 1 3
indicated better results-for products with MLLW^precipitate A
as compared to others (Fig. 1) due to the presence of MgO /f
in the precipitate and were the basis for use of MgO in otlier;{
glass, matrices'with and without Gd 2O 3 . Products,8 and 9 '^
with Gd2O3 also-showed higher leach resistance intlicating ^ =
an increase in hydrolytic resistance of glass products by the-
addition of Gd2O3 . ° ^

8. Leach resistance of glass-ceramic products.' Leach
resistance of these products agafnst water^is lower than =_'
against the NaCl solution and carnallite at boiling tempera-
ture as indicated in Table 5. Lea°ch resistance of products3

with HLLW and those with HLLW and MLLW-precipitate is
not remarkably different. •-•" - - -

CONCLUSIONS
C o - J

The comparison of products (glass and glass-ceramic)
containing HLLW and those'' containing HLLW and
MLLW-precipitate indicates that the addition of precipitate
is quite adequate and even jmpro.ves some properties. The
presence'cof Gd2O3^enhances hydrolytic stability,obut also
increases the tendency towards devitrification. She
positive effect of MgO favors its addition of 1 to 2 wt.%
in matrices. . , •
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TABLE 5

[ = 0 f'

i 0 ^ , . < „ • ' s

Property * o 1
' ' \ ' • ' ' ' - 3 -

Results of Praperties Investigated

Borotilicate |ta« nutncet and products •- f .

4 „ - 5 ; ° 6 .7" 8 9 ° ° V

. 0

- Gtw-ceniMc riodiKts

2 *-. 3 "

o

4

Density (gem"1)
Viscosity at 11SO°C (poise)
Devitrification tendency
Impact resistance*: (cm^y^1)

.. Leach rate (kg m"J s"').
=Soxhlet, 80°C, 44 days

Totak '
I t c =
Cs ,
Sr ,
Ru e '-- " o
Ce "

1AKA, 25°C,
41 days (total)

Water, 7°days (total)-,
- lOO^C ', .,' - ^ ^ , ,

316.5 gNaO/Uter brine; i
7 days (total) \

Carnallite solution, saturated.
' 1 days (total)
U8°C '
25°C

a.70" .- •' 3.00 = 3.01
31 37 -i 37
No , ^ No ; N o \
6.96 " 8.78 13.24,

c, 2.7 x 1 0 - ' 1.5 x 10"' 8.6 x l O "
8.7x10-' 6.2 x l0~ ' 8.7^x107
6.2x10/' 5.4x10"' 9.2x10"
7.3x10" 4.0x10-' 2.0'xlO"
3.5x10-' 3.9x10-' 8.6x10""

- 2.5 x 10-' * 2.4 xlO-' 6.4x10-

8.3x10-" 1.8 x 10-" . 7.3x 10~" 4.2 x 10"

1.6
3J
5.2
6.3
8.9
7.8

2.52
76 -:
No
5 J 3 °

x l O - '
x l O " '
X 10:^'
xlO"'
xlO-'
xlO-*

6,5
.1.2

318
4.0
6.3
5.0

2,74
56
No
5.97

xlO-
x 10-
xlO-
x fb^
X 1 0 "
xl0~

^ 2.7ft

VNo
11.60

• 1.4xlO-"J
' 9.0x10-'
' 0 3.1 x l 0 - ' =
'" 5.0 x 101-'
*• 6.2 x 10—.
' 4.3x10"'

2.1
1.2
8.0
1.1
3.5
7.0

2;71
125
No
5.63''"

xlO""
x l O - '
x l O - '
xlO-f?)
xlO"'
xlO"'

3.04 =
= 55

Partial
6.61

1.8x10-'
5.4 x 10"'
5.0x10—
6.2'x 10"'
1.1 xlO—
1.5 x 10-'

3.0J
40
Strong
13.40

• 9.0x10—
6.7 x 10—
6.5 x 10-?,
2:6 x 107,'°
1.8x10—
1.1 xlO—

2.86
190

,4.61

:j

1.2x1.0-" 6 . 3 x 1 0 " " 3 . 9 x 1 0 - " 9 . 0 x 1 0 - " 4 .7x10"
\)

. 11%

I t

If

(l 3

3.00
255

5.07

3.09
160

6.43

2.99
135

12.6

1.8x10^' ,2,5x107' 8.4x10-'
3 .0x10-" 9,9x10— 8.9x10-?

8.9iX id"' 3.5-x 10-' 2.4 x 10"'
5.3 x 10"" * 1.1 x 10-* L.0 x 10""

4 .6x10-" 2.7x10-' ft 1.6x10-
5.3 xjJO-",, 8.0 x 10-^'=\|l.3 x 10-

5 3.0 x l O - '

4 , 2 x 1 0 - "
2 .1x10-"

6 . 3 x 1 0 - "
9.8 x 10—= '•

0

id'

•s

4

'5P -
O , . a .,*•
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CHARACTERISTICS OF STORED HIGH-LEVEL
ICPP WASTE CALCINE
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Major < onstitueri'ts of Retrieved t aicine. W|.'?

