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FOREWORD

This book documents a Seminar hold in Madrid of the use
of glasses and glass-ceramics in nuclear waste management for
the purpose of inmobilizing the radioactives isotopes used or
generated in the nuclear industry. Nowadays, it is well known
and accepted the critical problem which represent the nuclear
wastes in the countries where the nuclear industry is being
used for power production, research of military purposes.
Therefore,since a few years a lot of technical and scientific
and attention fron the Governments research is being dedicated
to solve this problem. giving rise to a wide spectrum of pro-
posed solutions. Among them the ceramics and glasses can afford
one of the most valuables. Furthermore . the glass-ceramics
as intermediate material between the glasses and the ceramics
are also candidate materials for inmobilizing the nuclear was-
tes.

The Seminar covered the glass structure, inmiscibility
problems.materials design. leaching, thermal conductivity and
radiation damage. This book should probe to be of value to
both ceramic. glass, and nuclear researches and engineers.

The table of contents is organized in such a way as to
serve as a subject index and provides easy to the information
contained in the book.

Finally, this book is the first one published in Spain
dedicated to applications of ceramics for nuclear waste mana-
gement with a large contribution of spanish scientifics in-
terested in this field. Hence. it is hope will promote this
scientific research in 3pain and serve to the European Communi-
ty and other world scientifics in knowing the spanish researches
working in glasses or ceramics related with nuclear waste inmo-
bilization. Otherwise, the valuable contribution of Profs. from
the University of California and Lawrence Berkeley Lab. on glass
structure, radiation damage in glasses and leaching problems in
geological environments will be very useful for specialist.

The Scientific Editor

Dr. JESUS M2 RINCON LOPEZ

CHAIRMAN OF THE

PHYSIC-CHEMISTRY METHODS DEPARTMENT
AT THE INSTITUTO DE CERAMICAY VIDRIO,
c.s.I1.C.



ACKNOWLEDGEMENTS

This monograph is a conseguence of the “Seminario sobre Apli-
cién de los Vidrios y Materiales Vitrocerdmicos en el almacenamier
to de Residuos Radiactivos" hold in the Junta de Energia Nuclear,
Madrid, in May, 21-22, 1985. This Seminar, the first one in this -
field heold in Spain,woke up a great interest between scientifics,
technologists and managers involved in Spain un nuclear industry,

ceramics and materials science research, It was sponsored by the:

- Centro de Investigacidén Energética, Medioambiental y Tecnologi
ca {CIEMAT) (Junta de Energia Nuclear).

- Instituto de Cerémica y Vidrio and Comité de Ciencia de Mate-
riales from the C,S5.I.C. and

- Hispano-USA Joint Commitee for Scientific and Technical Coope-

ration.

Therefore, thanks are due to these Goverment research organiza
tions for interest making possible to joint in Madrid the different
spanish specialists and the valuable contribution of the visiting
specialist, from USA, VIZ: prof. J.F. Schackelforé and Dr. De Natale
from the Department of Materials Science, Universitcy of California,
Davis and pref. J.A. Apps from the Lawrence Berkeley Laboratory, -
University of California, Berkeley.

Scientific Editor

Dr. JesUs Ma. Rincén



CONTENTS

High level nuclear wasteS ....icveseeterssortacerssssnsssssnaea 1

B. Lépez Pérez

The nature of the glassy state. Implications for radiactive

WESEE SEOTAER v e s vuereverenenonasosnosanstocsrsenssanasenannas 19

J.F. Shackelford

Liquid inmiscibility in glasses and nuclear waste management.. 43

J.Ma. Rincén

Glass~ceramics materials from spanish basaltS....ecevevecese., 69

S. Martinez, P. Alfonso, C. de la Fuente and I. Queralt

Formation of NZP ceramics for the inmobilization of radionu-

CLlIidES tieeveresonvsreassonssnssoscesosnossssnsiossanssenessnsanss 95

J. Alamo

Heat transfer in vitrifield radiocactive waste ......csicevevwe...107

M.C. Palancar, M.A. Luis, P. Luis, J.M. Aragon and M.A. Montero

Chemical durability of silicoborate glassSeS..iseessvsoesnsanes 121

M.A. Rodriguez, M.I. Niete, J. Rubio, A. Fernédndez and J.L. Oteo

Alteration of Natural Glass in Radioactive Waste Repository

Host Rocks: A Conceptual REVIEW ...c.iveevscnoarrcnesasnonsonssa 141

J.A. Apps

Radiation damage in nuclear waste glasSsS ...eveservvoseseaoesas 179

J. De Natale



HIGH LEVEL NUCLEAR WASTES

B. Lbpez Pérez
Centro de Investigacidén Energética, Medioambiental y Tecnoldgica
(CIEMAT), Instituto de Tecnologia Nuclear, Madrid (Spain)

ABSTRACT.- The transformations involved in the nuclear fuels during the
burn-up at the power nuclear reactors for burn-up levels of 33.000 Mwd/
tn are considered. Graphs and data on the radicactivity variation with
the cooling time and heat power of the irradiated fuel are presented.
Likewise, the cycle of the fuel in light water reactors is presented

and the alternatives for the nuclear waste management are discussed.

A brief description of the management of the spent fuel as a high level
nuclear waste is shown, explaining the reprocessing and giving data
about the fission products and their radiocactivities, which must be con-
sidered on the vitrification processes.

On the final storage of the nuclear waste into depth geological burials,
both alternatives are coincident. The countries supporting the reproce-
ssing are indicated and the spanish programm defined in the Plan Energé-~

tico Nacional (PEN) is shortly reviewed.

RESUMEN.~ Se estudian las transformaciones que experimentan los combus-
tibles nucleares en los reactores nucleares de potencia para grados de
quemado de 33.000 MWd/tn. Se presentan graficas sobre la variacidn de la
radiocactividad y la potencia calorifica del combustible irradiado con el
tiempo de enfriamiento. Se d& un esquema del ciclo del combustible nu-
clear de los reactores de agua ligera resumiento las dos alternativas que
se contemplan actualmente para la gestidn del combustible irradiado. Se
explica la alternativa de la reelaboracibén y se dan datos sobre productos
de fisidn que habria que tener en cuenta en los procesos de vitrificacién.
Se hace un breve resumen sobre la convergencia de las dos alternativas
existentes a la hora del almacenamiento final de los residuos de alta ac-
tividad en capas geoldgicas profundas, y se sefialan los pafses que han
elegido la reelaboracidn, enumeréndose las razones que aducen para ello.

Se presenta brevemente el programa espafiol definido en el PEN.



The fuel elements used in a nuclear central have a limi-
tation in the burn-up level after that are discharged from the core
of the reactor. This fuel yet contains Uranium-235 without be fissio-
ned and also contains Plutonium generated by neutron absoption and
the nuclear fission products which constitute the 99,5 % of generated
radiocactivity equivalent to several millions of curies per ton. of
fuel.

Nowadays,in order to solve the proolem of high radiocacti-

vity of these spent fuels, two sclutions or "options'" have been con-

sidered.
The first option is to consider the spent fuels as a high

lever nuclear waste (HLNW) and to evaluate the possibility of its
lJog-term storage into depth geologic burials, isolated of the envi-
ronment and man. This solution is named as the "open cycle option”

The second option is named as the reprocessing, The repro-
cessing is the dissolution in nitric media of the burn-up materiail
contained into the spent fuel and the separation by selective extrac-
tion of Uranium, Plutonium and the fission products in three diffe-
rent parts,

The Uranium and Plutonium could be reused in the energy
generation cycle; so, they would be profitable fission materials
and the fission products, and only them, would constitute the high
level nuclear waste in liquid state. This solution is the "closed
cycle option!

The reprocessing is a difficult technology which it is
not today economically justifiable, implying high costs with losses
of 1500 $ per kg of treated Uranium. In spite of, some countries
as the Germany Federal Republic, France, United Kingdcm and Japan
are in favor of the commercial reprocessing. One of the arguments
is that the separation of a current shortens the radioactive decay
time of the nuclear waste. That is to say, the necessary time for
reaching the innocuousness decreases. This is due to the big diffe-
rence between the desintegration periods of the fission products,
about 30 years and in the Plutonium one approximately 25,000 years.
This Plutonium, with so longer half-life time, would be recycled
and burned in the thermal or breeder reactors being the best proce-
dure for eliminating it.

Fcr the purpose of this Seminar, I think it can be inte-
resting to indicate that in both options, "'"open'" and "closed” cy-

cle, the glasses and ceramics can play an important role.



When the "open cycle', the burn-up nuclear level is going
to be store temporally for a period until 50 years. Later, its dis-
mantling and capsuling in a cylindric container is prevented by
adding a filling material which transmits the heat. Copper, lead
and ceramic-metal composites (Cermets) are the candidate materials.
. In the reprocessing solution the high level liquid wastes
are solidified by introducing into glass materials.,

The glass for its stability in front of the radiation, in
special to the alfa radiation, and due to its low leaching rate was
selected. The borosilicate glasses are adequated because of their
higher devitrification temperatures, which garantize the stability
in longer-time storages, since the generated heat on the radiocacti-
ve desintegration must be dispersed through the own glass which get
a low thermal conductivity.

The Frech Commisariat of Atomic Energy and the Nuclear
Center of Karlsruhe in the Germany Federal Republic have developed
vitrification procedures which are being used on industial scale,
viz:

The french in Marcoule (Attelier de Vitrification de
Marcoule, AVM) and the german one in Mol, Belgium (PAMELA method).

Otherwise, the solidification in the glass-ceramics com-
posites have been considered and the possibility of synthesizing
natural rocks for their higher stability (SYNROC method).

The glasses manufactured can incorporate until 20 %
weight of the fission products. They are pourd in cylindric contai-
ners and maintained in short-term storages, eliminating the genera-

ted heat with air current. ‘In this storage the nuclear waste forms
will stay for 40-50 years before its final or long-~term isolation
into burials of depth geological layers. The following figures
show data and technical details wich will contribute to the best
comprehension of the focus of this Seminar, the first one of this
type developed in Spain. Likewlse, an Appendix with the chemical
and radioactive characteristics of the HLNW is included.
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TABLE I

THERMAL CHARACTERISTICS AND RADIOACTIVES QOF A PWR FUEL ELEMENT IRRADIATED

initial enrichment 0 3,3%  U-235
Burnup level s 33000 MWi/tu
Cooling Thermal power  {(*) Radiactivity (*) surface dosis
time - vats. element curies elewcnt rem/hour
1 4000 2,5 x 10° 234,000
5 910 6,0 x 10° 46.800
10 550 ,0 x 10° 23.400
50 250 ,0 x 10° 8.640
100 110 ,0 x 10* 2.150
500 15 ,5 x 10° 58
1.000 26 .7 x-10° 3,6
5.600 'S ,0 x 102 2,5
10.600 6,4 ,5 x 102 1,8

{(*) Hultiply by 2,2 to obiein vats, or curies per t.U,
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TABLE I1I.NEXT FUTURL (1995)

REPROCESSING CAPACITY

COUNTRY t. U/ Y=4AR
BELGIUM 60 - 300 ?
UNITED KINGDOM 1.200
FRANCE 2.400
G.F.R 350
JAPAR 1.000
INDIA 200
J.S.a ¢
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TABLE III

Composition of a vitrified nuclear waste,

SiO2 cseneness. 47,6%
5203 cieseeaees 13,6%
Na,0 ..... eees. 12,9%
Fe203 IR 5,6%

Other oxides
(Al,Cr,Ni,..).. 1,4%

Actinides oxides
and fission pro-
ducts .......... 13,8 %
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Cooling heat generd Cumulative Dosis
time tion radiations R/ h.
yvears Kw per gr. a30cm.
t 22 1.ox 10'7 1. x 10%
L] ~ 4.4
10 3.1 2.5 10" 62xt0"
100 0.35 7.1 x 10" 58x10°
1000 0.02 1.5 2 10" 1.6
10,000 0.006 30« 10" 1.3
100,000 0.003 6.1 x 10" 0.6
Materiol 304L SS 160 Kg.
Volume 210 Wirs.

_Content 630 Kg. (equivalent ta 2,5 1.U)

Fig. 8 .- Container for NW glass.
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- KUCLEAR CHARACTERISTICS AND RADIOACTIVES OF HIGH LEVEL NUCLEAR

WASTES
Base: 11 U [NITIAL CHERGED In A PWR RE2CTOR
RURNLP LEVEL : 33.000 MWD/t.U .
ENRICHMENT ©3,3 % U-2358
KECOVERING TREATIMENT : 99,9 % U - 99,5 % Pu
VoLuMe : 0,25 m3/1 U INITIAL
HNQ, FREE : 3-4 M

CLEMENTS RADIACTIVES  SEMIDESINTEGRA  RADIATIOWM COOLONG TIME

NUCLE IDES TION | IME (toTac)
YEARS TYPE 10 YEARS 20 YEARS
L. ) 2 2
H-3 (tritig) 12,3 3 4.03-10 2,3010
SELENIUM - — 52,1 52.)
Se-79 65 10° 3 0.40 0.40
RUBIDIO - — 347 13z
10 - -
Rb-~87 50-10 3 1,95-1C 5 1.96-10 g
SSTAONCIUM - — — 779 €55
. 4 .
Se-90 28 3 50710 4,74-10
Y TRIUM - — 457 467
4 +
© Y- 350 65 n 8 §.07-10 4,74.10
CIRCONIUM e — — 2780 31870
Zr-93 1,1.10° 8 1.89 1.89

MOULIBDENUM @——— -— — 3470 347C
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ELEMENTS RaDIACTIVES  SzMIDESINTEGRA  RADIATION  COOLONG TIME
NUCLE IDES TION TIME (roTaL)
YEARS TYPE 10 YEARS 20 YEARS
TECNECIUM _— _— g4l 841
Tc- 99 2.30° 8 1,43 10 1,43.10
RUTENIUM w— — — 2150 2150
Ay - 106 1,0 3 s5210° 5,50 10
RODIUM — —_— 388 188
Rh 106 9 s 3.y 552 102 5,80 10
PALADIUM w——— — —_— 1410 1410
Pd-107 7.0 10° 3 10 107 10 107!
PLATA — — 59,7 59,7
Ag=110m 253 4 3.y 1,67 107 7.59 10°°
Ag -110 28,45 3.y 2.7.10°% 3938107
CADMIUM — — 33,9 82,9
Ca-113m 14 3.r 5,60 1,30
— — $1.0 503
s -128 ~10° 3 52527 zasag”
ANTIMCNIUM — — 107 10.7
Sp-125 2,73 3, 57942 52219
Sh-126m 19 m 4.y 546167 5,46-10""
Sb-126 12,54 8.y s.41-10"  s5,41-10"
TELURUM — —_— 570 s71
Te- 125m — y 2.5190°  2.16-10
t20UM —_ —_ 270 270
1-129 1,6 10 8.y 3.74.10°° 2741072
CESIUM e — —_ 2320 2120
Cs-114 2,05 8.y 8.40.10° 2,36 102



CLEMENTS RADIACTIVES  SEMIDESINTEGRA  RADIATION CO?';(O))'YEL;I”E
NUCLE IDES nomygisg MPE 0 yeams 20 YEARS

Cs - 135 2,0 10° 8 2.86-10"  2.86-10°
Cs ~ 137 29,8 8 8.56.10' §,79-10°
SARIUM - — — 1790 20C0
8a-137m 2.6 m y 8,00-10°  §,35-10*
LANTANUM  diee—— —-— — 12790 1270
CERIUM e — —_— 2480 2480
Ce-14a 277 ¢ 3.y 1,50-10°  2.03107%
PRASEQCIMIUM et b — 1200 t2C0

Pr - 1aa 17.3 m .y 1,5010° 2.03-1672
NEODIMIUM —_ — 41210° 312100
FACMECIUM — — 3.38 3.60
Pm-147 2.57 8 1,770 5.32000°
SAMARIUM —_— — XA 3C¢

Sm - (51 32 3 198137 137-1c2
SURGPIUM — — 155 155
£y - 152 32,5 B¢ 7.04 3,35
£,-154 16 B.y 453.10%  2.34.1¢°
£y~ 153 .81 .y Ls2act zss
URANIUM — - — 3:5 333
NEPTUNIUM _— _— 762 762
Np - 237 2.20-10° 3.y 5.4 107 5.4 10”7
No - 239 2,354 By 1,82-10 1,81 10
PLUTONIUM — —_— 42,95 1,70
Py~ 238 §6,4 a.y 13510 1,25-10
Py- 239 2.44-10" a.y 1,62 1,62
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CLEMENTS RADIACTIVES  SEMIDESINTEGRA  RADIATION CO?LONG gIME
TOTAL
NUCLEIDES TION TIME

VEARS TYPE 10 YEARS 20 YEARS
Py~ 220 §,6-10° a.y 2.40 2,40
Py~ 241 (3,2 8 3.27 10 2,0310°
AMERICIUM —_ — 145 145
Am- 241 4.5810° ay 141100 2.21.10°
Am-242m 1,52 -10° 4 8,75 8.36
aAm-242 16 n 3.y 3,75 3,36
am-243 7,65-10° a.y 1,81 10" 1,91 10"
CURIUM —_ —_ 22.8 16,2
Cm-242 .63 d a.y 7.18 §.96
Cm~243 32 a.y 2,99 2,41
~ b 3 3
Cm-244 i7,86 2.y 1.67-1Q 1146 -1C
TCTAL ELEMENT
fission
products 231 239t
Actinides 2.013 2.2493
TOTAL RADIOACTIVITY (Ci)
fission products 3».!2'105 2,52-!05

3 3

Actinides 2,4 ‘10 1,83 10
THERMAL POWER (vots)
fission products 1,4~ (C! 7.37-102
Actinides 70,8 40,0
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THE NATURE OF THE GLASSY STATE - IMPLICATIONS FOR RADIOACTIVE WASTE STOURAGE

James F. Shackelford

Division of Materials Science and Engineering
University of California
Davis, CA 95616

Abstract

Glass is a primary candidate for the storage of radicactive waste.
The glassy state is defined in terms of atomic-scale structure, viz.,
short-range order (building blocks) and long-range randomness., On the
micrastructural-scale, these non-crystalline solids may exhibit phase
separation. Qptical and mechanical properties are central to the general
structural applications of glasses. Transport properties are of special
importance to the use of glasses for nuclear repository. Both gaseous and

ionic diffusion can be involved.
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1. Introduction

Glass is a primary candidate for the storage of radicactive waste.
This paper will review the nature of the structure and properties of this
material with a special emphasis on their implications for this critical
application. Glasses can be defined as "non-crystalline solids with

nl We can consider

compositions comparable to the crystalline ceramics.
three aspects of the glassy state. First would be a glassy phase in a
predominantly crystalline ceramic. Second would be a completely
non-crystalline material, i.e., a true glass. And third woula be a
glass-ceramic in which the glassy state is primarily a precursor to a
final, fully-crystallized product.