? I
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VI
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1 H

•» 1 s
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Vki 1 jun.
'"4 pn>il'u> t
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AI < a

- « :< < -,

. " f t , . :"• . • .»•

- .<* • • V."» ' n 3 6
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r
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-
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r

r

i

'' I'

'' S

. ! :

1 I
„ r.

13

- ., s "TABtE 2 =

Minor ( f>«stituenls »f Retrieved < altine Wt.r'

Samplf K ( a Ic

Alumina

K Mn earth* - Ru Zr

m.
@ "

11.2 II 'I :, 2.'I I.ft I' '
i t 2 t I 2 «i I . H ( » '
( 1 . 2 3 5 •' 2 " I 'I ' I , '

U.'i4 •
O >I4

Sample B

/inxraa •]•'

K Mn Na NO,

71

11.1)4 n IIS
71

l < i | * l
earths Ru

M.5 It. I '5

0.5 It.u5

I : H

.ilonc on sample composite material less ihan KX> mm .'liter
afiquotting. All chemical tests were done in the analytical
bhoiatones at (("PP. Differential thermal analyses (DTAI
aiiil thermal gravimetric analyses (T(*A) were done by

• Rockwell ilanlord Qnnpariy at Richlund, Washington.

CHEMICAL PROPERTIED OF RETRIEVED
CALCINE

; The chemical species determined on (he retrieved
;l sample composites are given in Tables 1 through 3. Where

possible, comparative results on radioactive samples taken
from the WCF at the time of calcine production are
included in the tables, in most cases the ranges of values
determined for the major constituents of retrieved zirconia
samples are similar to those determined for WCF zirconia
product. Tliere is some variation in ranges of values
determined for major constituents in retrieved alumina and
those for WCF^umina product.

Very little information exists on the minor constituents
of either alumina or zirconia calcine when originally
produced; therefore, comparisons to WCF product at time
of production are not possible. In most cases the amounts

of minor constituents, oinclu<iirg volatile species such as
ruthenium and mercury, are relatively constant throughout
'each bin. -Table°3 presents the data obtained from the
radiochcmical determinations on alumina and /irconia
calcine. The fission products and,their ^eoneentrau&n in
stored calcine depend wn the fuel processed as well as the
age of calcine. Thus meaningful comparisons of fission
product contents irtjstored calcine can be made only when
these contents at lime of production are known. This
information is not available at the time of production for
the retrieved calcine samples. However, the contents of the
liquid waste, tanks are known; theafore fission product
contents^ould be estimated by determining the contents of
the tanks which were calcined arid sent to the sampled bins.

The determination of uranium and transuranic contents
is important for determining presently unknown quantities
of these elements in stored calcine. The contents are of
particular interest because they reflect the efficiency of th«
uranium recovery process. - >

Spectrochemical and X-ray diffraction analyses were
performed on: the retrieved, calcine samples to determine
crystalline and amorphous components. Both fines (less
than U. S. Standard No. 140 mesh) and product (greater
than U. S. Standard No. 140 mesh) materials were ana-

366



\inipli

"M

\ ^ • T A B L I ? ;; , . -,, •' ..'••..

KJ<1I.>;K tiu1 Spt'cieviii, Retrieietl Calcine .,

Major tivsinn;
pfodiiw* Lramuni

, NiKlidi- jSJC-Matt.-tgg IsoN

Alumina

" S- 2 .'4

I ransuranuv

NIICIHK* ug g

• " P : i fl. In

:• r'..

1 . .

( v

4ii ;
~ ; <

i V1 *"

l.'i ii

,* .1 1 '-

I " s 2

214 1
2.3* (S'l

216 3

2.1S 25

2,14 3

2." 1 ( ."

I

-

s ~

H

1
• I

• ' Pu
• " I'll
• 4 l l P u

' • * ' A l i l

• -Pu
•' ' *Pu

I I .
2.
I I .

".

I I

I l l

ys
i ;

•"<

i n
i.i

' S:

" s- r
1 (* ::

• f s 22.4

i'i r an
. 2 3 * »>s '»

•" A n >i 1 I

I I I

Am (1 .»:

2 1 4 fi S • " I ' l l i r S h

23< *'i S - " • P u i*.3H

2 ifi 6 " • * * ! . , 11:%'

2 M .1 'I • ' ' P a ! mi

i1tf> 6 5' • * "Pii"-- ! • > "

2 3!) 2f. 6 - " A m n IS

l v i 15.

i \ / e J . These-analyses iri'dicuie 111 a I there is little ililference

in the types and amounts <>t crystalline and amorphous

component.-, between the retrieved alurnina and /irconia

calcine arid WCJ- alumina and /ireonia product. L'

PHYSICAL PROPERTIES OF RETRIEVED ; / ^
CALCINE " ^

Table 4 sumniarves composition and structural proper-
ties of the retrieved calcine. Lntries tor the WCF alumina
product are unpublished data from the second and third
processing campaigns. Bulk density and MMPD entries for
the WCF /.irconia product are unpublished data from the
foui th campaign. Sieve analyses of retrieved samples were
obtained by dividing each entire composite, minus the
aliquot removed for physical and chemical analyses, by a
screen sequence in the sonic sifter into seven sieve fractions.
The results of the sieve analyses are given in Table 5.

Comparison of sieve analyses for WCF alumina product
and retrieved alumina calcine given in Table 5 shows little
change in weight distribution on various screens. A sieve

anaKsis 1 ^ not been perl.>rnied on W('F /irconia product.
How.evei. the data in Table 5 indicate that sample 7B(lrom
the bottom oi bin ^containsconsiderably more fines than
samples tium the top and middle ol the bin. These fines
troni '"B were analyzed h\ X-riiv diffraction and were
determined to contain 20 ' dolomite. Storage and flow
properties were determined on the fines portion of the
retrieved calcine on an instantaneous basis <no waiting
period uiviiei a compacting load helnre samples are sheared
b> a horizontal force) foi comparison to those of simulated
calcine. The results of these tests are given in Table h. v

The propei t> I' is,a measure ot the cohesive strength a
material gains when subjected to a compacting load Vi
(RiM.M The wall triction angle, 0'. ot a material is a
measure of its abilitv 10 adhere to the wal? of its storage
container.' The data 111 Tabled indicate that tiierg is little
Mgiulkjiii change in these properties between retrieved and
simulated calcines. Likewise, the results of coinpiessibihty

TABLE 4

C'omposiiional and Structural Properties of
Retrieved Calcine SampJes }

Bulk

VI

u.S<)

Alumina

; 3M
WCI ; alumina

it product

1.0(1 0.6 1.6

L' i-m"

MM PI).' nun
Produi'l: tines

MUciT ;;, "

("ali'ini" dissolu-

M<in. ( « 1 . ' dis-

solved)
Attrition indices;

Bulk deiiMU.
p'cm1

Packed density.
gem"

MMPIJj* mm
Product : fines "

ratiot
Jc<»lcine dissolu-
-' nC^tjvkt.^ dis-

solven-»ri^
Attrition indices S

fl.98

H.625

3.68 : 1

«~~

95.27
76

' 7X

r.7i

1.74

0^426

42-5

95.(>6
80

1.17
11.59

4 .37 : 1

89.22

68

Zirconia

7M

IL62

1.71
0.399

32.3

92.57
68

111
0.620

5.33 : 1

,94.77
62

1.56

1.71
0.404

10.5 ,

95.50
72

0.3 0.6

7 13 : 1

WCFzirconia
product

1.01 1.78

0.31 0.44

94.50 96.60

*MMPU is ma=>s mean particle diameter.
t Ratio of cjlcinc sample material greater than U. S. Std. sieve

No. 140 to material less than l \ S. Std. sieve No. 140.
tPercent -.it ope gram dissolved in 10 ml of 8.W HNO, at 90°C

for 30 min (Ref. 7).
5Losi in wt.T- of 425 to 500 \im material in standardized

fluidization test. .
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TABLE 5

Sk-u- Analysis on Relrieved Calcine Sample Composites
(Weight Fraction Retained on Each Sieve)

U S .
sieve No.

+ 35
+ 5(1

+ 7(1

+ KMI

+ 140
+200

20(1

fouls;
iveij-li

Si/o
<iim)

•suit
300
2,12

150
106
75

: 75

tinple
It.kj!

Alumina

31

II.47H
0.220
0.1)42
0.026
0.021
0.025
0.1X9

2.512

3M

0.51 1 '
0.223
0.037
0.027
0.015
0.025
0.161

1 3.628

3H

0.4M
0.200
0.1 30
0.025
0.026
0.023
0.135

3.502"

WC'f
alumina

J product

11.490 >i
0:2 10
0.090
0.049 ,)
0.038
(1.030

--0.1)9jf

L. S.
sieve No.

. +35
+50
+70

+ 100
+ 140
+foo

200

Size
(Mm)

500
300
212
150
106
75

•75
'1 dial sample

weight, kji

Zirconia

7T

0.142
0.466
0.339
0.020
0.013
0.010

2.670

7M

0.104 l

0.515
0.314
0.039
0.014
0.016

4.516

o

7B

0.146
0.424 o
0.284
0.061
0.053
0.053
0.028

5.962

TABLE 6

Properties in Retrieved and Simulated Calcines

Sample

31
3M
3H
Simulated alumina

calcine
7H
SinuiidUvl /iiLMiiia

calcine

Cohesive
strength 1 .

kg

1 3.6
13.4
20.2

35.6
20.7

25.3"

((impacting
load

Vf.kg

150.0
13H.6
149.4

14,9.4
143.0

149.1

V, /!•

I I
10

4 7.4 ,

4.2
6.9

7.1

Wall friction
angle •;!'.