A significant glassy phase at the grain boundaries of a crystalline
ceramic is largely associated with traditional ceramic technology, e.q.,
relatively large impurity levels and/or a significant amount of silica in

the material compos‘ition.2

More sophisticatea "“high technology"
ceramics are structurally more similar to common metals, 1in wnicn
crystallinity of the grains extends completely wup to the grain
ooundary.3 The structure of such interfacial regions can be modellad
with tools deveioped for characterizing non-crystalline solids, but tne
regions do not represent a bulk glassy phase.4 Tnis review will not
treat further the subject of glass-ceramics. That material is discussed
by Martinez, et al. in this Proceedings.5

Traditional glasses involve a silica-based chemistry. Non-silicate

oxide glasses &re generally of 1ittle commercial value. However, there is

currently substantial interest in various nonoxide glasses. Rapid



solidification techniques developed for amorphous metals allow virtually
any material composition to be formed in a non-crystalline or glassy
state. Nonetheless, the primary examples to be used in this review for
illustration of the nature of the glassy state will be vitreous silica and
related silicate glasses. These :.rve as classic examples of glasses and
cover the majority of the commercial glass industry, including various
candidates for radioactive waste storage.

This review paper is an extension of a more general discussion of the
glassy state.6 Various monographs are available for more detailed
study. The field of "glass science" was systematically reviewed by
R.H. Doremus in 1973.7 Four volumes 1in the monograph series entitled
"Treatise on Materials Science and Technology" have been subtitled
“Glass I, "Glass II, *"Glass IIl,* and “Glass IV"a and contain several
review arcicles edited by M, Tomozawa and R.H. Doremus. An ambitious
series of monographs entitled "Glass: Science and Technology" has been
undertaken by editors D.R. Uhlmann and N.J. Kreidl. The first of twelve
planned volumes has been published covering the area of "Elasticity and
Strength in Glasses."9 Finally, an extensive collection of data in
glass systems from the Russian literature 1is being translated into
English. The first volume has been published wunder editor

0.v. Mazurin.10

2. Structure

In Section 1, the basic definition of glass centered on its lack of

crystalline order. The primary statement of the nature of this non-

11

crystallinity was given 1in the classic paper of Zachariasen. The



famous Zachariasen schematic is shown in Figure 1(a) in contrast to the
corresponding crystalline structure in Figure 1(b). The key features of
tne non-crystalline schematic are (i) A03 triangular "building blocks”
comparable to those in the crystalline material and (ii) an irregular
connectivity of the building blocks in contrast to the regular connectivity
in the crystalline material. The building block is a component of short-
range order (sro) in a material lacking in long-range order (iro).
Zachariasen aryued that the connectivity of building blocks is essentially
random in nature. This "long-range randomness" (1rr) can be specified in
terms of distributions of structural parameters such as the A-0-A bond
angle, the n-membered oxygen ring, and interstitial size. The
significance of Zachariasen's achievement in providing a useful working
definition of glass structure, which is still widely used over 30 years
later, is especially impressive in that it was solely an intellectual
exercise based on his understanding of the oprinciples of crystal
chemistry. Zachariasen's “random network theory® became widely accepted
following the publication of supporting experimental evidence by Warren
and cc-workers in 1936.12 Their early use of the Fourier transform of
X-ray scattering data confirmed thne presence of Si04 tetranedra in
vitreous silica with an apparently random linkage of those tetrahedra.

Figure 2 represents an extended Zachariasen schema'c1'c13

with encugn
interstices (oxygen rings in this two-dimensional schematic)
to allow a statistical analysis of the distribution of their size (Fig-

ure 3). The histogram of interstitial size (Figure 3(a)) shows a large,
single bar for the 3-coordinated interstices associated with the AO3

building block and a distribution of sizes for the randomly-generated

st



Fig.l.

Schematic of the structure of (a) a glass compared to (b) a crystal of
the same composition, The two structures have the same building block
(short-range order), but the glass lacks long-range order (after

Zachariasenllj.



Fig. 2. A 300-ring "triangle raft" is an extended Zachariasen schematic tnat
allows statistic§1 analysis of structural parameters (after

shackelford!3).
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rings. A best-fit of tne continuous distribution of interstitial size
(Figure 3(b)) becomes a sharp spike representing the 3-coordinatea a3t
ion (short-range order} and a lognormal distribution representing the
long-range randomness. This overall distribution (Figure 3(b)} is, then, a
working definition of an ideally random structure. The randam network
theory has been a widely used and generally adequate model of the
structure of vitreous silica. There has been, however, an ongoing debate
about the ideality of the randomness. Substantial discussion has been
given to experimental evidence for ordering in this non-crystalline
material.l4 Various spectroscopic techniques have been effective in
providing this more complete structural picture, Although the validity of
the random network model is the source of substantial debate and current
research for vitreous silica, structural studies on more
chemically-complex silicate glasses during the past two decades have shown
the random network model to be inadequate for such materials. As a simple
example, a random network model of an alkali modified silicate (such as
xNaZO-(l_x)sio2) would involve a random distribution of “modifier®
Na+ jons within the silica network (shown schematically in

15). However, X-ray diffraction studies of such glasses (using

12

Figure 4
tne techniques pioneered by Warren ") indicate that the average
Na+-Na+ separation distance 1is substantially less than would be the
case for random distr'ibution.16 The structural ordering in these
relatively simple model glasses is an indication of the inadequacy of the
random network model for gyeneral, commercial glass compositions.

Our discussion of glass structure has centered on atomic-scale gecmetry

consistent with the definition of glass in terms of its non-crystallinity.
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It is also important to note that, on the microstructural-scale, many glas-
ses show a tendency to phase separate.17 Figure 5 illustrates a typical

phase-separated microstructure. This phenomenon, analogous to liquid-
liquid immiscibility, can be modelled in terms of both thermodynamic
prirnciples and structural considerations derived from crystal chemistry.
Tne practical significance of this phenomenon is the effect of the
resulting microstructure on certain properties, especially within the
optical and transport categories. The specific structural implications
for radioactive waste glass storage center on transport properties, such
as 1each1’ng18 and fission gas release. The microstructural distribution
of a high-diffusivity phase {in a phase separated glass) will determine
the overall performance of that material. In turn, the diffusivity of a
given phase can be strongly affected by ordering phenomena described

earlier in this section.

3. Properties

With an understanding of the nature of the atomic and microscopic-
scale structure of glasses, we can proceed with a systematic discussion of
their key properties as relevant to radioactive waste storage. We will con-
sider optical, mechanical, and transport properties with an emphasis on

the last category.

3.1. oOptical

Perhaps the most distinctive feature of traditional glass—ware is its

optical transparency. This and related optical properties are at the



Fig. 5. Transmission electron micrograph of phase separation in a

2u mole percent A1203 - 8u mole percent 51‘02 glass, 100,000 X.

(Courtesy of P.J. Hood)
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foundation or many of the contemporary applications of glasses, such as

19 Various

windows, lenses, containers, filters, lasers, and waveguides.
applications are dependent on the percentage transmission as a function of
wavelength within (i) the visible region (0.4 - 0.7 um wavelength}, (11)
the ultraviolet (< 0.4 um), and (iii) the infrared (> 0.7 um). Figure &
snows a typical transmission curve in the infrared region for vitreous
silica, which is, of course, transparent in the visible range but draps
sharply in transmission for wavelengths between 4 and 5 uym. The various
absorption peaks between 1 and 3 um are associated with chemically
dissolved water (in the form of unassociated OH groups). Especially
distinctive is the 2.73 um peak associated with a fundamental vibrational
mode, The magnitude of this peak is the basis for deternining the “"water®
content of this glass. The coloration of glasses results from similar,
selective absorption bands within the visible range. The specific
mechanism Tor such absorption 1is the excitation of 3d electrons in
partially filled 1inner shells of transition metal elements. Phase
saparation can be the source of Tight scattering due to different indices
of refraction associated with each p'nase.17 A quantitative analysis of
scattering can be an effective tool for identifying the immiscibility
region in binary or multi-component glasses.20

Uptical behavior is not a primary consideration in the evaluation of
candidate materials for radioactive waste storage. Of more direct
importance 1is the wide wuse of optical {transmission behavior to
characterize the structural effects of radiation exposure. Friepele and
Griscomz1 have thoroughly reviewed the literature in this area. They
have systematically cataloged the various types of local structural

defacts produced by radiation in a wide range of glass compositiaons.
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Mechanical

As with optical properties, mechanical behavior %s not generally the
, © 4ry consideration in evaluating a glass for waste storage. The design
nilosophy for typical storage systems involves the encapsulation of the
‘less within a container vessel. The structural integrity of the
cuntainer vessel is, of course, of paramount importance. To provide a
conprehensive view of the mechanical behavior of glass, it is necessary to
.a:sider a wide temperature range. Glasses are characteristically brittle
at moderate temperatures but readily deformable at elevated temperatures.
“aste storage can involve temperatures over this full range. Recent years
~.ve sean rapid progress in understanding and controlling these mechanical
;ererLies.zz

Substantial practical information about the mechanical behavior of
5t iwctural glasses has been obtained within the past decade by the
ipolication of fracture mechanics,23 which can be defined as the
iitroduction of a large crack into the material followed by analysis of
naterial resistance to propagation of the crack under various environments

stresses. Knowledge of the nature of crack propagation and flaw
yeometry provides for the prediction of strength and/or lifetime of given
structures, The most general fracture mechanics parameter 1is the

“rracture toughness," or K which is the critical value of the stress

1c’
intensity factor for a slit crack in an infinitely wide plate loaded under
a tensile stress (perpendicular to the crack face). In general, the value

uf fracture toughness is approximated by

N T (1)
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where a¢ js the applied tensile stress at failure and a is the Tength of
a surface crack. In general, relatively "brittle" ceramics and glasses
have relatively 1low values of KIC'24 The predominant source of
failure in glass is surface flaws produced by machining or handling., The
distinctive fracture surface emerging from the initiating crack permits
detajled “failure analysis" of a structural piece. A precise mechanism of
fracture can generally be assigned using microscopic inspection. This

25 0f special importance in

technology has been reviewed by Frechette.
the prediction of structure lifetimes is consideration of delayed failure,
or "static fatigue." Fracture mechanics has helped to identify this
pnencmenon with a mechanism of subcritical growth of cracks, usually in
the presence of water.23

As noted earlier, glass exhibits viscous deformation at relatively
high temperatures (above the glass transition temperature, Tg). The
viscosity of a typical sode-lime-silica glass from room temperature to
1500°C is summarized in Figure 7. A good deal of useful processing
information is contained in such a plot relative to the manufacture of
glass products. The annealing point (at which the viscosity is

U13.4

1 poise} corresponds approximately to the glass transition

temperature, Above Tg, the viscosity data follow an Arrhenius form with

nee VR (2)

where " is the preexponential constant, Q is the activation energy for
viscous deformation, and RT has the usual meaning. Viscosity deviates

from this Arrhenius form below Tg as elastic deformation mechanisms come

20

into play, and a plateau of 10" poise is reached near room temperature.
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Fig.7. Viscosity of a typical soda-iime-silica glass from room temperature to
1500°C (after Shackelfordl).



3.3 Transport

Frequently, the applications of glasses are dependent on certain
transport properties. Alternately, applications may be limited by such
transport properties. The safe application of glass for radioac;ive waste
storage is an important example, A

A relatively simple transport system is the diffusion and solution of
unreactive gases in glass. Studies of these systems have been reviewed by

26 and Shacke]ford.27’28 The relatively open structure of

Shelby
silica-based glasses permits measurable diffusion of numerous gases.
Substantial structural information is available from the careful analysis
of this transport, as indicated schematically by Figure 8. An important,
practical example of this transport system relative to radioactive waste
storage is fission gas release. An example of the correlation of
transport parameters with a phase separation boundary is illustrated by
the Na20-S1'02 system in Figure 9. Rothman et a].zg have shown that,
for small concentration levels, modifier ion diffusion can be modelled as
an interstitial wmechanism through the silicate network structure
(analogous to unreactive gas atom transport). The general case of ionic
transport in high modifier concentration glass systems has been reviewed

by Doremus7 and Kingery et al.,so

including the relationship of ionic
diffusion to the electrical conductivity of these materijals. The
important relationship of ionic diffusion to the chemical durability of

31 He has discussed the

glass has also been reviewed by Doremus.
reaction of typical alkali silicate glasses with water in terms of the
interdiffusion of alkali and hydronium dions. The effect of glass

composition on chemical durability can, in turn, be discussed in terms of
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changes in the diffusion coefficients faor these ionic species. As with
other properties, phase separation can have a strong infiluence.
McElfresh32 has succesfully modelled ionic transport by an interstitial

mechanism in relation to the problem of 1leaching of radicactive waste

storage ylasses.
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LIQUID INMISCIBILITY IN GLASSES AND NUCLEAR WASTE MANAGEMENT

J.M2 Rincén
Institvto de Cerémica y Vidric, CSIC
Arganda del Rey, Madrid, Spain

ABSTRACT. ~

The glass-in-glass phase separation or liquid inmiscibility in
glasses has been widely investigated in the past due to its applica
tions in glazes, opal glasses and glass-ceramics. Since time , the
thermodinamics of the miscibility domes in equilibria diagrams, bina
ries or ternaries, has been established. Nowadays, the inmiscibili-
ties studies are emerging dve to the vitrification of the nuclear
wastes and location in adequate geological burial for longer time.
The focus of recent researchs is to determine the partition ratio
of radioelement between diferent phases separated with differents
chemical leaching, as well as the miscibility gaps in the Nazo'BEOB'
-510,
ned in a high or low level nuclear waste.

system including one or several elements which could be contai

RESUMEN. -

El fenOmeno de inmiscibilidad liquida en vidrios ha sido amplia
mente estudiado desde hace unos afios por sus aplicaciones en la pro-
duccidn de vidriados, vidrios opales y materiales vitroceramicos. La
base termodinamica de las zonas o cUpulas de inmiscibilidad en dia-
gramas de equilibrio en sistemas binarios o ternarios de dxidos esta
establecida desde hace tiempo. Actualmente, el estudio de 1la inmisci
bilidad en vidrios estd resurgiendo debido a su posible aplicacidn
en la inmovilizacién quimica de residuos radiactivos para su almace-
namiento en un enterramiento geolégico adecuado por tiempo indefini-
do. Las investigaciones mAs recientes tratan de determinar la rela-
cidén de particidén de radioisdtopos entre las diferentes fases que -
tienen distinta resistencia a la lixiviacién quimica, asi como las
zonas de inmiscibilidad liquida en el sistema Na20-13203-Sio2 incluyen
do uno o varios elementos guimicos que podrian formar parte de un -
residuo de alta o de baja actividad.

1. INTRODUCTION.-

The nuclear waste (NW) management by chemical inmobilization in
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a glass, ceramic or cement matrix have been the aim of a tremendeous
research in the last years (1). The matrices more investigated have
been the ceramics, such as the SYNROC or the glass-ceramics such as
basalts, sphene or pollucite compositions, however a little work -

has been dedicated to the fully glassy matrices. In fact, there are
nuclear wastes management plants in France and Canada that enclose

the NW on glassy matrices based on the Nazo—Bgos—SiO2 composition -~

system (2).

The sodium borosilicate glasses are easily fusiblies and are cb-
tained with avalaible and cheap raw materials; therefore these glas-
ses are a good melter in order to enclose the wide range of NW produ
ced in research or in the nuclear industry. Nevertheless, they show
z low level of chemical durability due to the wide area of liquid-
~liquid inmiscibility in the Na20—5203—5102 ternary system (3). This
liquid phase separation produces a microstructure of separated or -
interconnected droplets facilitating the leaching of the interconnec
ted matrix in water, alkalis or acids depending on the phase separa

ted composition.

The addition of elements coming from a NW to a phase separated
glass can be critical on the performance of these kind of glassy

matrices:

a) Because of the harmful increased leaching, for the final product
b) Conversely, it would be used to include some elements in the dis-
persed phase designing conveniently the glass-in-glass inmiscibi-

lity degree.

Hence, is the aim of this paper to show the general principles
of the liquid inmiscibility on glasses and reviewing the main papers
carried out over the effect of additives in the liquid inmiscibility

of thz Na,0-B,0 —-SiO2 glasses.

2 273

2. BASIS OF THE LIQUID INMISCIBILITY IN GLASSES.-
2.1, THERMODINAMICS.

Generally, on the glasses the compositions which produce liquid
phase separation are include in a convex curve on the Temperature-
~Composition diagrams named "inmiscibility dome". This *“dome" appears
above or below the liquidus curve on binary silicate systems. If the

"dome" is located above the liquidus, a "stable inmiscibility" area
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is defined. If the '"dome" is located below the liquidus, frequent -
situation on systems with S elongated liquidus curve, the inmisci-

bility is a "metastable inmiscibility" or subliquidus inmiscibility.

The Fig. 1 shows the subliquidus inmiscibility in a binary -

phase diagram showing the areas, viz:

- The I area is named the metastability area, where 62G/6X2 > 0.
Therefore, spontaneous phase separation does not exist in this -

*
area since to overcome a potentital barrier 4G is required.

- The II area is the wunstability area or spinodal deccmposition -
area, where 62G/ 5X2 <0, In this area the phase separation is pro

duced spontaneously if the mobility is high enough.
The temperature where both curves are tangents wre situated in
the top of the dome 1is the Tm named "miscibility temperature" or TC
"consolute temperature'"., Above this temperature it must not exist

phase separation.

The Fig. 2 show the stable inmiscibility dome located above the
liquidus in a model binary silicate system. For T=T,,6 the stable equil
librium give rise to two liquid phases with e and h compositions.
For T=T2
at the eutectic temperature two solids and one liquid are in equili-~

the coexisting phases are one solid p and one liquid k and

brium.

Charles (4) has calculated the inmiscibility curves on REO-SiO2
binary systems from the chemical aciivities and assuming a subregular
solution for the glass. Some assymetry of these curves are proved -
because the critical composition appears at X = 0.1 in spite of X =

= 0.5 as would be theoretically prevented.

2.2. CALCULATION CRITERIA.~
There are some simple formulations which allow to calculate the

Tm or Tc and some points of the miscibility curves. This, near the

critical point is accoplished the following expressior

e = Cc 4T - rI.'c

here Ce is the equilibrium composition for each temperature T and Ce

{c

and TC the critical composition and temperature (3).

Galakhov (5) relates the phase separation area with the ionic
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potential (Z/r2) at the temperature T(°K)/2 by using the expression:

2
85.¢ = 28.5 + 8.5 (Z/r%)
On the other hand, Filipovich (6) obtains: TC = 6500 Z/a2 where a =
=r + 1.40 { r: ionic radius of modifier oxide in RO—SiO2 systems)

being this coefficient 5500 for L120-5102 and Mg0-3510, systems.

Other procedure, develloped by Cook and Hilliard {(7) prcpose to

determine the spineodal curve with the approximate expression:

g * ACe/v.3—

is the C—Cq difference on each spinodal point and 4C_ is

aC

where ACS

the Ca=Cp difference on the bimedal points.

The calculations of phase separation based in structural arran
gement use the Levin and Block (8) structural considerations. These
authors have calculate the inmiscitility limit in practically all
the binaries: R20—5102; RO—SiOe; Rzo-Bzoa; RO—5203 ... formed with
almost the R elements of the Periodic Tdble of Elements. Levin and
Block (3) (8) determined the limit composition of inmiscibility

(x: mol%) according to the expression:

3400

(17+83-6.195r°)n

where r is the ionic radius of modifier; n, the cations number in -
the oxide and S, the distance between the modifier cations. This --
distance, S, depends strongly of the coordination number of the mo-
difier cations (3) (8). By representing the limit composition versus
the modifier cations radius (Fig. 3), it can be seen that the inmis-
cibility in borate systems is larger than in the silicate. In other
cases, sSuch as Mn2+ or Sc3+ the oxigen number per modifier cation is

more significant in order to compare the miscibility trend.

3. LIQUID PHASE SEPARATION IN BORATE SYSTEMS.-
3.1. BINARY SYSTEMS.-

The binary systems of alcali-borate show a wide inmiscibility -
area at low temperature as is shown in Fig. 4. With an increase of
the iconic radius of modifier cation from Li20 to KZO a decrease on -

the critical miscibility temperature (Tm) is produced with a simulta
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neous widen of the inmiscibility dome. When Rb20 or Cs,0 1is added to
the B2O3 the Tm decreases. It 1s worth to point out that these cur-
ves are subliquidus, therefore, adding 8203 to the 0520 or Rb20 -

which be in a NW we can obtain glasses with phase separation,inmobi

lizating these elements into one of the liquid separated phases.

In the binary boron oxide systems the superior miscibility --
limit increases with ion size. Thus, the B2O3 mol % limits are:

61% in the MgO-Bzoa; 72% in the CaO-BEOE;

79% in the Sr0-B,0, and 81% in the BaO—BEO3.

273
In the Zn0-B,0, system this limit are locatec in the 50% B203‘(9).
The Pb0-B.0, has been studied extensively because the formulation of

273
glazes. It shows a subliquidus phase separation with a high level of

inmiscibility only with the 2wt% Pb0O in a lower range of temperatu-

res being probed by electron microscopy.

3.1.1. Additives effect on binary systems.-

The addition of a third component on the liquid phase separation
in oinary systems has been investigated by Tomoczawa (10), which dedy
ces the following equation for determination of the change in the --

miscibility temperature ( aTm):

S(T,)
8Tm = AT, L L T -T) A4S
S(7_) S{Tm)

where S(TL), S(Tm) and AS are the entropies for the ligquidus, misci-
bility temperatures and the entropy change by the addition of the --
third component. ATL is the change of the liquidus temperature.

When a component is added to a glass with ligquid phase separa-
tion it must take account the effect on the surface tension (o) {11)
as indicated on the tabla I. Thus, the variation of ¢ with respect
the matrix produce droplets of inmiscibility. As an example, the -
JoO3 and WO3 additions promotes greatly the phase separation. Likewise
Rincdén and col. (12) have observed by transmission and scanning elec-
tron microscopy and increase of the inmiscibility on L120—5i02 glasses
with small additions of V205 and Cr203 which reduce the o as can be
seen on table I.

3.2. TERNARY SYSTEMS.-

Briefly the occurrence of liquid inmiscibility will be review in
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this part, considering in a different part the most immrtant and

stvdied Na20—8203-5102 system.

The Li20—8203—SiO2 system shows a wide area of inmiscibility
near the binary 3102—8203. This is a typical case where the electron
microscopy has been applied in order to know the phase separation -
microstructure and to determine the miscibility gap. Sastry and Hummel
(13) have obtained the area showed in the Fig., 5. Clear or transpa-
rent glasses are obtained in the area less than 25.6% L120 and white
and opal glasses are obtained by thermal treatment of the same glas-

ses at 550°-880°C temperature range.

The subliquidus miscibility gap in the K20—B203-Si02 system has
been determined by Taylor and Owen (14) at temperatures higher than
550°C and mole ratios 5102/5203 < 2. The miscibility extension is -
lower in this case than in the Ligo—or Na20-similar systems. The cri
tical temperature is Tm = 629°C and is located at the 4K2O.308203.

.66Si02 composition.

In the bivalent cation oxides-silicoborate systems such as Ca0,
Ba0,Zn0 and PbO the miscibility area is bigger than in the former -
systems. As is shown in Fig. 6, when the ionic radius of the alkalin-
earth oxide increases, the tighting of the miscibility gap is produ-
ced. In the case of ZnO—Bzoa—SiO2 and PbO-5203~SiO2 systems these --
gaps are almost the same, and the critical miscibility composition -
is practically the same in both cases. The BaO-B203~5102 system mis-
cibility has been extensively studied by Levin (15) over more than 70
compositions. The Fig. 6b shows the tridimensional gap miscibility in

this system.

Likewise, this system and the PbO-containing systemr show secon
dary phase separation in large droplets enclosing inside small dro-
plets. This phenomenon has been studied by Vogel and col (16). In so
me cases as in the O.5Pb0.78203.92.55i02 composition heat treated at
600-650°C. The phase separation nucleates crystallizations (17) which
can be used conveniently to isclated radioisotopes of a nuclear waste.
4. THE LIQUID INMISCIBILITY IN THE Na20—8203-SiO2 SYSTEM. -

The sodium-borosilicate ternary glassy system has been the most
widely studied giving rise to a tremendeous research due to its -

applications on:

~ Low thermal coefficient glasses
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- Production of silica glass, such as Vycor
- Opal glasses and
- Lately, nuclear waste management.

This composition system constitues the basis for the NW vitri-
fication in France and Canada which prepare waste forms by mixing the

NW with a sodium-borosilicate glass.

This system shows a wide inmiscibility gap with elongated shape
parallel and near the B203-5i02 binary with a critical temperature
sbout 755°C (3).

Taylor and col (18) have examinated by SEM the microstructure -
of glasses located inside the miscibility gap in the Na20—3203—8i02
system and heat treated at 650°, 700° and 750°C. The "tie" lines de-
termination inside the miscibility area for each temperature gives
rise to experimental difficulties and frequent errors in the littera
ture. These authors have considered 24 glassy compositions near the
750°C isotherme containing a "silica enriched phase" and other "poor
silica phase". By combining the opalescence with de SEM observations
it was possible to estimate the plait points in this system in the
above indicated temperatures (Fig. 7).

In spite of lack of precision in the litterature with respect -
the Tm or critical composition determination, the Tm temperature --
value in the Na20—8203—5102 system is intermediate between the Tm in
the corresponding Lizo-and Kgo-systems. Table II shows comparatively
these values. The trend to phase separation follows the seguence -—--
Li»y Nay K, likely as happen in the binary silicate systems (3)(15) -
and is related with the decreasing ionic field intensity of alkalin

metal cation.

4.1. Effect of additives on the liguid inmiscibility in the Na20~B30q—
Lo

-SiO2 system. -

The Canada Atomic Energy Commission has developped a wide research
program with the aim of to elucidate the liquid inmiscibility exten-~
sion in quaternary or multicomponent systems formulated from the --
Na20-8203-5102 system. The substitution of monovalent metal oxides -
such as Li,K and Cs by Na20 in a sodium borosilicate glass has been
investigated by Taylor and Owen (21). A 5Na20.23B203.7ESiO2 composi-
tion close to the critical point (table II) has been probed. The Fig.
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TABLE I

Effect of oxides on the Glass Surface Tension (11)

Group Oxide a(dyn/cm) at 1300Q°C
La203, MnO 610
Al,04 580
Mg0b 520
Ca0 510
Increase Sr0,Fe0 290
the
BaO 470
surface
Tension ZnO,L120 450
CdO, Co0 430
NiO 400
BeO 390
Sn02 ,Zr02 350
Na20 295
5102 290
TiOE 250
A5203
Decrease V2°5 The o value
the Cr203 are variable
and negativ
surface o0, g
Tension
w03
SO
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TABLE II

Critical miscibility composition and temperature in the RQO—B203—
- 510, systems (3)

mol %
T (°C)
Sy-tem R c
R;0 - By05 ~ 510, Ref
Li,0-B,0,-5i0, 13 19 68 995 (13)
Na,0-B,05-510, 5 21 74 755 (19)
6 31 63 750 (20)

K20-5203~5102 4 30 66 629 (14)




Ba represents the variation of critical temperature (clearing tempe-
rature) versus the R20 substitution by Na20 being R = Li,K or Cs. The
phase separation decreases or suppress in the case of K and Cs, res-
pectively. Only the Li* addition increases the Ti and, therefore, the

extension of inmiscibility.

The Fig. 8b shows that the alkalin-earth elements addition in-
creases the T, {(clearing temperature). In this case does not exist
relation between the phase separation enhancement and the ionic radius.
CaO} SrO0» BaO behaviour is as was prevented, but the MgO and ZnO show
abnormal and lower enhancement of phase separation may be due to the

partial lattice formator character of these oxides.

By considereing a 8102/5203 = 1.07 £ 0.05 (mol) the inmiscibi-

lity limits at 650°C are represented on the Fig. 9. It can be probed
that an increase in the ionic radius which involves a decreasing -~
ionic field intensity (Z/rz) produces a decreasing inmiscibility in
both NaZG—BZOS-SiO2 and K20—8203—5i02 systems. The habit of this --
curve is different in both cases being wider in the Na20-than in the
K,O0-system due to the tight relation between inmiscibility and ionic

2
field intensity.

Actually, these curves (Fig. 9) are projection at different tem
peratures giving a more complete idea of the inmiscibility dome as
is shown in Fig. 10. The TS value or consolute temperature for these
systems depend of the M cation and the 5102/5203 ratio considered.

It is interesting to note here the experimental procedure to -
determine the miscibility areas. Firstable, a large number of trans-
parent and opal glasses have been obtained, but according to Taylor
and col (21) following preventions must be taken, viz:

1) To examine a few samples by SEM. A microétructure with phase ~-
domains larger than 100 nm in all the opalescent samples has been
observed; however, no one microstructure on transparent samples -
at = 20 nm resolution was observed.

2) In order to confirm that opalescence must be due to amorphous -~-
phase separation and not to devitrifications the XRD has been used.

3) The experimental Tm is refered to the reversible phase separation
measuring the critical miscibility temperatures in some glasses.
The samples have been heated al sucessive temperatures in 10°C ~

ranges until opalescence dissappear.
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The Na20—5203—5102 ternary system with Z2n0 additions shows a -
great interest fot the USA and Canada NW Research (21). The corres-
ponding quaternary system shows a wide stable inmiscibility. The tie
lines in the miscibility area on the ZnO—BZO3-SiO2 subternary system
is very similar to those with CaO-or Sr0. Usually, the Zn enriched
phase concentrates the Si on the particles larger than 10 um. By --
superimposing the miscibility areas on the Na20—6203—5102 and the -
Zn0—8203-5102 systems (Fig. lla) it may be visualize the turned loca
tion of the tie lines.

The miscibility contours for diferent X = Nazo% values are repre
sented on Fig. 11b., The 650°C contour increases when to the Na20—
~-B,0,-5i0, system (X=1.0) is adding Zn0 until sustituing all theNaZO
by Zn0 (X=0)}. At 800°C and 950°C for X = 0.25 both contours are super
imposed. Two areas rest unexplored in this system: the higher 5102

content arca and the shape of the miscibility gap up to 950°C.

The MnO addition to the glasses of the Na30—8203—5102 has been
investigated (23) on twelve compositions along the tie-line crossing
the 700°C isotherme on the inmiscibility gap. By adding between (0.1
and 6.0 % MnO to the selected compositions a whole of 40 glasses -
have been obtained. The large size of glass-in-glass droplets (2-10wm)
in the 5Na,0.50B,0

2 273"
EDX microanalysis probing that MnO is strongly partioned in matrix -

455i02 composition glass has made possible the -

phase and the effect of this additions on the tie-lines.

The Fig. 12 represents the inmiscibility isothermes obtained -
from the 'I‘c experimental data. The MnO additions produces a sudden -
variation on TC on the compositions with lower NaZO content.The MnO
addition produces also a high increase on the silica partioning bet-

ween phases indicating a small expansion of the inmiscibility gap.

The CoO addition to the glasses on the Na20—5203~SiO2 system -
nas been studied by Ehrt and col (24).

The Nd203 addition (1.3%) to a phase separable 8.7Na20—40.45203—
—49.65102 glass has been studied by Villiers and col (2%) with the
aim to produce a 5102 rich sintered glass. It has been demonstrated
by water and HC1l leaching experiments that Nd203 is located in the -
borate phase preferentially. In water leached at 95°C for 24 hours,
the 99% Ndzo3 is retained in the porous glass if the glass is heat -
treated at 550°C from 1 hour to 96 hours.
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Na, (1 2ner

S0,

Fig. 11.- a) Superposition of known miscibility areas and tie lines
for the Na20—8203—81021nner loop and ZnO~8203~Si02 systems.
b) Miscibility isothermes at different x values in the
xNaZO.(l—x)ZnO.Bzos.SiO2 system (22).
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Fig. 14.-~ Limits of the miscibility in the NaZO—MgO—BaO-B203—SiO2 -
system with Si0,/B,05 = 1.07 X 0.05. The points locate the -
composition of the MgO.BaO.(B203 + Si02). Numbering of contours

1]
represents the n values (27).
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The miscibility limits in the Na20—8203~8i02 and K20—B203—Sio2
systems with Yb203 additions has been investigated in the 650°-800°C
range for concentrations to 5 mol% Yb203 and a fixed ratio 8102/5203=
=2.0 {(26). The great interest of these experiments are that miscibi-
lity behaviour of lanthanides is hardly known and being lanthanides
approximately 1/3 bulk of the nuclear waste fission products. Usually,
the Tc is very sensitive to the X2O and szo3 contents on the glass,
but additions can produce devitrifications masking the phase separa-
tion., For this reason only tne xX2O. be203. (100~x-y) (O.33B203.
.O.67Si02) compositions have been considered, specially for y <5. The
Fig. 13 represents the miscibility limits at 650°C in the pseudoter-
nary system: X2O—Mg0—(0.488203.0.525102), and XEO—YbZOS—(O.335203.
.0.678102) being observed that miscibility area extends more with --
szo3 than with MgO additions. Froma practical point of view the glass
production up to 5 mol% Yb203 does not greatly affect the extend of
the miscibility. But, only the Tm is greatly affected of low sodium
compositions (x< 10). It seems that inmiscibility behaviour of lantha
nides is similar to the corresponding alkalinearth containing systems,
in spite of the charge-to-radius ratios of the La3+ ions are only --
slightly larger than those of the smaller M2+.