^degrees

30
2N
28''

3(1
29

31

, tests. performed ^ n the Hues portions of the "composites
(Table 6) indicate^ little change in llial properly between
retrieved and simulated calcines. These similarities suggest
that these materials would behave almost identically during
pneumatic transfer.

DTA and TGA analyses were performed on the re-
trieved calcine to determine amounts of volatiles present
and to attempt to identify the volatile components. The
analyses were performed by the Rockwell llanford Opera-
tions Analytical Group'. The results of these analyses are
presented in Table 7.

The reactions detected by DTA analysis on the re-
trieved calcine were minor, while those delected on the
WCF product were significant. This suggests that the loss of
volatile components or crystalline transitions are greater in
fresh calcine than in more aged radioactive calcine.

The TGA analyses indicate:
l .A weight loss in all retrieved alumina, calcine

samples between 750 and 890°C, probably caused by
nitrate volatilization.

2. An additional weight loss for retrieved alumina
calcine sample 3T between 650 and 75O°C, possibly from
nitrate volatilization.

3. A 2'r weight loss at 50 to ISO'T in retrieved
/.irconia calcine sample 3T is probably from water
volatilization. A weight loss at 450 to 53OT from this
sample is possibly from nitrate volatilization. -

4. No weigh! losses'were delected from retrieved
/irconia sample 7T and 7U.

5. The WCF /irconia product samples both underwent
weight losses greater than 5';? between 550 and 700°C
from calcium nitrate dissociation.

With respect to retrieved alumina calcine, DTA analyses
indicate endothermic reactions between 400 and 580"C,

TABLE 7

DTA and TCA Analyses on Retrieved Calcine
and WCF 8th Campaign Product

Sample "

3T

3B

7T
7M
7B
78-42()4t

78^864$

DTA analysis

Undo therm
locations.

N. 1).*
400 580

700
250 429

460 -560
N. D ^
N. IX

690-720

'¥';
660- 776'

C Possible reaction

Crystalline transition
or nitrate loss

Nitrate loss o .
Crystalline transition

or nitrate loss
Nitrate loss

Calcium nitrate
dissociation with
nitrate loss

Calcium nitrate
dissociation with
nitrate loss

TO. A analysis

Loss.
wt.tf

••i

3.1
1.0

5.0

2.0
N. D."
N. D.
5.4'

5.3

Temp..
C

650 750
810-890

750-860

50-100

600-700

540 700

*N. D.,
f WCK

1978.
tWCF

September

none detected. ~
8th campaign zirconia product sampled on August 20,

8th campaign zirconia product sampled- on
11, 1978.
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f

although the T(!A curves indicate no weight loss at thai
temperature range. This suggests crystalline transitions
rather than volatilization. Fpj the retrieved zirconia calcine
sample 7T. the endotherm at 450 to 56O°C from DTA
analysis correlates to the l.9r'> weight loss by TC.A analysis
suggesting volatilization. Both WCF /irconia product sam-
ples show endoihermic reactions between 4'JO and 770°C
by DTA analysis. These correlate with weight loss greater
than 5'V by TGA analysis suggesting nitrate volatilization or
dissociation reactions.

CONCLUSION AND SUGGESTIONS
FOR FUTURE WORK

The most -significant 'determination . (if die testing
program is that the sampled bins can be emptied pneumati-
cally. This is a necessary condition of stored calcine for
pnslcalcination treatment or for shipment to a federal
repository. The results of this testing program indicate that
most physical and chemical properties of radioactive
alumina and /irconia calcine produced by use of a
liquid-metal heat transfer system do not change substan-
tially over several years of storage. Solidification of liquid
wastes using the current method of in-bed combustion of
kerosene is expected lo exhibit similar properties after
prolonged storage.

Where comparisons could be made, the chemical prop-
eriies of retrieved calcine were determined to be similar to
those measured at the time of production. Information is
lacking on the behavior of the important minor species:
Analytical procedures for water, chloride, radioiodine, and
sulfate were not available for the retrieved samples.
Analyses for the potentially volatile species mercury and
ruthenium were performed: however, the amounts of these
elements in freshly prepared WCF pioduci have not been
determined. The crystalline structure of both types of
calcine remains unchanged, and no detectable additional
crystalline species results from storage. The results of

.i-actinide analyses on the sample composites can be used to
construct material balances of these species for the overall
waste processing operation and are important inpiikfor the
actinide removal processes being developed at the ICPP.
Although little information, is available for comparison,
most physical properties appear to be similar between
simulated and radioactive calcine. Thus many of the
physical properties of stored calcine can be extrapolated
from those determined on simulated calcine.
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STABILIZATION OF HIGH-LEVEL WASTE
FROM A CHLORIDE VOLATILITY NUCLEAR

FUEL REPROCESSING SYSTEM

L. A. SMITH and T. A. THORNTON
Babcock & Wilcox Company, Lynchburg Research Center, Lynchburg, Virginia •;,

ABSTRACT

Methods for stabilising high-level waste from a chloride volatil-
ity thorium-based fuel coprocessing system have been studied. The
waste, which is present as chloride salts, is combined with SiO2 or
Al,Oj and pyrohydrolyzed to remove the chloride ions. The ,
resulting solid is then combined with a flux and glassified.