In the fine components system resulting of MgO + BaO additions
to the Na20—8203-—SiO2 System, the miscibility behaviour has been exa
minated by Taylor and col (27). The high sensibility of the critical
miscibility with the Na20 content produces variations to 100°C with
1mol% Nazo. By first time, a different representation of the miscibi
lity data on five components systems in a quaternary subsystem has -
been used (Fig 14), viz: the composition data are expressed as nX2O.
.m(MO.Bgos).l.O7SiO2 molar. The m va}ues for n=0 are defined as my -
and these values ?re normalized as m = m/mO X 100. The XZO content
is expressed as n (X20 mol% that must be added to a composition in

order to decrease 650°C the Tm):

' n x 100
m + 2.07

Thus, the Na20 data representation of X20 mol% added vis a MO content

1)
normalized, m , gives a right line.

As a summary, it can be say that present stay of research in --
glass~in-glass miscibility allow us to prevent the microstructure —-
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resulting on the nuclear waste vitrification with Na20~5203—5i02 glass

compositicn, The effect of some additions such as: K20, Ca0O, MgO,
Ba0, Co0O, MnQ, Yb203 or Nd203 is well established; however much more
research is necessary on the additions with other important elements
of the nuclear wastes.

Consequently, the effect of such additions on water leaching,
thermal conductivity and radiaction damage of the waste forms must -

be the aim of research in the next future.
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SUMMARY

In this papzr we are described the chemical and mineralogical com-
positien of the spanish basalt-rocks from Catalonia and Canary
Islands like a raw material for the glass-ceramic production. Like-
wise, the main features of the thermal behaviour of glasses obtai-
ned from basalt melts are showed, trough their study ty means of
DTA, XRD, SEM and EDAX techniques.

RESUMEN

En este articulo se describen las composiciones quimicas y mine-

ralbdgicas de las rocas basilticas espafiolas de Catalufia y las Is~
las Canarias como materias primas para la obtencidn de vitrocera-
micos. Asimismo, se muestran las principales caracteristicas del

comportamiento térmico de vidrios obtenidos a partir de fundidos

basdlticos por medio de técnicas de ATD, DRx, SEM y EDAX.



1. Introduction

A glass-ceramic material is a material obtained from a glass
in which controlled mucleation and crystallization has been indu-
ced through heat treatment. In the last few years, research on
several kinds of compositions has been cone so as to get glass-
ceramic products of specific characteristics, one of those being
glass-ceramic materials cbtained from basalts. Several authors
have worked on that field, both from a general point of view and
to obtain chemical and mechanical resisting materials, BAHL,D.(71);
BANDYOPADHYAY ,A.K.(2); BEALL,G.H.(3); GARCIA VERCUCH,A.(4};
QUERALT,I.M.{(5); THOMASSIN,J.H.(6); etc. as well zs from the poinrt
of view of particular uses -~like their possible applications to
building materials- ABRAMYAN,A.V.(7); WATANABE,T.A.(8}); et~.; to
obtain enamel and glaze DIKEN,G.M.{Q); DVORKIN,I.{(10); or to inmo-
bilize radiocactive wastes, CHICK,L.A.{(11); NEWKIRK,H.W.(12);
SASAKI,N.(13); etc.

In this paper, we present a brief referernce to the point we are
now in the study os Sganish basalts to obtain glass-ceramic mate-

rials, and their possiblie applications.

2. Chemical and Mineralogical Study

In the first place, a study and a bibliecgraprical compilation
of the geology of the different areas studied was made, as well
as the chemical and mineralogical analysis of the basalts sampled.
As regards Catalonia and nearly all the Canary Islands, this stage

is finished.

The classification of basalts is made according to two main
factors: their chemical composition, and if there are some speci-
fic minerals. Due to the difficulties in determining quantitetively
some minerals, like those in basalts, because of their great varia-
bility of composition, they are classified according to their chemi-
cal analysis, which is taken as the starting point to work out

of petrological norms classification.

al



The procedures used here are the calculaticn rules for C.I.P.W.
Norm (see MORSE,S.A., 19B0), in which the final result is given
in percentages of weight of several normative minerals or poten-
tial minerals resulting from their chemical analysis. Yhose mine-
rals are feldspars, pyroxenes, olivines, ilmenite, magnetite,
apatite and, in some cases, nefeline and quartz. The first three
groups, which are solid solutions, are calculated in terms of their
last terms; the normative composition of feldspars is recalculated
as percentages of anortite, albite and ortose; the normative com-
position of pyrcxenes in terms of wollastonite, enstatite and ferro-
silite; and the normative compositon of olivine in terms of fors-

terite and fayalite.

YCDER and TILLEY (1962) made a diagram to classify basaltic
rocks starting from CIPW (fig. 1), using a tetrahedron of minercl
compositions. This tetrahedron is just the quaternary system fors-

terite, diopside, nefeline, and quartz.

Thus, we have got five groups of basalts, based on their norma-
tive composition (fig. 2). Three of them occupy volumes in the
tetrahedron and the two left are related to the plane of satura-

tion and subsaturation of silica. The five groups are:

Toleite
. Hypersthene basalt
Olivine toleite

Olivine basalt

oA W N 2

. Alkaline basalt

2.1 Chemical and Mineralogical composition of the Basalts of the

Canary Islands.

Seven big islands and four small ones make up the Canary Is-
lands. Those island emerge from the continental slope and glacis,
in the area of the continental margin between the platform and

the abyssal plain.

The Canary Islands are one of the most varied and complex vol-
canic areas known, not only because of their geological evolution,
variability of volcanic phenomena and eruptive history, but also

because of the diversity of geological material found there.
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The studies of several authors on the petrological composi-
tion of the islands have allowed the grouping of materials, in a
very general way and without taking intoc account the characteris-
tics o each single island, into thre main groups: base complex,
old basaltic series and new volcanic series. Cur study is focused
on the last group and, especially, on recent basalts (tncse of se-
ries IV).

At the present moment, nearly all the recent basalts of the
Canary Islands are sampled, except those cf Tenerife and fuerte-

ventura, which will be sampled in a next campaing.

As to the method of sampling, we have taken into account,
apart from the geological criteria, the possibility of expioita-
tion of the sampled lava flows., That is to say, the areas sampled

are those liable to be exploited.

The mean chemical composition of the basalts of the islands
can be seen in table I. According to the content of silica, we can
see that, in general, the rocks are of basic type (45%-~52% of 5i
and of ultrabasic type ( 45% of , and with high content of Ti0,
which, in some irstances, are higher than 5%, like in some samples

from tne Canary Islands.

If we make the normative calculation through CIPW Norm, we see
that they can be classified, in general, in the group of alkaline
basalts, which agrees with the high content of Ti although, in this

case, it is higher than the normal average for these materials.

The mineralogical analysis has been made through X ray diffrac-
tion and optical mieroscopy in thin sheet. This composition also
agrees with than expected of alkaline basalts with olivine, plagio-
clase and pyroxene as principal minerals, and the content of mag-

netite is, in general, considerable.

2.2 Chemical and mineralogical composition of the Basalts of

Catalonia.

As to the basalts in Catalonia, they are spread over La Ga-
rrotxa, Baix Empordd and La Selva (fig.3). Similar criteria to that
used in the Canary Islands has been applied for the sampling.

-



Table 1. Chemical compositions of basalt-rocks from Canary Islands

5102 A12u3 T102 Fe203 FeO #n0 MgO Cal NaZO K20 P205 L.0T

La Gomera 46.8 15.8 3.9 9.7 3.9 0.2 5.3 10.6 3.4 1.0 1.3 0.8
Hierro 43.1 11.1 4,3 7.1 7.4 0.2 11.5 11.1 2.9 1.1 0.9 0.2
La Palma 45.3 13.9 3.7 5.1 6.4 0.2 7.6 11.1 4.2 1.7 0.8 0.2
Lanzarote 49.7 14.1 2.6 7.3 4.6 0.2 7.8 9.8 3.3 0.7 0.3 0.3

Gran Canaria 42.4 12,5 4.0 5.6 7.1 0.2 7.5 12.0 3.3 0.7 1.2 3.2
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Fig. 3 Localization of basalts from Catalonia.
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In tatle II, the mean composition of the csamples of the main
areas studied is shown. Those materials show very little differen-
ce in their chemical composition, being placed, according to their
content of silica, betwen basic rocks and ultrabasic ones. As 10
the content of Titanium, it 1s also high, although much meore in

agreement with the mean content of that type of rocks.

1f we make the normative analysis based on the chamizal ccmeco-
sition, we see that they are mainly made up of alkalines btasalts
and basanites (basalts of similar composition but somewhat more

basic}.

The mineralogical study was also made through X rays ciffrac-

tion and optical microscopy in thin sheet.

Through the mineralogical study, we can see that they are mage
up of a porphyritic structure in which the phenocrystals are main-
ly of olivine and/or pyroxene, and wnhich are 1mmersed 1in a microli-
thic matrix rich in plagioclase. There is also magnetite.

Through the diagrams of diffraction, w2 rave teen acle toc de-
termine the term of the series Fo-Fy to which the clivines belong,
and their composition expressed 1n percentages of fo 1s between
Fo-6€% ang Fo-72%.

As to the pyroxenes, they are titanium aug:tes, and as rzgards
plagioclases, they are placed on the term labradorite, that 1is,

anortite 55%-60%.

3. Study of the nucleation and crystaliization throucrn DTA, XRC,

SEM and EDAX,

Once know the chemical and mineralogical compositon of the
different samples, the process of nucleation and crystallization
was studied, This part of the study has beguin with the basalts
of Catalonia, because of their proximity to the centre of research,

which makes it easier to get samples.

In the first place, through heating microscopy, the curves wvis-

cosity-~temperature were obtained (fig.4). Although this method is
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Table II.Chemical compositions of basalt-rocks from Catalonia

10, AlyU, TiO, Fe,0; FeO MmO MgO Cad Na,0 K,0 PO /.2

w

Castellfollit 45.0 15,0 2.6 5.1 7.3 0.2 9.2 190.0 3.4 1.5 0.3 0.

Batel 47.2 14.6 2.6 4,6 6.9 0.2 6.3 9.8 3.5 1.8 0.8 0.5
Cruscat 44,7 14.5 2.5 4.1 8.0 0.2 9.1 9.6 3.8 2.4 0.5 N.4
Rupia 44.8 16.1 2.4 3.2 8.1 0.2 8.0 10.3 3.5 1.0 0.4 2.4

Sant Corneli 45.8 16.5 1.8 3.0 5.9 0.1 6.8 9.2 4.3 1.9 0.3 1.8
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nct Qery accurate, it gives a primary information about the reac-
ticn of basalt 10 temperature. Once determined the melting tempe-
ra* re, which is about 1,2802C, the process to obtain glass began
thro.gh fusion in an electric furnace at 1,3502C in aluminpous cru-
cible. Later on the melt was poured on a metalic plate, and put
into a furnace at 550°C to reduce tensions and to avoia the brea-

king of glass.

Through the differential thermal analysis, we studisa tne reac-
tion of glass to heat treatment, and the temperature of transfor-
mation and crystallization was determined. They are 7002C, 82352C

and 1,0352C, resbectively (fig.5).

To study nuceation we made heat treatment of the glasses at
a temperature near that of transformation -and in different times.
The temperatures were 680, 700, 720, 740, 760 and 7709C, and the
times were 0, 5, 1, 2, 4, 6 and 8 hours. The samples treated were
studied through XRD, SEM and microanalysis through dispersive ener-

gies (EDAX).

By means of X-Ray Diffraction we checked the lack of diffrac-
tion in the cdifferent glasses when obtaining the diagrams in stan-

dard conditions.

Afterwards, we were able to make a diagram of the glass of one
of the samples by using a lineal detector, anc getting the diagram
with intervals of G.02¢ at a speed of 30 degrees/min. The scanning
was repeated and the countings were accumulated during 8 hours,
with this method, we could see various clear and defined mineral
phases. Thus, it was determined that there was magnetite as the
main phase forsterite, and a small quantity of gquartz (fig.6).

The Yact that there is forsterite may be, on the nne hand, because
of the descomposition of olivine in oxidizing atmosphere:
(MgFe)28i04-’MgZSiO4+SiO

+MgSi0O_ +Fe 04

2 2 3

The metastable crystallization of SiO2 when there is forsterite
may because of the intense intergrowth in the first stages of the

reaction.
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Here, enstatite must hase melted incongruently, producing forste-
rite and liquid, and the phases kept in the melt are fosterite,

magnetite and quartz.

On the other hand, if the temperature of ligquidus was reached,
we could explain the fact that there are fosterite and megnetite
because, as Suleemenov et al. see through electron microscopy, in
glasses obtained from basalts there is, during the heat treatment
at the interval between 6895 to 7008C, a process of differentiation
of glass with areas enriched with Fe, with composition similar to
magnetite. In later increases of temperature, it is from those

areas that magnetite is separated.

Apart from that, the fact that there is forsterite in the ori-
ginal "glass”, could be explained starting from the thecry of nu-
cleation in silicate melts explained by R.J. Kirkpatrick (1983).

In it, it's seen that silicate crystalline phases of less polimery-
zed structures usually nucleate in metastable form, instead of sta-
ble phases of more polimeryzed structures. Thus, Kirkpatric et al.
(1881) see that, in experiences with controlled cooling of melts
with diopside compositions, the olivine nucleates sooner than cli-

nopyroxene even if this 1is the equilibrium stable phase.

In this second assumption, it would not be exgplained the fact
that there is $i0,, so, it seems that the liquidus has not been
reached, although it is also possible that part of the forsterite

and magnetite is of new formation.

If we analyze through X~Ray Diffraction the nucleated samples,
we see that the first mineral is magnetite; wh=n the temperature
rises or the time of treatment is longer, we have pyrcxene, and

the last phase is felscpar (fig.7]).

If we observe the variation of diffracted intensity through

o
the lines 2.99A of pyroxene, and the time for the different
temperatures of treatment (fig.8), we see that thosre is a first

interval in which the intensity of the formed phase is weak, as
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well as its crystallinity, because the spectrum is flat; a second
interval in which there 1s an increase of intensity with a best
definition of peaks. In the last stage, the stage formed has beco-
me stabilized again. On the other hand, the time of induction de-

creases with the rise of temperature of treatment.

The magnetite shows a similar behaviour, however, plagioclase

does not increase its intensity with the time of treatement.

If we take the samples nucleated at 7202 during 8 hours to ths
temperature of growth given by the two exothermic in the curve ATD,
and they are kept at such temperature during 24 hours, it can be
seen that the diagram obtained for the sample treated at 83592C does
not show notable differences in relation to that of the sample nu-
cleated at 7202C during 8 hours. There is just an increase in the
intensity of pyroxene, and a greater crystallization. However,

there is not variation in feldspar.

Taking the nucleated sample to the temperature of the second
exothermic (1.0352C), there is an increase in the crystallinity
of the phase-minerals and, in addition, there is a very marked in-

crease in feldspar (plagioclase}. Fig.9.

Summarizing: At temperatures of nucleation, magnetite is formed
in the first place, and once a time of induction is over, the py-
roxene grows in a lineal way until it becomes stabilized. Plagio-
clase, however, the last stage coming at the temperature of nucle-
ation, and that does not increase its intensity with time, does
not grow until it is taken to the temperature of the second exo-~

thermic.

Before explaining the results obtained through SEM, let us see
which is the function of some oxides or nucleating agents in the

process of nucleation of glasses.

In works of several authors, it has been observed that the
nucleating agents which have a greater influence on the process

of nucleation of basalts are TiO,,P,05 and, above all, Felt, ge3+,

a3
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TiOy,, as it is shown in several works, seems to make easy the
nucleation of glasses through the induction of a separation of sta-
ges glass-glass. This process of separation of stages is explained
by the structural role of titanium. Titanium, in terms of its rela-
tion of radious with oxygen, usually has the number of coordination
6, and it is with this octahedral coordination with which it is
usually found in gifferent compounds. Anyway, at nigh temperatures,
Ti4+ can have coordination 4 with oxygen and, in this case, the
groups Ti~0 will be structurally compatible with Si tetrahegron.
During the cooling, ion Ti tends to its coordination of eguilibrium.
If the struc > p, Migh temperature is freezed in the cocling,
it becomes unstable at low temperatures and, therefore, a rereating

of glass will produce a separation of stages.