INTRODUCTION

Pyrochemical and dry processing methods (PDPM) can
be used as alternatives to the common Pure* method for
reprocessing spent nuclear fuels to improve proliferation
resistance. The chloride volatility method for reprocessing
thoria—urania fuels is one such proliferation resistant
process. A rudimentary" block flow diagram of the chloride
volatility coprocess is shown in Fig. 1. The concern of this
paper is the fission product dechlorination by pyrohydroly-
sis and conversion of the resulting oxides to borosilicate
glass. The pyrohydrolysis reaction for fission product
dechlorination would be of the form:

M d 2 + H2O = MO + 2 HC1 (1)

For many fission products, this reaction has large positive
values of AGr, so conversion to the oxide will be difficult in
many cases. However, previous work,showed that SiO2 or
A12O3 aid in removing chlorides.1

The crystalline silicate or aluminates thus formed may
be sufficiently stable to be acceptable for disposal. How-

- ever, we have assumed that borosilicate glass will be the
reference material, so the conversion of the pyrohydrolized
fission product chlorides to borosilicate glass was tested. It
is probable that at least some chloride will remain in the

fission products. For example, lanthanum and yttrium have
been shown to have very stable oxychlorides.2'3 These will
not completely dechlorinate even with Sip2 or A12O3

present and will, therefore, cause some chloride to remajn
in the fission product oxide. "For this reason, tests of
glassification of fission product oxides with low levels of
chloride contamination were dorte. An experimental pro-
gram Was performed to investigate the feasibility of all
aspects of chloride volatility1 coprocessing. This'paper
discusses that portion of the program which demonstrated
the borosilicate glass stabilization of the fission products.
This work was divided into three segments: conversion of
the chlorides to oxides by pyrohydrolysis, glassification of
the oxides, and leach testingof the resulting glass.

PYROHYDROLYSIS

The pyrohydrolysis gas, moist air, was created by
drawing (with a downstream vacuum) air at 1500 JjgCCM
through a rotameter and a water bubbler where it becomes
saturated at a controlled 94°C. This resulted in a steam
flow of I Jg /min . The chloride sample was held in a
platinum boat inside an electrically heated quartz tube
furnace. A condenser a r t h e furnace outlet was used to
condense the steam in the exiting gas stream. A three-way
valve allowed sampling of this condensate without inter-
rupting the pyrohydrolysis in the furnace.

Nine pyrohydrolysis experiments were completed. The
sample composition, size, operating temperature, and run
time are shown in Table 1. The pyrohydrolysis temperature
was chosen to be slightly lower than the melting point or
sublimation point of the chloride compound. This limit was
selected because it is probable that a full-scale system
would not be able to operate above the malting point due
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Fig. 1 Chloride volatility coprocessing system.

TABLE 1

Pyrohydrolysis Experimental Conditions

Experi-
ment

KBa)

2<l»a>
3(Ua)

4(Ba)

5(Cs)

6(Cs

7(La)
8(La)

9(Zr)

•50';;

HaCI

5or;
50';
50 '̂
50':
50'-;
50'r
5or;
5O',V

LaCI

54CJ

45CJ

•ZrCl,

Type of
material

Bad, • 211,0
AI,OV

, • 211,0
BaCI, • 2 H , 0
AI,O,
UaCI,' • 2H,O
SiO,
CsCI
AUO, ..
CsCI
SiO,
, • 611,0
LaCI,"- 6 H , 0
SiO,'

4

Sample
size, g

0.26

0.23
0.41

0.41

0.39

0.39

0.38
0.67

0.21

Pyrohydrolysis
temperature,

"C

900

900
900

\ \ '
960

900

900

800
800

300

Pyro-
hydrolysis
time, min.

60

60
75

60

60

60

61
42

25

to particle agglomeration or above the boiling point due to
volatilization. With a mixture of;fission products, pyrohy-
drolysis would be started at a low temperature to convert
the low boiling chlorides to oxides. The temperature would
then be increased to convert the remaining chlorides.