Another of the oxids used as nucleating agent is PZOS‘ ion
PS5+ shows tetrahedric coordination and, therefore, it provides an
example of phase-separation due tc the different charges between
the main ion forming the network $i%* and the ion P3*. As we can
see in figures 10, if the bonds P-0O were all of then simple bonds,
electric neutrality would not be ensured, except in the case that
one of the bonds P-0 was a double bond. This double pond creates
the conaition for a separation of stages. It 1s improtatle that
prosphorus comes off as phosphorus~pentoxide, out that is possible

in combination with an alkaline or earth alkaline oxides.

Small concentrations, above 0.5%, are enough to induce the oha

se-separation necessary to help nucleation.

This tendency to phase-separation the glasses or melts phospho
rus-pentoxide containing is reduced if the glass contains a high
proportion of alumina. This reduction can be explained in terms
of the roles of P9* and A13% in the vitreous structure (fig.11).
The ion aluminium is in the centre of a tetrahedron AlO4, which
takes part in the vitreous structure forming the Hetwork. Because
of the changes of Al and O, this unity shows an excess of one ne-
gative charge. This charge can be neutralized by the alkaline and
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Fig. 10
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Fig. 10 and 11  Structural roles of P°" and A13%
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earth~alkaline ions. When there is also phosphcrus in the glass,
this excess of negative charge can be neutralized by linking the
tetrahedron of Al to those of phosphorus. Thus, the excess of po-
sitive charge associated to the group PO, is used to neutralize

the excess of negative charge in the group AlO,.

On the other hand, the radius of the 1ons Al and P !O.EZ and
0.343 are such that, when those ions are in the centre of adjaczant
tetrahedron groups, the total atomic space for those two groups
is similar to that of and adjacent pair of grcups 5i04 in which

=]
the ion Si%* has a radius of 0.41A.

As we previously said, the samples have also veen cbserved
through SEM ang EDAX. To do so, we have polishea the sampies 1n

the first place, and, then, they have been etched by F;mz 2 4%

during 30 seconds. The samoles treated have been metali:ze? to De
chserved.
Through microanalysis, we have observed thatrzar.:i::z ras a

compcsiticn 93.4% Fe, £.7% ang Cr, G.9% Ti. Wwe have alsc ma3: 1n2
maprirgs of the glasses of magnetite, and it has Lteen ooser.ecC
that Zr is concentrated 1n them, while Ti, that can be ccmtirned

2+ to produce ulvospinel (structurally equivalent tc mag-~

with Fe
netitel, is, at first sight, homogenecusly distributed 1n tne

sample.

1)

If we observe the preparation at 10,000x (fig.12), ws sce thazt
there is a structure where we can distinguish a separation into
two phases, and a matrix with a microestructure difficult tc ce-
fine. If we analyze each phase through EDAX, we see that there ::2
an enrichment of Ti in the ceparate phases, being very regucegd 1n
the matrix 2.9% and 2.6% as opposed to 0.8%. Fe 1s similar: 14.4%

and 13.7% as opposed to 10.6%.

On the other hand, the darkest phase has a strong reduction
of Mg as opposed to the clear phase: 2.3% and 2.5% respectively.
However, Na shows an opposite reaction, for it is hardly seen in
the clear stage while the dark one has a 9%.
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This seems to suggest that the phenomena of nucleation are re-~
. (RINCON .and _DURAN, 1982
lated to a separation of phasesf in w 1cﬂ Tq a%d’%e s%em to have
a very important role, as well as Mg and Na, in which the clear

and dark phases repetively are enriched.

If we pay attention to figures 13 and 14, we see that the size
of the nucleus grows with the time of treatment. These photographs
correspond to a sample treated at 700°C during 1 and 2 hours res-
pectively. At the present moment, we are taking photographs (using
SEM) of the samples nucleated at different temperatures anc curing
different times. Thus, we snall get information about the kinetics

of the nucleation phenomena.
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This seems to suggest that the phenomena of nucleation are re-
lated to a separation of phases, in which Ti and Fe seem to have
a very important role, as well as Mg and Na, in which the clear

and dark phases repetively are enriched.

If we pay attention to figures 13 and 14, we see that the size
of the nucleus grows with the time of treatment. These photographs
correspond to a sample treated at 700¢2C during 1 and 2 hours res-
pectively. At the present moment, we are taking photographs (using
SEM) of the samples nucleated at different temperatures and during
different times. Thus, we shall get information about the kinetics

of the nucleation phenomena.

LY
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Formation of N2ZP Ceramics for the Immobilization of Radionuclides
Jaime Alamo

Departamento de Quimica Inorganica. Universidad de Valencia

ABSTRACT
The problem of Radioactive Waste Management is briefly outlined
from the crystal chemical point of view. Some alternatives (glasses and ce~
ramics) are compared and the synthesis and properties of NZP ceramics (*)

are reviewed.

RESUMEN
Se expone brevemente el problema de la inmobilizacién de los
radioisotopos presentes en los residuos nucleares desde el punto de vista
cristaloquimico. Se comparan algunas alternativas (vidrios o cerémicas) y

se resume la sintesis y propiedades de las ceramicas NZP (*).

THE RAD-WASTE PROBLEM

The technological development of nuclear power yields a radio-
active waste that although, it is a small quantity considering the whole
process and its benefits, its ultimate disposal is concerning scientists,
politicians and the society.

The highest level waste is related to the spent nuclear fuel
rods and their reprocessing, whose dangerousness and time of activity does
not allow to be kept in the biosphere.

The isolation and inmobilization requires a security system ba
sed on superposed multibarriers that slow down (several centuries, o mille-
nium) the degradation imposed by the geological agents (1). The first is a
geological barrier, like a salt dome or an old mine or a deep bore hole.
The last is a chemical barrier acting at an atomic level and it is called
radiophase. Between other barriers account for the possible weakness of sen-
sible paris or for geological actions.that could happen. among others they
are the sintering or-peletization of radiophases, their coating and/or in-

(*) The experimental work on NZP ceramics has been ca;ried out

by the author & al. at the Materials Research Laboratory.
The Pennsylvania State University USA.
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clusion in a corrosion resistant metallic matrix, and sealing in a stain-~
less-steel storage canister.
The global solution requires the participation of scientists
from multidisciplinary fields in addition %o politicians and the society.
Here the main concern is the inner chemical barrier: the ra-

diophase. Its election will have to quantify the following properties.

1. Thermodynamical stability including i) leachability in a large
range of pressure, temperature and pH and ii) long-time metamictic degra-

dation.

2. Ability to keep in the structure all or most of the radionuclides.

3. Compatibility with each other radiophase to be tailored for the sys

tem during processing and storing.

4, Waste loading, i.e. the maximum percentage of high level waste

{HLW) in the radiophase.

5. Simplicity of the process, ease of contreol and ability to neutra-

1lize composition fluctuations in the HLW.

The crystal chemical problem for a phase candidate to radiopha-
se is to be able to arrange at the same time all the radionuclides present
in the HLW (2). The composition in a typical commercial radioactive waste
is presented in table 1., and the coordination number required by the oxhy-
dric polyhedra around the different radionuclides is showed in Fig. 1. To
this variety of coordination requirement, fluctuations in the HLW composi-
tion and the radiocactive evolutions like 137Cs._ﬂ. Ba or 9OSr.__,.Zr add
more difficulties to the adjustment of chemical formula. It is a real crys-
tal chemical challenge to arrange all the radionuclides in a radiophase.

Other practical problem is that only a few Laboratories are
equipped to handle the radiocactive waste. Normal labs have to operate with

non-radioactive simulated waste (3).

ALTERNATIVE RADIOPHASE CANDIDATES
Several kind of resistant materials are being tested as candida-
tes to radiophase, like cements, glasses, glassceramics and crystalline cera
mics. Our purpose is just to compare their stability in relation to their

structure.
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Table 1. Purex Process Waste PW-4b composition.

Element atomic %

Zr 13,7
Mo 12,2
Nd 9,2
Ru 7,6
Cs 7,0
Ce 6,6
Fe 6,4
Pd 4,1
Sr 3,5
Ba 3,5
P 3,2
La 3,1
Pr 3,0
Tc 2,8
Sm 1,8
Y 1,8
Te 1,5
Cr 1,5
U 1,4
Rh 1,3
Rb 1,3

Np 1,1
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Cements are the less resistant phases and their leachability
varies highly with the pH of water. Although special cements may play so-
me role in the multibarrier system, or in medium or low level systems,
they are not good candidates to radiophase.

Borosilicate glasses show excellent characteristics and have
been largely tested but they are thermodynamically metastable and devitri=-
fication after a long time may destroy their radiophasic characteristics.
Fig. 2 shows the dependence of free energy versus temperature for diffe-
rent materials. Also metamictic degradation have to be considered for pha
ses including radionuclides and so, the evolution of free energy after
centuries. Unfortunately, only a few minerals can provide information about
the inalterability of their structures against the metamictic process, and
extrapolation to other phases, glasses or crystals, is very difficult.

At the other hand crystalline phases are normally more restric-
tive about chemical stoichiometry, because of coordination and electrical
balance requirements. So many phases will appear in the treated waste. The
two systems best studied are not an exception. In the aluminosilicate for-
mulation (4) appear pollucite, apatite, monazite, schelite, sodalite, fluori
te, zirconia,RuOé. and spinel. And in the SYNROC formulation (S) appear
fluorites, perovskites, rutile, hollandite, magnetoplumbites and alloys.

The problem in these cases is to tailor the chemical additives
to keep the radionuclides in the different radiophases forming a dense sin-
tered ceramic body. Each of the phases have to be studied and tested separa
tely. Then the compatibility relationships and atom partition between them
have to establish the laws of a perfect tailoring of the chemical additives
necessary to reach the equilibrium with the best performing radiophases. The
formation of an extra phase with a higher leachability would lower down the

global protection reached by the multiphasic system.

THE NZP STRUCTURE
NaZrz(POAJ3 is the prototype of a singular structure for especial
ceramic applications (6-12}. This structure, NZP-type, can arrange a large va
riety of elements different in size and charge, so that it is also a candida-
te to radiophase, which provides a single phase waste form by itself at mode-
rate loading rates. But getting this requires a good knowledge of the NZP
structure and the crystallochemical affinity of the radio elements for the

different atomic sites.

a3
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The NZP structure have a skeleton built up

by ZrO6 octahedra and

PO‘1 tetrahedra (Fig. 3-4) sharing corners, so that strong bonds maintain a

high stability and low leachability in the phase. Zr can be substituted by

other tetravalent or not to big trivalent cations maintaining the skeleton

stability. At the same time these polyhedra can rotate

around their vertices

modifying the size of all the holes present in the skeleton.

In the structure (symetry R3c), the (ZrZ(POA)

three important kind of holes: (Ml) the octahedral one

with Na in the prototype. The prismatic one (symetry

3)"l skeleton has

(symetry 3} rilled
32) formed by the three

phosphates, that is normally vacant but plays an important role in the skele-

ton flexibility (10). And three more (ME) octahedral ones {symetry 1) that are

irregular and can be filled when necessary to keep the

electrobalance.

The formula for the skeleton, including the holes, can be written

in the following way (Ml)l(M )4 (X04)3 where the holes can be filled mors or

2°'3 2
less according to the nature of all the present atoms.
or ZrQ(POA)z(SOA) show that the holes can be empty. In
L s ti i d.
or Zrl/AZre(PO4)3 Ml the holes are partially filled.In

a'l they are filled. M, holes are occupied normally oy

1
but tri and +tetravalent ions can “e also nresent in

Examples like ZrNb(POA)3

compounds like Ca PO

{
1/72%72"
the. compound Naa2r215104)3
mcno and divalent ions,

small propoctivi, M2

holes are good for small monovalent ions, and for appropriate compoéitions they

connect themselves building up a three dimensional network of channels (10) that

allow a good ionic conductivity 6). The A site in the

skeleton can be occupied

by trivalent to pentavalent ions, and the X site by tetra to hexavalent ions.

NZP CERAMIC RADIQOPHASES

The experimental work done around this phase for the immobilization

of radionuclides (11-12) fall into three categories. First, synthesis of NZP pha

4)3

ses with simple stoichiometry in order %to dztermine thelir stability and leachbili-

ty, specially CsZrz(P04)3 and SrZrd(POA)6 as 137,134Cs

and QDSr radionuclides are

of most interest in being immobilized in the radio waste forms.

Second, synthesis of NZP solid solutions of previous compounds with

divalent and trivalent ions in order to estavlish the

ion partition into diffe-

rent sites in the structure. And third, synthesis of NZP phases following crystal

chemical models based on the ion partition and starting from simulated PW-4b was-

te and appropiate chemical additives at loading proportions in the range 10-307..

All the synthesis were made by sol-gel techniques, i.e., mixing in so-

lution with nitrates and occcsionally organic precursors, gelling, desiccating to

a xerogel and then heating in alumina crucibles to a serics .. temperatures (up to

11008C). Powders were characterized by x-ray diffractometry and SEM-EDX techniques.

Hydrothermal runs were performed at 2002 and 3002C on fired powders.
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The leach behavior and refractoriness of simple composition NZFP
phases were very satisfactory. Solid solution phases showed that all radio~
nuclides could be trapped into the NZP host, but the alternative sites did
not appear to be cleary differentiated by the atom partition and several mo-
dels were tried with a simulated PW-4b waste. Fig. 5 summarizes the phase
formation plotting against the P/Na and Zr/Na molar ratio of the additives.

Ceramic waste forms with a loading 10% in weight were single
phase with occasionally trace amounts of monazite. With 20% loading it gi-
ves somewhat higher amounts of monazite. Fortunately for the whole process,
the monazite phase is a uniquely resistant ceramic phase specially able of

immobilizing actinides and totally compatibl with the NZP phases.

DISCUSSION
Single phase waste forms were privative of glasses until this
discovering. Crystallinity offers an additional long time stability to that
offered by glasses. Ultimate waste forms must be the best, the more resis-
tant at the same time they have easy controlled preparation. In this sense

the remarkable features of the NZP ceramic waste forms are threefolgd:

(1} The enormous compositional flexibility with the highly de-

sirable monazite as the only second phase.

{(2) The low firing temperatures needed for generating good crys

tallinity in these materials.

(3) The potencial use of the sol-gel and hence filter-bed tech-

nology based on the thoroughly studied Zr-P-0 gels.

The experimental work done on NZP ceramics as radiophase is not
enough to evaluate all its properties since the complexity of this ceramic
application requires the best knowledge of how every radionuclide is contro-
lled to a fixing site in the structure and so it is immobilized. But these
preliminary results show that NZP radiophases are a serious candidate for

nuclear waste immobilization.
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AZSTRACT

An experimertal method for measuring the thermsl conduc
tivity and convecticn coefficient of borcsilicate glass cylin
d=rs, ccntairing a simulated high level radioactive waste, is
described. A simulation of the thermal behaviour of matrices
of sclidified waste durirng the cooling in gir, water and a

geclogicel repository has teen dene

The experimentel values ¢f the thnermal ccaductivity are
ranging from C.267 to C.591 w/m E,for matrices with sizulated
conterts of 1C to 4C% (the waste is simulated Zy no
active isctopes). The ccnvection coefficient for air/cy-
s under the operating conditioms used is 116 w/z? K.

The simulated cperation of cooling in alr shows t
about 1-2 days are enough t0 co0l a solidified waste cylinder
0.6 m diameter from 900 tc 40CeC. The cocling under watey
Irom 400 to near 8C9C 1is faster then
es
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l.- INTRODUCTICK

The management of spent nuclear fuel leads commonly to
$01id materials of high radioactive level which shouléd be stc-
red in geological repositories. 4s these raterizls are heat
scurces, severzl thermal phenomeana should te considsred for

[}

ssigning this type of storage. The studies ¢f such phenomena

are nainly related t0o the measure and predictica of temperatu-
re Gistributions; the knowledge of this is necessary to rre-
dict tne future benaviour of the waste and its sourroundings.
For lonztime prediction purposes, it is necessary tc elazborase
aprropia®ed thasrmel models wnich, in first approximetion, are
tased in general principles such as the equation of the exnergy

rvation and kinetic laws of heat transfer. The most rea-
o] s snould take 1nto account that the rreseznce <of
active compounds will complicate the therzal benzviour
the system dule tC two phenomena wiica are diffic
Crrelzte with time: the heat gensrstion, that is deponding
of the nature of the radionuclides present in the waste at

drastically affect the thermal and physicochemical DrOperties

of tae system.

ot

ror the above consideraticons it is clear the

g nct

F it
easy tc develop rigurous and complete models for the predic-

Pal

-

[+})

1
a ed
ticn of temperature distributions in radiocactive wsste an
repositories. Such modsls should be made frcr the conjure
0f several submodels and empiricsal correlaticns. Thus, it
should be necessary to have information about the effects of
the temperature and radiations on properties such as thermal
conductivity, emisivity, density, specific nezt, counvection

tion

coefficients and recnsnical and structurzl characteristics
Thie infcrmation gives a way to introduce the corresponding
change of variables and parareters in the gsneral equations

cf the model.
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In this paper a technique for measuring the thermal coz-
ductivity and the convection coefficient of cylindrical matri-
ces of solidified radicactive wastes is described. It is also
presented an approach to the elaboration of predictive models
of temperature distribution in matrices and geological repo-
gitories; the proposed model is relatively simplified since
that it is supposed all the pararmeters constant with time aad
temperature and a simple law to da2scribe the heat generation

of the radicactive waste.