The results of the pyrohydrolysis experiments are given
in Table 2. The chloride removal rate as a function of time
for the barium chloride samples is plotted in Fig. 2. The
low initial chloride evolution rate in experiment l(Ba)was
due to low steam flow at the beginning of that experiment.
Experiments l(Ba) and 3(Ba) are duplicates except for the
low steam flow and the sample size. The sample size in
experiment 3(Ba) was about 60% larger. However, the
chloride evolution rate in experiment l(Ba) actually starts
out about the same rate as experiment 3(Ba). The larger
sample in experiment 3(Ba) resulted in a deeper bed in the
boat. It is probable that reaction of the material at the

TABLE 2

Pyrohydrolysis Experimental Results

Experi-
ment

l(Ba)
2(Ba)
3(Ba)
4(Ba)
5(Cs)
6(Cs)
7(La)
8(La)
9(Zn)

Measured
weigh!

loss, mg

60 ±5
39 ± 1
75 ± 1
75 + 1
98+ 1

195 + 1
183 + 1

NDf
9 0 ± 5

Calculated
weight
loss, mg

47 + 5
44 + 5
71 + 5
71 + 5

#
*

175 + 5
ND

111 ± 10

Initial
chloride

content, mg

38
66
59
59
42
42

114
108
127

Chloride
removed,

%

84+ 1
20 ± 1
92 + 1
92 ± 1

*
*

68+ 1

60 ± V>
99 ± 1

Residual
chloride,

%

16+ 1
79+ 1
6 + 3
4 + 3

*
*

27 + 3
ND
ND

*Invalid due to cesium volatility.
fNot determined.
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bottom was inhibited by the shielding effect of the material
above it.

It is reasonable to expect that the oxidation reaction
would follow topochemjeal kinetics. The interaction of
oxygen and steam with barium chloride occurs at a solid
interface. The reaction rate depends upon the rate of II2O
diffusion into the crystal lattice and upon the rate of
crystal- chemical conversion. The thickness of the layer of
solid reaction products increases continudusly and hinders
the diffusion of H2O into the reaction zone and the
diffusion of HCl out of that zone. =

Teterevkov4 studied the oxidation of FeCI2 with dry
air and found that an Erofeev equation applies. It has the
form: • ,

,, x = l - e

where x = weight percent conversion;t = time, minutes; and
k and n = constants. Taking logarithms twice gives: ^

log - log(l-x) = log k/2.303 +.n log t

Therefore, if the logarithm of 1 — x is plotted as a
function of time on log-log paper, a straight line will be the
result. Any change in slope will indicate a change in the
reaction mechanism. The results of experiments l(Ba),
2(Ba), 3(Ba), and 4(Ba) are shown on this type of plot in
Fig. 3. The mechanism for pyrohydrolysis of BaCl2 with
SiO2 as accelerator is much more rapid than BaCl2 with

(A12O3 in the early stages but then slows when the last

traces of chloride are being removed. The solids from
experiments 3(Ba) and 4(Ba) were characterized by X-ray
diffraction patterns. The BaCl2 and A12O3 resulted in
BaAl2O4 and Al2O3 ,The BaCl2 and SiO2 gave Ba2Si04 .

Following the BaCl2 • 2H2O runs, two runs were made
with 0.2 grams CsCI. In one case, 0.2 gram A12O3 was used
as an accelerator and in the other, 0.2 gram SiO2 was
substituted for the alumina. In both cases, more than 90%
of the cesium volatilized. .About 50% of the volatilized
material was collected in tfe^condensate during the first 20
minutes, and 2% collected in the condensate in the
following 40 minutes. A'irace was found in the bubblers. A
deposit was noted nea.V the furnace outlet. It was deter-
mined to contain ces|ujTi, but the exact quantity could not
be determined. Provision for collecting the volatilized
cesium would be required in the plant off-gas system.

A 0.38 gram sample of LaCl3 • 6H2O and a 0.67 gram
sample containing"54% LaCl3 • 6H2O were pyrohydro-
Jyzgd. In both cases, a temperature of 800oC was used. As
expected, in fyfci'th cases LaOCl formed. The compound was
identified by &-ray diffraction. The reaction was essentially
complete in five minutes making it impossible to plot rate
data as a function of time. The chloride removal rate during
the first five minutes was ~10mg/CI/min. The condensate
was not analyzed for lanthanum, but carry-over is expected
to be small. One sainple with 0.21 gram ZrCU was
pyrohydrolyzed at 310°C. Chloride evolution was very
rapid. The chloride removal was 99%. Less than 0.03% of
the zirconium volatilized.
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GLASS FORMATION

Since complete removal of chloride is not possible, the
effect of chloride on the waste glass was tested. Melts with
and without chlorides were prepared. The samples were
(a) pure frit; (b) 63% frit plus 37% BaO; (c) 70% frit, 19%
BaO, plus 11% BaCl2 • 2H2O; (d) 65% frit plus 35% fission
product simulation mix; and fe) 65% frit, 20% fission
product simulation mix, plus 15% ZrCl4. Table 3 shows the
frit composition, and in Table 4 the product simulation mix

exposed to the condensed leachant at 80°C. The test was
carried out for 24 hours. The results are reported as wt.%
loss per day. Sample a, pure frit, lost 3.8%; sampled, frit
with fission product oxide, lost 1.0%; sample c, frit with
fission product oxides and chlorides, lost 4.3%. The leach
test result for the glass with fission product oxides is in
good agreement with values reported in the literature.
Leach resistance is measurably reduced by the presence of
chloride. However, it is not so poor as to make the chloride
volatility waste totally unacceptable for burial.

TABLE 3

TABLE4

Fission,Product Simulation
Mix Composition

^ J t W - J v l B i l l . V . '

SiO2

BjO,
ZnO
Na,0

37
15
29
19

100

BaO
ZrO,
La,O3
CeOj
Nd2O3

Pr2O,
SIIIJOT

Wt.7r

26.2 ki;
2hl '""
18.1
14.9
12.1
5.8
1.2

FJao"

composition is shown. These samples were prepared as 20
gram melts by grinding to less than 200 mesh and then
heating in air at 900°C for three hours in alumina crucibles.
The samples weic furnace cooled. The pure frit formed a
clear, homogeneous light green glass which fractured on
cooling. The color change is probably due to impurities
from the grinder. The frit plus BaO formed a microcrystal-
line solid which was determined by X-ray diffraction to be
Ba2ZnSi207 . Samples c, d, and e formed solid opaque
glasses which appeared homogeneous when fractured prior
to grinding. Samples d and e contained a large quantity of
bubbles.

LEACH TESTING

Leach resistance of glass samples was tested by an
accelerated Soxhlet extraction method. The glass was
ground and sieved to give about a three-gram sample which
lies between 45 and 60 mesh. The powder is contained in a
100-mesh stainless steel screen envelope. The^sample was

CONCLUSIONS

The disposal of the high-level wastes from a dry
chloride volatility coprocessing sysfem was studied. The
objective was to briefly assess the feasibility of a process to
convert the fission product chloride0waste to borosilicate
glass. This was done by converting several representative
fission product chlorides to oxides by pyrohydrolysis. A
problem with cesium volatility during pyrohydrolysis was
encountered. It is probable that a cesium collection process
would be required in the off-gas'system. Since complete
chloride removal during pyrohydroiysis was not accom-
plished in all cases, a glass sample containing 9% chloride
was made and leach tested. The leach resistance was poorer
than the comparable fission product oxide glass but1 was
still reasonably good.

Further testing of pyrohydrolysis with a wider variety
of fission product chlorides, glassification of the chloride
contaminated silicates and aluminates, and alternatives to
borosilicate glass are required to fully prove that solidifica-
tion of chloride volatility wastes is possible. However, tills
project demonstrated the initial feasibility of a process to
solidify chloride volatility reprocessing wastes.
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ABSTRACT

This paper presents the results of investigations into the
possibility ami conditions for using glass-crystalline materials for the
incorporation of radionuclides. Materials of a cast pyroxene type
that are obtained by smelting calcinated wastes with acid blast
furnace slags are described. A study was also made of materials of a
basalt type prepared from wastes with and without alkali, metal
salts. Changes, in the structure and properties of materials in tlie
process of storage at different tempera lures have been stiixiied.

INTRODUCTION

Currently in the USSR and abroad there has been large
progress in the development of technological processes for
production of glass-like materials of borosilicate or phos-
phate types to be used in the solidification of highly active
wastes.1 Along with the production of these materials,
methods are being developed for incorporating wastes into<>
glass-crystalline materials and solidified wastes into metallic
(matrices.1

Apart from the localization,^ radioactive nuclides, one
of the requirements is to decrease waste volumes which
permits reduction in the area to be used for burial grounds.
The storage arrangement is facilitated when the chemical
and thermal stability of materials to be buried is increased.
This particularly applies to the storage of wastes which may
attain a specific activity of 30,000 Ci/liter and higher (e.g.,
wastes from reprocessing fast reactor fuel elements).

Therefore it is of interest to study glass-crystalline
materials of a basalt type. The major crystalline phase of
basalt-base materials is pyroxenes, and this ensures the main
.properties of the materials—high chemical stability and
mechanical strength. 'From the point of view of crystal

chemistry; pyroxenes may be considered to be a diopside
(CaO • MgO • 2SiO2) in which silicon is partially substituted
(while calcium and magnesium are partially or fully
substituted by other elements.2

RESULTS AND DISCUSSION

Production of high-quality chemically stable basalt-like
acid-proof materials has been adequately studied,3'4 per-
mitting the use of acid blast-furnace slags for the prepara-
tion of pyroxene materials for the incorporation of highly
active wastes. The major constituents of acid blast-furnace
slags are Si62 , A12O3, CaO, Fe2O3 , and MgO. Depending
on the relation between the contents of major slag oxides,
different compounds such =as monticellite (CaMgSiO-O,
diopside (CaMgSi2O6), fayalite (2FeO-SiO2), and others
may form on crystallization.

The quality of materials produced from slag melts
depends on the chemical composition and viscosity of the
starting riiaterial as well as on the structure and phase
composition of the material prepared. Since pyroxenes
constitute the main mineral phase= of basalts and determine s

their principal technical properties, it is possible by
adjusting the chemical composition to prepare slag mate-
rials having properties close to those of basalts (Table 1).