2o~ EXIPERINMENTAT DETERULINATION OF THERLAT PARAMETERS

The measUrement of thermal parameters is based in the
principles cited in the previous paragraph. The heat balance
for a volume element V is:

Net output heat _ Net generated heat _ Accumulated (1)
flowrate from V within V heat in V

This general balance will take the form of a particular
rathematical eXpression when the characteristics of the volure
element and its contiguous ones as well as the heat transfer
zwechanisms were knocwm. The method and cperating conditions
for the measurement of a given thermal property snould be
selected in such a manner that the mathematical expressiozns
and the experimental procedure were as simple as pcssivtle.

2.1.- Thermal conductivity

The mechanism of heat transfer between volume eslements
of a solid is the conduction. The expression 1 takes the formz:
(RVD) =foey 22 (2)
Y 'at
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for an isotropic solié without internal heat genreration and

¢cylindrical symmetry. The solution of eg. 2, obtained by the
procedure described by JODRA (1), under the boundary condi-

tions showa in Table I is:

t3

Hl
[}
o]
n
1]
48

re L. . T. are the roots of:

a . 3¢ (3,-R) = ¢, . J, (3. . R}

nl
U
(O
o]
LI}

Eg. 3 is used to calculate the tnerral conductivity of
the sclid from one terperature datur,

TASLE I.~ EZoundary conditions of eg. 2

Time b. Ccnditicns

The wncle solid at

uniform tempersture, T

[N
(@]

o]

>0 The so0lid is sourrcunded
by a fluid of uniform

temperature, T,

Solid/fiuid heat transfer
is by convection.

A N2)

A
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The experimental equipment necessary tC have the tcundzary
condivions c¢f Table I and to meastre the temperature of th
solid is relatively simple: a furnace to zneat the sclid sam-
ple, a device providing a current of air at constant tecpera-
tire ané flowrate, termocouples and terperature recorder.

2.2.- Ccnvection ccefficient

The convegction is the heat transfer mechanisr Letwsen
Z fluid wnen radiative heat traasfer is
onvection coefficient do not depend on

501id ¢l th2 same shape

\
Q)
H
3
[¢]
c?
0]
2
0
ot
[98
[¢]
v

we may suppose no temperatire gradients inside it; there
the eq.l taktes the form:

e=FV e gz= h § (T-T

3

where q is the heat tranferred from the so0lid t¢ the fluid

Db

(¢}
<3
™
}a
]
[sH
m
“
n
!
B
(¢}
0]

rer uni:t of time; q is referred to the whol
ase the volume element

-
o]
B
[¢]
(i}
D
"
ot
0]
o]
2
0]
ot

eg.

of
t0 the cylinder vclume due t0 the texperaittre uniformity in ix.

1in Q a h S £ (5)

Eg. 5 is used to calculate the convection coefficient, 4,
frem cooling curves and given the valuss of 5, f, V and cp-
The experimentsl ecuipment for this type of measurements could te

the same described in the above paragraph.
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2.3.~- Resulgs fer vitrified racdicactive waste

The thérmal conductivity and convection coefficiernt
of eylinders of vitrified radiocactive waste (1.8 em diaceter,
6 cz heignt) have been found by the methods previously decri-
Ded. The material is a borcegilicate glass added with a mixtu-
re ¢J several metal oxides which sizulates & typical LWR high
level waste (considering security phactors, no radicactive
isctopes have been used). The composition and preparatiocn prgo
cedure of this glass can be found in PALANCAR(2].

Cylinders of pure copper 0f the same size than the
‘ere designeé fcr tne zeasurerent ¢f the convec-

The temperature reasuUrement is made by means of
ccuples (cro:el-alumel), which were disposed in the cylinders
in such a manner tnat contact resicsteaces were minimi

c

more details about this technicue can be seen in LUIS(3).

Hh

In Table II the thermal cconductiviiy ¢f five samples
are shown. For the operating conditicns ¢f ¢
for all tne cylinders) the coavectiocn ccefficient was 116

w/m Le All the experimeatal values of thermal conductivity

ocling (the same

and convection coefficient are valids for terperature ran-
ge cIf 25-25G¢eC.
TABLE II.- Thermal conductivity

waste (%) 10 15 2C 30 4C
Kk (w'o E) C.267 0.331 0©.4C7 0.591 C(.52%
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3.- SILCTATION OF THERIAT BEHAVICURS

The thermal behaviour of cylindrical matrices of gleass
501idified radiocactive waste (waste contents: 10, 20, 30%)
1as been simulzted for three different sceneries: a) coo’*ng

15

(=8

z air, b) cooling under water and ¢) cooling in a geclogice

5]

ercsitory. The siculation gives temperature distribuctions
in tne matrices at any time. In the case ¢ the temperature

-

distribputions in the geologicazl material are also calculated
The zzthematics of the methed inveolve the resolution of ecg.?2
e

wrnicn, in this case, has an extra term which account for th
neat generatioz ¢ the radicactive waste. The particular toun
dary cocnditicns will te given in the next paragraphs.
Cylindrical matrices C.6 m dizmeter and 2.4 m heighs
froxm 1T to

e
¢f ccorosilicate glass with waste contents ranging
30% nave been supptsed for tae simulaticn. It has alsc te
supposed that the neat generation of the waste follows the

Do b

expressicn prc by GCLDSTEIN(4):

aq (w/m waste)= T.314 10° exp(-C.024 ) (6)

were t' is the age of the waste in years.

%2.1.~ Cooling in air

This simulation is & sizplified explanation of the
thermal veheviour of vitrified waste after tae procecss of
sclidgification, WESDEL(S5). The boundary condition of ez. 2
1s imposed by the supposition of heat transfsr by convection
on the externzl surface of cylinders. The integration gives
the following expression for the temperature profile in the
cylinders:
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sith tnese confitions, the rathematical model leads to tne
folliwing exprassioca, PALAVCAR(6), which gives the temperature

ribution in the cylingder:

o0
"
0
<t

( " 4(TO-':a> "3 © e (El r) sen ('TH Z,\'
“a= Z Z =
L. R i=1 p=0 J; (Ei R} 2 Ei ny
[l—cos (L )y (&; By &> 7
n-z i

t

2 QO e'K'(t"t)Va [ e-K't - 02 ]

(8)

Ec. 8 has Deen used to calculate g lot of temperature
values at differen:t radial and agxial coordinates in the cy-
linder at tixzes from 1 to 15 hcurs. Tne most significative
results are relzted with the forcation of strong internal
temperature gradie le, after one nour of cocling,

4
a pectively. Thes e
initial ome (3209C), could indicate thai during a period of
time the generation of heat witain the matrix 1s very high

s
0
differences, greater than th
a

and an accumulstion of heat 1s produced.

3.3.=- Co0linz in & gecigrical rerizitcry

The cooling of sclidified waste matrices during their
stcrage in a geclogical repcsitory has been simulated. A gra-
nitic fcrmation at initizl termperature of 259C has been suppe-

ced., Tne calculaticn ¢f texmperature distributions is made iz
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Twe steps, which involves two systems Cf increasing complewiy;
a) repository with only one matrix
b) repcsitory with an arrangement of n matrices

in the same norizontal level.

ot

hne case g is treated by ccasi-
twc solids, one being a scurce
izne2r a homogeneous sclid withou:

o
fir solid is encloeed. ueg’ si-

r'

ion in whicn th

4]

i
ntact resistences and heat transfer by only conducticn
csed. Thus, the equaticns involved are: eg. 2 fo: che

] c

The tewperature distributions obtained fcr the case
are uged to calculate, by ine principle of superposition,
distributions of czse D.

Two different types c¢f arrangemenis have teen consi

S

.J
ERY
143

a1

[()
(o}

in case b : triangular and in line; the influences of thne

tances Yetween them nave been studied for
Tiia arrangements. The prediction cf the highest texzeperature
in the system could be the most re”avkacle information tra
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NOTATION
a = Heat transfer coefficient/conductivity of solid, h/k
cp = Specific heat of solid, (J. Kg-1 . k-1)
h = Heat transfer coeificient in the film around the sc-
1id, (w. m=2. x-1)
Jo, J1 = Bessel functions
K = Therrmal conductivity of sclid, (w. m-1l. K-1)
Lz = FKeight of soliéd cvlinder/2, «(m)
5. = waste heat generation at age zero, (w/m3).
;) = Racial cdistance from centzr of solid, (m)
R = Relivs cf solid, (m)
s = Surface zrea of solid, (m) .
T = Termperzture of solid at position (r.z,€), (K)
Tz = Bulk fluié fenmperature, (K)
To = 1Initié tempzrature of solié, (K)
t' = age of ths wasze (s, ¥yr)
t = Time, (8)
v = volume of solid, (m3)
z = Longitudinal distance from medium plain of solid,
(m) .
@« = Thermal diffvsivity, (m2. s=1)
N, = (2 2+ 1) / I, s n being a whole nu:ber.(m-l)
Ni= ses eg. 3
£, = s22 3. 3
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CHEMICAL DURABILITY OF SILICOBORATE GLASSES

Rodriguez, M.A.; Nieto, M.I.; Rubio, J; Fernandez, A; Oteo, J.L.

Instituto de Ceramica y Vidrio, CSIC

ABSTRACT. -
A general view of the durability in silicoborate glasses is

presented with more enphasis on the etching factors (chemical com

position, lattice structure, pH...) the techniques used for this

study and the experimental resulps. Likewise,
tly developed in this area at the Instituto de Ceramica y Vidrio,

the research presen

CSIC, is related to the applicaticns. Future research in this -

field is also mentioned.

RESUMEN, -

Se presenta en esta conferencia una panoramica general sobre
la atacabilidad guimica de los vidrios silicobdricos haciendo -
hincapié en los factores que influyen en el proceso de ataque -
(composicidn guimica, es*tructura reticular, pH del medio, etc...},
las técnicas empleadas para su estudio v los resultados obtenidos,
ya Sea producto de las revisiones bibliogréficas o de la investiga
cidédn propia. Asimismo, se especifican las lineas en las que se -
encuentran las investigaciones del grupo de trabajo y aplicacién
de los resultados obtenidos, para finalmente mencionar las futuras

lineas de actuacidn del equipo.

s+~ INTRODUCTION

As it is well known, the physicochemical knowledge of the --
vlass surface is highly critical, in order to study the different
problems of interaction glass-environnement or glass-water soluti
ons.

In the recent years it has been possible to carry out research
in this field thanks to the surface techniques recently developed
(1,2). However, it is worth point out that all these techniques -
are not adequate to study the leaching of glasses; thus ,for exam
ple, the Reflection IR Spectroscopy can provide valuable informa-
tion, but only in perfectly polished surfaces. Therefore, in this
case the surface roughness disables the use of the RIR Spectros-

P
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copy.
Other methods used in less extension provide good information
on the surface, like the absorption methods (3,4) which can deter

mine the following two parameters:

- The specific surface and the existence or lack of porosity

- The absorption isostheric heats with organic absorbates,

As a result of the application of these methods it has been
shown that glass surface composition is completely different of -
the bulk composition (1,2,5). These difference are the consequence
of the glass processing, as well as of the interaction of the glass

with the environment.

I.1. Effect of the solution pH and the etching time.-

Generally, it is assumed that glasses with silica formator -~

react with water solutions according to:

a) Desalkalinization reactions, which take place at pH < 9 and
controlled by ionic interchange mechanisms between the glass
alkali ions and the H' of sclution, where the diffusion is
controlled by a time square root law.

b) SiOe-lattice solution reactions, which take place hy breaking
of the Si-0-~-8i bonds in the interface solution-glass. These
reactions deminate at pH > 9 and are kinetically controlled

by a linear dependence with reaction time (7,8).

These general ideas can be acepted for every glass although
for those with more than one formator, as in the case of borosilica

te ones, it is necessary to prevent the existence of special charac

teristics.

I.2. Effect of the glass composition.-

In general, the glasses with high content of modifiers are re-
Sistent to the lattice dissolution processes ( pH > 9) and the glas

ses with high content of formators are resistent to desalkaliniza-
tion processes.

The increasing alkali content enhances the etching by water -
solutions, being more helpfulthose glasses with alkali having a -
higher diffusion coefficient, In the case of glasses with more than
one alkali (mixed alkali glasses), the corrosion rate decreases -

compared with glasses containing one alkali oxide (1,5).
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It is necessary to point out thar SjO2 substitution by A1203 in a
silica glass involves the {A104] groups formation reducing the -
leaching rate of alkali ions, and the transition of the desalkali-
nization processes to the lattice dissolution is carried out at a
PH higher than 9 (1). However, when the Al,0./R,0 = 1, the A1’ jon

cperates as modifier and the acid leaching increases.

1.3. Effect of the SA/V ratio.-

Recent experiments performed by El Shamy and col (9) have de-

monstrated that the reaction velocity increases when the ratio

Surface area of etched glass/etching solution Volume is higher.
This variation is not proportional in all cases so that the etching
process is greatly increases if powder glass is used in spite ol -
large surfaces. The powder glass produces concentration domains -

originating local increases of the SA/V ratio (1).°

I.4, Effect of the temperature.-

The etching process is a kinetic process (10) which can be ex-
pressed is an Arrhenius equation; therefore, a hight increase of -
temperature gives rise to an enhancemente of the reaction velocity.
However, the data are not extrapolated at any temperature, since
the temperature is very high, not only the etching process is acce
lerated, but the mechanism changes as it was demonstrated by Clark

and Hench (5).

I.5. Effect of the glass morphology.~

The glass-in-glass or liquid phase-separation in boroslicate -
glasses is an important phenomenon which can affect the chemical -
durability. This phase separation appears in a composition designed
inside the miscibility gap or it is due to thermal treatments that
promote the phase-separation (11). It is evident that etching magn i
tude depends strongly on the borosilicate glass microstructure; -
thus, with a continuous borate matrix easily leached the resulting

glass generates some porosity.

II. STUDY OF REACTIONS BETWEEN BOROSILICATE GLASSES AND WATER SOLU-
TIONS. -

The following surface analysis methods have been used to study
the etching processes:
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- Spectroscopic methods. Transmission IR Spectroscopy due to the -
difficulties of the Reflexion IR Spectroscopy on roughness surfa
ces,

Absorption methods. Specific surface determination and absorpti-

nn isothermes.

Microscopy. Transmission and scanning electron microscopy. The -

former one for checking the existence of phase separatinn and

the latter one for following of the process,

These methods are complemented by the analytical data from the

etching solution.

II. 1. pHmetrics determinations.-

In our experiments the laching prrcess has been followed by pH
determinations, having observed a hard decreasing of the protons -~
concentration in the leaching solution in the first steps of the -
reaction. This reaction can be due to the ionic exchange with alka-
lis or to the proton retention on the glass surface., As it can be
observed in Fig. 1 the pH jump is greater when initial pH of etching

solution is nigher, being maximum when distilled water 13 employed.

In order to chek the reason for this phenomenon, the concentra
tion increase of Na’ ions in the etehing solution has been determi-
ned simultaneocusly, by using a selective electrode of sodium. As it
is shown in Fig. 2, the pH variation is not related to the slow in-
crease of the Na’ concentration in the etching solution. This effect
seems to demonstrate that an electroabsoption of HY exists in goand

agreement with other authors (12,13).

ITI.2. IR Spectroscopy.-

Traditionally the IR Spectroscopy has not been widely used on
the study of the chemical durability of glasses. This is due to the
intrinsic difficulties with glass samples, such as high extintion
coefficients, bands overlapping, etc... In the case of borosilicate

glass as mixed lattice glasses the number of papers is too low.

The published papers have been developed in two defined lines:
on the one hand, the study of "water" addition to the lattice {mid-
dle and nearest IR) and on the other hand, the following of the -

glass structure evolution as a consequence of chemical etching.

With respect to the study of hydroxil bands, the Scholze and
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col. papers (14,15) must be mentioned performing the spectra by -

thin foil, analyzing the bands to 3450 and 1630 cm'] corresponding

to the O~H stress and the H-0-H strain, distinguishing between -
both OH species (free OH and bonded OH by hydrogen bridge) which
appear overlapped at 3400 em™t.

The Nogami and Tomozawa paper (16) report the calculation nf -
the water diffusion coefficient in the glass when it is submitted

To a water stream saturated atmasphere.

Hench and col. (17) aobtained important results with respect to
the glass structure evolution during etching by using the Rellexion
IR Spectroscopy. The change «of the bands frequencies with consecu-
tive etching has been followed by the Reflexion IR Spectroscapy.
First of all, they studied (18) the qualitative evolution of the
IR Spectrum with the increasing etching time without gquantification
due to the roughness changes altering the optical properties. The
spectra evolution on sodocalcium glasses shows a great increment -
of the band intensity at 1080 crm_l (Si-0-8i stress) and the decrea
sing one at 960 cm.1 (Si-0 not bridging stress}. Likewise, they -
nobserved a displacement in function of alkali percentage exsnlved

by leaching (19).