The eadjustment of a slag composition is aimed at
introducing all the slag components into the composition of
pyroxenes. The amount of unbound oxides and the amount
of SiO2 addition required to bind them into diopside or
other minerals of a pyroxene group have been calculated.3 "4

Such a correction results in a reduction of the basicity
modulus (the ratio between the sum of acid oxides and
that of basic ones) of the matrix material to 0.5 to 0.6. The
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TABLE 1

Properties of Cast Basalt and Slag

Materials

Basalt
Slag compositions

Chemical stability

Acid
resistance

98.5
95.4-98.4

Alkali
resistance

99.4
99.6-100

Compressive
strength,
kg/cm5

4000-6000
4500-5800
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1 Fig. 1 Depth of water destruction of samples based on slag and.'x
wastes containing feiruus oxide, (a) Slag, (b) Slag-based pyroxene
material, (c) Pyroxene : calcined wastes = 30 : 70. (d) Py-
roxene : calcined wastes 40 : 60.

melting of a charge1 corrected in this way leads to pyroxene
materials which have a chemical stability two orders of
magnitude higher than that of the starting slag (Fig. 1).

The low content of alkali metal compounds (<0.5%) in
acid slags permits the incorporation of significant amounts
of calcined wastes into a pyroxene matrix. The co-melting
of a pyroxene composition charge and calcined Wastes in a
weight ratio of 30 : 70 and 40 : 60 at a temperature of
~1350°C results in a fine crystal material of high strength1

and chemical stability, characterized by sodium and cesium
leach rates of ~ 1 0 ~ 6 g/cm2 • day and a strontium leach
rate of 10~7 g/cm2 • day with a depth of attack of 22 to,;
25 A on contact with distilled water (Fig. 1).

Prolonged annealing at 900°C of prepared materials
results in decreased chemical stability during the first hours
of annealing; however, further heat treatment of samples
again improves their chemical stability (Fig. 2). No changes
in strontium leaching were observed. An" alteration of
chemical stability of samples as a result of heat treatment is
likely to be due to restructuring to form new mineral
phases and compounds.
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Fig. 2 Effect of annealing duration at 900°G on the depth of
water destruction of samples and sodium leaching.
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Fig. 3 X-ray patterns of pyroxene samples, (a) Without annealing,
(b) Following 50-hr annealing at 900°C. (c) Following 100-hr
annealing at 900°C.

As shown in Fig. 3, along with the lines of the basic
phase, additional reflections appear in X-ray patterns. The
intensity of the additional reflections grows with increased
heat treatment time, which points to an increased amount
of ai?h'ew phase. The appearance of this phase is likely to be
responsible for »the improved ochemical stability of an
annealed material. As pointed out above, to incorporate
wastes into pyroxene materials, temperatures above 1250°C
are required. H is clear that these materials cannot be1

prepared 4n equipment developed at present for the
solidification of highly active wastes. It is thought that
induction furnaces can be used to prepare such materials.

Similar properties are characteristic of basalt-like mate-
rials prepared by solidification of wastes using the heat of
chemical reactions.5"7 In processes of this type, exothermic
reactions of interaction between components of thermite
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V \

i additions, such as ferrous oxide-aluminum and sodium
! nitrate-aluminum mixtures, are1 a source^ of heat. Tlie,
; distinguishing feature of a chemothermal process is its high

temperature (1600 to 1900°C) which'basically depep?T3frf
waste composition, process specific capacity, and heaV
losses.
v Trie materials prepared contain up to 30 to 35% of"
calcined residue of wastes and 65 to 70% of fluxing
.additions and are a glass-crystalline substance with the"
crystal phase prevailing. The chemical stability of these
materials hardly varies with annealing time at 55O°C, has a
complex dependency at 900°C, and increases at 1100°C
( F i g . 4 ) . , >• ••• _ • „ / • °

The X-ray analysis (Fig. 5) shows that the structure of a
sample is not significantly changed at a temperature 6f'J

550°Ccbut varies appreciably with annealing time at 900
and 1100°C. It is likely that with an increase of the extent of
crystallization the process, of forming thermodynamically
stable fine crystals similar to glass-ceramics takes place and
this leads to a marked increase'in chemical stability. °
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CONCLUSIONS

The high chemical stability of the above glass-crystalline,
materials and their chemical stability are1 likely to permit a,.

Fig. 4 Effect of annealing time on samples at different temper-
atures on the depth' of their destruction with water. Sample A
composition: 35% SiO2, 9% AI,O3, 16% CiO, 13% MgO, 20%
Fe,O3 • Cr2O3 • Mn3O4, and 7% balance. Sample B composition:
33% SiOj, 37% A12O3, 12% Na2O, and 18%'fcaO. §'..
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Fig. 5 "X-ray patterns of samples prepared by chemothermal reactions. At 1000°C, X-ray patterns for 30, 100, and 300 hours
were not taken.
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more economical arrangement of their storage as compared

to storage of silicate and phosphate glass materials being

developed at present, Thus, as compared to glass materials,

the use of pyroxene materials permits a twofold decrease in

the volume of solidified materials and an eightfold increase

in material loading per unit storage volume through an

increase of allowable storage temperature.
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