The necessity of using glass powder for controlling the SA/V
ratio and later study of the specific surface evolution, directed
nur research to the transmission IR Spectroscaopy. In this way, the
effect of roufness change disappears form the analyzed surrace, -

although other problems will arise.

The high extintion coefficients of the structural bands makes
it necessary to use small quantities of sample. For this reason, -
the KBr dilution metheds has been used implying complications of -
the quantitative analysis due to the different optical characteris
tics of KBr+glass powder samples. So, it has been necessary to use
internal standards. Otherwise, accumulations of data and later dir

ferentiation of water contained in KBr have been carried out.

In order to solve the overlappings several deconvolutions have
been performed from the theoretical components by using the integra
ted intensity as a quantification parameter. Following this prone-~
dure a semiquantitative study has been carried out on the structural
evolution of leached borosilicate glass (20). In Fig. 3 the evolution

of different hydroxils present in a glass £ submitted at several -

e
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etching times with a solution of pH=J] can be observed.

In Fig. 4 the evolution of different siructural bands of glass
E is collected during the acid leaching. It is worth pointing out
the constancy of the 1080 cm‘] band. Likewise, a decrease of the
integrated intensity of boron bands is observed. This decrease is
not equal in all bands, which involves a different extraction of -

these groups.

II.3. Determination of the absoption isothermes.-

The determination of the absoption isotheric neats i3 the mest
conventional methed te know the reactions between glasses and watsro
(21}. These heats can be determined by Calorimetry or Chromat~gra-
phy. In the case of materials with low values of specific surface,
like glasses, the Chromatography gives the more adeguate results -
because at enable us to calculate heats from small guantity orf ab-
sorbed products (22}, For this reason a dynamic methed for the obten
tioen of absorption isothermes has been updated by connect.iig a micro

computer giving rise to 300 point in a short time . . 3),.

The isostheric heat is the thermodynamic magnitude which descrj
bes from a quantitative point of view the Interacticons between the
absorbent (glass) and the abscorbate igas or vapour;. From the absor
ption isothermes the entropie and the Gibbs free energy correspon-
ding to the abscrption process can be calculated and thus, it is -

possible to obtain know on the thermodynamics of surface.

With more alaborated calculations performed on the isothermes
the energy distribution on the solid surface for a determined absor
bate can be obtained which gives an idea of the energy range rfor -
absorption depending on the chemical nature of the solid and absor-
bate (24).

o

All these mentioned parameters give different values depending
on the chemical composition of the surface. Therefore, the control
of these parameters auring the etching can provide a good informa-
tion over the surface changes. In Figs. 5 and 6 the isothermes --
corresponding to n-hexane absorption in a sodium borosilicate glass
are represented the same as the variation of isotheric heats calcu-
tated from the isothermes respectively. In Fig. 7 the variation or

the retention volume of n-hexane over a E glass is shown in function
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of the n-hexane pressure. Fig. 8 shows the energy distribution fung
tion obtained from the retention volume for the system n-hexane - E
glass,

In Fig. 9 the variation of the isostheric heats on several boro
silicate glasses versus the modifier oxide content in order to -
point out the effect of the surface composition is shown. In Fig.lJ
the variation of the isostheric¢ heat versus the acid etching time
(pH=1} for the E glass is represented. The observation of these cur
ves gives us information on the strong surface cpanges produced as
a consequence of leaching and thelr dependence with the etching con

ditions (temperature and time).

el

II. 4, Microstructure characterization by SEM and Sg determination.-

The specific surface of the starting material is a critical pa-
rameter which must be known in order to determine the SA/V ratic and
therefore the etching magnitude. However, glasses show a very little
SA and its determination by conventional methods is not possible.
For this reason, a new measurement method was updated in our labora
tory based in the dynamic method of nitrogen absorption developed
by Nelsen and Eggertsen (25) which enables us to determine accura-

tely (3% error) specific surfaces lower than 1 mz/gr.

Fig. 11 represents the evolution of the specific surface of a
E-glass submitted at different etchings (pH=1) versus the etching
time (26). As it can be observed the specific surface increases --
cantinuously modifiying the etching conditions obtaining values at
higher temperatures of 100 m2/gr. This tremendous increase could be
due to the grain destruction but granulometry shows that there are
no variations. On the other hand, the nitrogen absocorption-desorp-
tion measurements enable us to observe that nitrogen exolved is -~
lower when absorption-desorption cycles increase, as it can be seen
in Fig. 12. When the sample is degasified a second time the first
value of the nitrogen desorbed is obtained according to degasifica-

tion temperature an time.

From the former observations it can be concluded that a porosity
generated by the etching process exist. Since the SEM observations
do not show surface alterations it was concluded that the generated
porosity is too little and can only be detected by nitrogen absorp-

tion as a very sensitive method.
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II.5. Kinetic model for acid etching.-

Acceording to different authors, the acid etching in silicate or
boraesilicate glasses is governed by difusion processes. Hence, the
Fick law must give the rate of the process. The Lyle paper (27) was
one of the first in this way. But, later different medels have ob-
tained more coherent results (28,29). In this sense, Rodriguez (20,
has deveioped a rate semiempiric equation derived from the Fick

taking into account not only the diffusion process, but alsc the pH

law

value of the etching solution. From this equation it has been possi
ble to calculate the velocity constants, Later, a simulation of the
process has been carried out by using a discrete simulation method
bases on the Monte-Carlo procedure.

As an example of application of this model to a borosilicate -
glass, the Figs. 13,14 and 15 show the B, Na and H* concentrations
during etching. The points represent the pH measurements obtained
on different reaction times. The continuous curve corresponds to the
foreseen values by the model. As it can be observed the agreement
is good enough, except in the H* case which implies the necessity -
of ceonsidering other factors in this case, while for extractions the

model proposed fits well.

IIT. FUTURE TRENDS.-

The subjects of future research of this group with respect of
glasses durability are listed below:

1. Borosilicate {(E-glass) fiber leaching with double focus:

a) In order to increase their compatibility with organic polymers
applied to the obtention of composites fiber/nlastic,

b) In order to promote the oxide implantation and the build-up
¢f surfaces with different properties.

2. Study of the chemical etching of borosilicate surfaces treated
with organosilanols, as a part of the durability studies on compo
sites.

3. Simulation of the chemical etching mechanisms from the sStructural
point of view.

-

It is alsec foreseen to carry out the fellowing research: i



- 135 -

e t hora
¢ ¢ 30minutos
A 1 Ominutos
*
a

— Area del pico de desorcién —»

|

1 °5 10 i5
———— N2 de ciclos adsorcidn - desorcion ———s

Fig. 12.- Evolution of absorbed nitrogen on E-glass etched versus

the cycle number of absorption-desorption.

{
I ; —— SIMULACION I
n 9 o
o) \ o EXPERIMENTAL s L2000 =
~ ’ S
& L Q
E 3 2
~N e =)
Py e E
&) » E
& / 2
kS 11
k! / 1000 18
g i 5]
5 |V §
g 1 11, %
o8]
I o - 4 L
5 30 €0 120 240 1.440

Tiempo (min)

Fig. 13.- Variation of the B concentration extracted by chemical -
etching according to proposed model. Values obtained by

chemical analysis.



- 136 -

r 2 1’7 — SIMULACION }/ W T
"‘9 . sxpemmsmm./ L 1000 rg
&: {——/ ‘S
~ 3
& 1 i E
g ! i///f : ]
=]

-~ I e 72}
g ' 5
E 3 z

s | 5
Rl i
s,

A z

l

O b—— . P |
5 20 60 120 240 [.440
Tiempo (min) ———o—

Fig., 14.- Variation of Na concentration extracted by chemical etching

according to the proposed model. Values obtained by chemi-

Fig.

— Protones consumidos {atmgr/m2x10%

15.- Variation of H' concentration leached according to propo-

cal analysis.

N — SMLLACION
o EXPERMENTAL F1000
!
P
/] 3 + 500
i
s i
i
ot
v
o -
5 30 60 120 240 1440

Tiempo (min)

=ed model.

Values obtained by chemical analysis.

unidades (simulacién)

Q



~ 137 -

Development of dynamic method to measure the porosity of powder

materials with lower specific surface,

Development of instrumentation to measure dynamically the absorp

tion physics-chemical parameters.

Development of software for data adquisition on the data accumu-

lation for simutation.
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Abstract

Alteration of National Glass in Radioactive Waste Repository

Host Rocks: A Conceptional Review.

by
John A, Apps
The Lawrence Berkeley Laboratory
Earth Sciences Division
University of California

Berkeley, California 24720

The storage of high level radioactive wastes in host rocks containing natural
glass has potential chemical advantages, especially il the initial waste tempera-
tures are as high as 250° C. However, it is not certain how natural glasses will
decompose when exposed to an aqueous phase in a repository environment.

The hydration and devitrification of both rhyolitic and natural basaltic
natural glasses are reviewed in the context of hypothetical thermodynamic phase
relations, infrared spectroscopic data and laboratory studies of synthetic glassex
exposed to steam. The findings are compared with ficld observations and Iabora-
tory studies of hydrating and devitrifying natural glasses. The pecnliarities of
the dependence of hydration and devitrification behavior on compositional varia-
tion is noted.

There is substantial circumstantial evidence to support the belief that rhyvoli-
tic glasses differ from basaltic glasses in their thermodyvnamic stability and their
lattice structure, and that this is manifested by a tendency of the former to
hydrate rather than devitrify when exposed to water. Further research remains
to be done to confirm the differences in glass structure, and to determine both
physically and chemically dependent properties of natural glasses as u function of
composition,
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Introduction

For various scicntilic and technical reasons, the deep burial of high level
radioactive wastes in geologic repositories is now accepted as the most reasonable
means for isolating these hazardous materials from the biosphere. Several coun-
tries are studying the design, construction and integrity of radioactive wuste
reposicories in order to resolve the uncertainties attending this disposal option, to
select sites, and to reassurc the public that underground repositories will function
properly.

Current U.S. practice is to design for maximum temperatures in the host
rock to range from about 160° C in salt to 260 ° C in basalt, (Raines et al.. 1981).
These maxima would be attained close to the container host rock interface and
occur between 35 and 60 years after burial of the waste, (Wang et al., 1970).
The temp -rature of the waste would stiil be 50 to 100° C above the ambient tem-
perature of the host rock, some 1,000 years after burial, and the region affected
by elevated temperature would extend up to 500 m from the waste containers. A
substantial volume of rock could alter therefore hydrecthermally. A repository
designed to operate at temperatures to 250° C would be both more compact and
potentially cheaper per unit of disposed waste than onc desicned to operate at
lower temperatures. It would also possess the advantage that the higher tem-
peratures would increase the reactivity of the host rock in the near field. and
enhance the capacity of the rock to sorb and coprecipitate radionuclides.

Rocks containing either acid or mafie glass possess potentinl advantages over
other rocks as hosts for radioactive waste. Because glasses are much less stable
than most minerals, they will react with dissolving radioactive waste under
hydrothermal conditions to produce secondary minerals, that would entrap harm-

ful radioelements.
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The alteration products of natural silicic glasses nre normally zeolites. such
as clinoptilolite or heulandite, and smectites, both of which possess the potentinl
to sorb radioelements such as cesium, or strontium. When basaltic glass alters, it
releases ferrous iron, which induces a low environmental oxidation state as a
result of disproportionation reactions in which ferric ions cnter into secondary
nontronite, magnetite or hematite. The inwered oxidation state ensures that the
actinides, such as uranium. neptnnium, plutonium and americinm are maintained
in the +41 or +3 oxidation states, which are the least scluble. Technicium :lso is
strongly sorbed when reduced to the + state. The lower oxidation state also
favors the formation of pyrite, which can reduce selenium and precipitate it as a
selenide,

At higher temperatures, basalt altersiion is also favorable for the fermation
of secondary sphene, which will accept tin-126 (and actinides?), and for the for-
mation of epidote, which is isomorphous with allanite, a well known potential
host for actinides (U.S. D.O.L., 1980).

In the Western United States use could be made of glassy rocks at two
potential repository sites, both of which are currently under active consideration.
One is at the Hanford site in Richland. in the Pasco Basin of Washington. where
the underlying rocks are composed of massive {lood basaslt flows. These fHlood
basalts still contain a vitreous mesostasis where the class varies from a few
weight percent to as much as 20 weight percent. The cummlative thickness of the
flows is nearly 5,000 feet and they are overlain by up to 700 f(, of surficiai sedi-

ments. The other repository site is at the Nevada Test Site in Nevada. Here,

widespread acid ash flows and welded tufls have aceumulated as a result of

several immense caldera eruptions during the past 26 million vears. Although
most of the welded tuffs have devitrified, probably immediately following their

deposition, many horizons are present where vitroclastic tufls and vitrophyvres still

2
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remain substantially unaltered.

The basalts of the Pasco Basin are for the most part below the water table
and are therefore saturated, whereas in Nevada, because of the nature of the ter-
rain, the low rainfall, and the high evapotranspiration rates, the water table is
often many hundreds of feet below the surface. The present candidate repository
location at the Nevada Test Site thercfore happens to be in the unsaturated zone
above the water table.

In this paper I would like to discuss some aspects arising from the selection
of rocks containing natural glass as hosts {or a nuclear waste repository, particu-
larly if the initial repository temperatures arc as high as 250 ° C. In particular. |
would like to address some of the contrasting alteration mechanisms between acid
rhyolitic glasses and glasses of basaltic or malfic composition. There is substantial
circumstantial evidence to suggest that their mode of alteration is very different
and that this must be accounted lor in the prediction of repository hehavior in
either basalt or acid tuff.

To investigate this issue requires = knowledge of glass alteration [rom experi-
ment and theory, supplemented by iield observations of natural glass altering
under conditions similar to those expected in a repositorv. This approach must
be taken in order to extrapolate observations of short term laboratory experi-
ments, to natural processes taking place over periods of thousands of vears: i.e.
time spans comparable with that necessary to isolate radioactive waste from the

biosphere.

Thermodynamics of Glasses in Relation to
Hydration and Devitrification
Silicate glass is primarily a polymerized nctwork of covalently bondedl

'SiO,J* tetrahedra, linked by their oxvgen apices. Other cations can substitute
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for Si'* such as A®* and B®*, and sometimes Fe®*. The cliarge deficieney is made
up by interstitial cations. The continuity of the network is disrupted by the
presence of so called ‘‘network modifiers” such as the alkali metals, the alkali
earths ions, and some transition group metal ions such as Fe™. Some cations
such as Zn**, or Pb®* may occupy cither the tetrahedral network or the intersti-
tial sites.

Silicate glasses can be synthesized over a very large range of chemical com-
positions. However, the range of natural glass is restricted to SiO, contents rang-
ing from 40 to 80 wt%, and with varying amounts of other nctwork builders.
principally AlLO;, and network modifiers such as Na,O, K,0 CaO, MeO, and
FeO. Together, these constituents usually make up over 95 Wt of the total
composition.

Glasses are conceived to be superconled liquids in which rotational and
translational degrees of freedom among the constituent molecules have been
quenched, leaving only vibrational modes. This picture is an over simplification
as noted in several studies of the thermodynamic properties of glass, (e.z. Gold-

stein, 1975; Richet and Bottinga, 1983) but it sullices for this discussion.

The transition from supercooled liquid to glass is characterized by a substan-
tial change in heat capacity, which closely approaches the chanse between the
liquid and the solid crystalline equivalent. It may be viewed as a second order
thermodynamic transition. Ilven though interpretation of the glass transition as o
thermodynamically reversible phenomenon is controversinl, it wiil be here so
treated as a matter of interpretive convenicnce. The measured glass transition
temperature may vary by as much as 100° C for a given silicate glass composi-
tion, due in part to the prior cooling history of the glass. A reversible transition
is not observable because of the sluggishness of the reaction at the transition

temperature, (Gibbs and DiMarzio, 1958). Hence true melastable thermodynamic
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equilibrium is never attained, and measured thermodynamic and transport pro-
perties of a given glass are often dependent on its previous history. Yet an exten-
sive literature reveals that glasses have relatively consistent physical properties,
suggesting that a qualitative if not quantitative thermodynamic treatment is pos-

sible.

When exposed to water, glasses have a tendency to alter by a variety of tem-
perature, composition, and system dependent mechanisms. Wu (1980) citegor-
ised glasses into four types depending on their behavior when exposed to steam at
elevated temperature, viz, those that: (a), hydrate; (b), do not hydrate: (¢). dis-
solve in the aqueous phase, and (d), devitrify or crystallize. Because all glasses
could eventually crystallize to a more stable phase assemblage, the last category
is a manifestation of more rapid crystallization kinetics.

To place. these mechanisms into context and relate them to natural glass
alteration, I will discuss some of the hypothetical phasc relations that might be
involved. Figures 1 — 4 are temperature composition diagrams portraying an
arbitrary pseudo-binary system involving a stoichiometric anhydrous silicate as
one end member, and water as the other end member, The temperature range
extends from about -30° C to bevond the melting point of the stoichiometric cry-
stalline silicate. The pressure is arbitrarily set between 1 bar and 400 bars. a
range expected to include most waste repositenv conditions. The typical waste
repository environment will encompass a temperature domain around the bailing
point of water, the upper limit being determined by the design specifications of

the repository.

Features common to all diagrams arc a pscudo-binary immiscibility loop
between vapor (steam) and liquid (silicate melt) phases. culminating in a critical
phase, a solidus curve with respect to the stable essentially stoichiometric solid

and the liquid (i.c. melt/watler) phase, and a subsolidus pseudo-binary solvus
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leading to the formation of coexisting supercooled water rich and water poor
melts (or glasses). Evidence for the existence of the binary solvus is speculative
and is based on the assumption that glasses have a finite and definable saturation
limit with respect to hydration, and a finite equilibration solubility. Superim-
posed on the supercooled liquid field is the glass transition. Apart from the
pseudo-binary miscibility loop, all stable phase transitions are drawn with licht

lines, whereas metastable transitions are drawn with heavy lines.

In Figure 1, it is assumed that the glass will hydrate Lo a significant extent.
Hydrated glass may be produced either by quenching of a hvdrous melt, along
path, a’-b, or by hydration in contact with either a vaporous or a liguiil aqueous
phase along path a-b. Rhyolitic or rhyodacitic glasses most probably [ollow path
a-b during hydration in closed systems, as will be discussed further on.

Figure 2 represents Wu's 2nd case in which an anhydrous glass expesed to a
steam atmosphere will hydrate to an inconsequential extent before saturation, as
indicated by path a-b. However, a *‘superhydrated' unstable glass could in prin-
ciple be produced in the system by quenching a hydrated melt along path e-d,
This case may be representative of very high silica glasses such as tektites or
vitreous silica.

Silicate glasses containing high concentrations of alkali metals are
represented in Figures 3 and 4. In these cases, the glass will actually liquily or
dissolve in the presence of an aqueous phase. Figure 3 represents the situation of
liquifaction in the presence of steam, as indicated along path a-d. The glass will
first hydrate along a-b, then transition to a supercooled liquid, along b-e¢, tinally
becoming a stable liquid at ¢ and eventually saturating at d with respeet to the
aqueous {steam) phase. Figure 4 shows tlie corresponding case in which the slass
is dissolved by an aqueous liquid, along path a-b-c. These last two cases have

not been observed to occur naturally, although they represent variations of the

(RN
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illustrate the hydration and dissolution of an alkali silicate glass by

a liquid aqueous phase.
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third case listed by Wu.

There remains the question as to how Wu's fourth eategory can be fitled
into this scheme. Furthermore, field and laboratory observations to be discussed
below, suggest that basaltic glass would also fall into the same category. Here we
must speculate that, with falling temperature, a hypothetical stoichiometric sili-
ca.> m'micing a basaltic melt in composition would, on cooling. recrystallize 1o
form a stable hydrated phuase in the pseudo-binary cross section. We must
further assume that metastable equilibrium hydration in the glass would be tran-
sient, because hydration would so lower the activation energy of devitrification,
that devitrification would immediately follow. As it turns out, this is true 1o a
certain extent, but other thermodynamic and structural factors also play a role as

will be discussed further on.

Correlation of Extent of Hydration with Glass Composition

In the discussion which [ollows, a distinction is attempted between satura-
tion hydration of a glass, and the rate of hydration. Unfortunately, in some
glasses, hydration induces rapid devitrification, so the saturation hydration can-
not be determined. In others, the rate of hydration may be so slow that satura-
tion hydration cannot be achieved, either in the luboratory, or through prolonged
exposure in the field. These differing properties often lead Lo ambiguities in
interpretation, sometimes compounded by lack of a eritical distinetion being

made in the literature.

Scholtze (1959a,b,c, and 1986) has measured changes in the infrared absorp-
tion spectra due to silanol groups on of a large range of weakly hvdrated silica
glasses, to study the effect of substituting various metal oxides lor silica.
Scholtze found that metal oxide substitution could be correlated with the frace-

tion, r, of non hydrogen-bonded silanol groups, which is in turn. correlated
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inversely with the polarisability of the oxygen jons in the lattice and the basi-ioy
of the glass.

As will be noted from Figure 5 {redrawn from Scholze, 1950h). network
modifiers such as the alkali metals, potassium and sodium, have a powerful elfect
in decreasing r. whereas network builders such as aluminum have the opposite
effect. Wu (1980) correlated r with the four response modes of siass when
exposed to steam. Those glasses with r approaching unity did not hydrate, or at
least were not obscrved Lo hydrate in the laboratory: those with intermediate ¢
values i.e. =& 0.3 to 0.7 hydrated, but otherwise showed no other alteration.
whereas those with low r factors, either dissolved completely as a liquid phase or
devitrified, i.e. crystallised. Those with high alkali metal contents dissolved,
whereas those with alkali earths contents devitrified.

Unfortunately, variation of r is not lincar with composition, so it is not pos-
sible to predict the hydration behavior of the natural glasses from Scholtze's
data. However, it is reasonable to assume Lhat rhyolitic glass, with its higher sil-
ica and alkali metal content will have a higher r factor than basaltic glass with
its lower silica content and significant enrichment in CaO and MgO. The former
would there_fore tend to hyvdrate, catalysed by the alkali metal eations, as <nz-
gested by Wu (1980), whereas the latter would tend to devitrily., This contrast-

ing behavior is consistent with field and laboratory obscrvations.

Field evidence also shows that rhyolitic and basaltic glasses behave quite
differently regarding hydration and devitrification. Natural rhvodacitic and rhy-
olitic glasses containing between 65 and 80 wt%: silica, will hydrate unider earth
surface conditions. apparently without destruction of the $i0O, AlO, tetrahedral
framework. and with only partial or even no loss of interstitinl alkali cations.
(Scheidegger and Kulm, 1975; Schetdegger et al., 1973: Jezek and Noble, 1979:

Federman 1984; Forsman, 1984), According to Federman, {198 1). rhyodacitic and
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rhyolitic glasses in abyssal Leplira deposits from the Eastern Meditermnean, ini-
tially containing 0.3 to 1.0 wt%% H.,O-, hydrate to between -1 and 5 wr'v 1,0
after 10° to 107 years. Scheidegger ct al. (1978) and Ninkovich (1079) have muehe
similar observations in their studies of ash layers in the Northwestern Pacific and
Indian Oceans respectively. Such hydrated glusses may persist in nature for very
long periods. Forsman, (198.1) describes several ash beds from North Daxota enn-
taining ‘‘unaltered glass” ranging in age from Upper Cretiacecous to Puivorer.,
The ash beds have been saturated with water during much of their history and
are believed to be “superhydrated”, as gas bubbles in the glass shards are naw
filled with water. It is probable that the glass was preserved party beceau-s the
aqueous phase also saturated metastably with respeet to the glass struernre, and
that devitrification through dissolution and precipitation of sccondary min-rais
was inhibited by the relatively low ambient temperatures.

Basaltic glasses containing 45 to 55 wt¢ SiOQ. in abyssal tephra nlso avpear
to persist in an essentially undevitrified state. al least up to 3.8 million vears,
(Scheidegger, 1973). In contrast to more silica rich glasses, they i not appear 1o
hydrate, or perhaps hydrate at a much slower rate. Schebdecrer {16735, fonnd
that basaltic glasses ranging in SiO, content from 47 to 51 wt'( tfrom the Cobis
Seamount on the Juan de Fuea Ridge in the Pacifie Ocean contained hetween
0.10 to 0.38 wt% H,O~. essentially similar to glass from fresh hasalt pillows.
which, according to Moore, (1970), contain between 0.06 to 0.120. 1.0~ Tlow-
ever, naturally occurring basaltic glasses containing up to 1.817 1,0 have been
analysed, (Delaney and Karsten, 1981).

An even older basallic glass ol olivine tholeiite composition has beey
described by Mufller et al. (1969) in a late Triassic (180 my) “nquagene tunl”
from southeastern Alaska. Although the tufl fragments display 304m alteration

rims. the bulk of the glass shows no apparent alteration. The H,0~ content of
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the “‘unaltered” glass is 1.58 wt%, somewhat higher than taat reported for the
Cobb Seamount tephra, although the SiO; content is similar, i.e. A8 wit' o,

While it is cvident from lield observations that the saturation hydration
level of rhyolitic glasses is of the order of 5 wt9% 11,0+ at 0 to 25° C, the satura-
tion hydration of basaltic glasses within the same temperature range is unknown.
Stolper (1982) claims that water solubility in magmas is insensitive to romposi-
tion. It is not clear whether the saturation concentration of water In glass is aiso
insensitive to composition, and that basaltic glasses, given sulficient time would
hvdrate to the same water concentration as obsidians. [n synthetic svstems.
which cover a wider range of compositions, it is known that vitreous silica
hydrates less than alkali silicate glasses under comparable conditions, (MW7, 10580
Della Mea et al., 1984), This suggests that the saturation hydration in natural
glasses could well be sensitive to composition. Llowever, it is presently not possi-

ble to estimate whether a basaltic glass can hydrate to a significant extent.

Kinetics of Hydration and Devitrification

The rate of natural glass hydration has heen determined both experimentally
and {rom field observations. Although the hydration mechanism for basaltic
glasses has not been unequivocally determined. as will be discussed further below,
hydration in obsidians and perlites appear to be a diffusion controlled process {ol-
lowing a parabolic rate law, (I'riedman and Smith. 1960; Marshall, 1961; Fried-
man et al., 1966; Lofgren, 1968; Iriedman and Long, 1976; Michels et al., 1983).
This process is sufficiently uniform and slow at earth surface temperatures, that
it has found application as a dating method for obsidian artifacts, (Friedman and
Smith, 1960: Meighan et al., 1968; Michels ct al. 1983), and for recent, i.e. up to

200.000 year old rhyolitic or obsidian flows, (I"riedman, 1968: Picree ot al., 1976},

2
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Rhyolitic glasses undergo signifieant density and optical changes when they
hydrate (Lofgren, [968). This leads to localized stress concentrations at the
interface between the hydrated and unhydrated glass. which is suflicient in some
cases to cause [racturing, or at least show optical struin (Lofgren, 1968). Evi-
dence thar hydration induces fracturing has also been observed by Morzenstein
and Riley (1975) in basaltic glasses The fracturing permits access of water to
the glass interior and facilitates transport of chemical components in and our »f

the glass, thus accelerating both hydration and devitrifieation,

According to Friedm:m and Long (1976). increasing $i0, and 1L,0 content in
obsidian increases the diflfusion rate of water. whereas inerensing CaO. and Moo,
decreases the rate of diffusion. AlL,O;, Fetd. NuO, and K.O contents appeur to
have little eflect on the rate, at least over the parrow range of compositions stu-
died by the investigators. The effect of minor changes in CaO and MgO ronrent
is substantial, with the hydration rate declining from 5 pm®/10% yr. to 0.2 pm® 107
yr. at 10° C over a narrow SiQ. compositional range between 72.2 and 76.0 wt‘%
Si0,. Extrapolation of hydration rates to basaltic glass composition ix untor-
tunately not possible because of the seatter in Friedman and Long's data. the
empirical correlation used, and the length of the extrapolation required. Their
data strongly suggest, however, that basaltic glass hydration rates would be at
least two and possibly three orders of magnitude slower than for a typical obsi-
dian. This is consistent with the field observations of Scheidegger. (1973) thut
basaltic glasses several million vears old have not hydrated. It might also be con-
strued that the Triassic basaltic glass described by Muffler et al. (1969) has taken

180 million vears to hydrate to no more than 1.6 w9 1,0—.

In synthetie silica-metal oxide glass systems, the evidence of Yoko et ul..
(1983) and Moriva and Nogami, (1980) indicates Lhal substitution of up to 10

wtf AlyO03, MgO or CaO for Si0, in n 20 wtT NaO, Si0, elass decreases the
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hyvdration rate by as much as 500 times. [However, the hydration process does
not uniformly follow parabolic kinectics, suzgesting that a simple diffusive hyole
tion of the glass structure is no longer the principal alteration mechanism.

Another interesting observation, which may be germane, is provided by
LaMarche et al. (1984), who attempted to hydrate a silica rich {80 w1 SiO.)
tektite glass containing 2.48 wt% MeO and 1.91 wtf CaO at 90° C. No surlace
hydration layer could be produced, consistent with field observations ol weath-
ered tektites. This could be interpreted either as evidence that the kincties of
hydration is slowed by the presence of MgO and CaO, or that the very high sifien
content prevents significant hydration, i.c. the tektite glass lalls into non hyvdrat-
able glass category of Wu (1930a).

In rhyolitic glasses, hydration facilitates the diffusion of some metal cations
in and out of the glass. White and Yee (19386) find that the dillusion cocflicients
of rubidium. cesium, and strontium are markedly greater when exposed to the
aqueous phase below 100° C than would be expected based on extrapolation of
high temperature dilfusion coellicients to the same temperature region. Field evi-
dence. e.g. Jezek and Noble (1978) also report on the exchange of potassium for
sodium in perlites. Thus the chemical composition of an exposed natural rhvoli-
tic glass can change with time and therefore alfect the mineral composition on

devitrification.

While the evidence that basaltic glass will hydrate is equivocal at hest. in
contrast to rhyolitic glass, there is plenty of evidence that basaltic glass will devi-
trifv to form secondary smectites and zeolites. In nature, basaltic glass originates
in three ways;

1. Through the quenching of basaltic lavas in submarine environment. In this

situation basaltie pillows are encased in 2 glassy rind known as sideromelane:
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2. As air fall Lephf:\..

3. As hyaloelastites. Hyaloclustites are most notably formed in lecland, where
the rapid injection of basaltic lava into ice or water leads to quenching and
fragmentation.

The process by which basaltic glass alters to secondary minerals is known ns
palagonitization. It is most frequently studied nnder circumstances in which the
class is exposed to scawater under essentiallv “open system™  conditions.
Palagonitization is not a simple process in which water difluses into the glass fue-
tice, but instead may involve initial hydration of a thin rind less than 50 um.
thick. The thin rind induces high stresses in the adjacent unaitered glass, and
leads to the formation of array of microcracks penctrating the glass ahead of the
“hydration’ zone, (Morgenstein and Riley, 1975). Rapid devitrification of the
“hydrated” rind then produces a palagonite layer. which may be poorly coherent,
spall and leave more fresh glass exposed for hydration.

Repeated cycles lead to the formation of a cumulative alteration laver rhat
in some cases possesses characteristics remiscent of Liesegang banding. It is quite
likely that a Liesegang alteration mechanism occurs in which counter diffusion of
two or more components is involved {Fisher and Lasaga, 1981). Certainly the
mineralogical and chemical evidence of the palasonitization of sideromelane in
seawater indicates extensive exchange of clements between the glass and seawater
(Staudigal and Hart, 1983).

Basalt glass alteration implies that the process of slass hvdration will make
devitrification possible i. . the activation energy barrier inhibiting devirrilication
will be removed, or at least deereased signilicantly. Unfortunately. the initia
hydration process, has not been confirmed. 1t is not clear whether devitrilication
proceeds simultaneously with hydration or whether hydration preced-s

devitrification as is the case in rhyolitic glasses, or indeed whether hydetion
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occurs at all as suggested by the recent work of Crovisier et al. (1986).

Average alteration rates in basallic glasses are difficnlv to establish. but
several studies, including that by Morgenstein and Riley (1975) on basaltic gliss
artifacts from Hawaii, in which alteration rates are correlated with C-14 dating,
that by Burnett and Morgenstein (1976) on submarine palagonites dated by
means of the uranium decay series. and those correlating the age of exposure with
the accumulation of manganese oxide layers (Bender et al.. 19606, Moore, 1960:
Hekirian and Hoffert, 1975, and Burnett and Morgenstein, 1976) indicate that the
net rate of ;lteration is linear and not parabolic. The palagonite layver. does not
therefore act as a rate-controlling dilfusive barrier.

Experimental studies on basaltic glasses e.z. by Furnes (1975) and Crovisier
et al. (1983) do not contradict available field evidence regarding the alteration
mechanism, whereas the most recent experimental findings by Crovisier et al.
(1986) supports the view that a linear alteration process is involved, at least at
earth surface temperatures, in which there is no evidence of the formation of an
initial hydration layer.

Rhyolitic glasses devitrify through nucleation, spinodal deccmposition or
through dissolution in and precipitation from the aqucons phase. The relative
importance of the last process is strongly dependent on the environmental condi-
tions. Field evidence in altering acid vitroelastic tulfs and basalts elearly shows.
through the presence of secondary clays and zeolites in pores, fractures and vesi-
cles, that is important in the 25-400° C range, and probably dominants alterna-
tive devitrification mechanismms in many situations. An extensive literature exists
describing the surface dissolution Kkinetics of glasses, but its review is bevond the
scope of this paper.

High temperature nucleation above, or around the glass transition tempera-

ture leads to the formation of a characteristic spheroidal texture in which

E3
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cristobalite or quartz in association with feldspar forms radinl aggregates, In
anhvdrous glasses, this process is slowed so substantially below 6007 (' thae i
cannot be considered of relevance to a waste repository cnvironment. llowever
initial hydration of the glass permits devitrification to proceed at a greatly
accelerated rate. Lofgren (1968) notes tiat hydrated glasses are characterized Ly
the formation of “globulites”. These minute spherical bodies have not heen
characterized so far, so it is impossible to assess whether they represent the initi
stages of nucleation and devitrification in the hydrated glass. Nothing has been
reported in the literature regarding the spinodal decomposition of hydrated
glasses.

According to Friedman and Long (1984), hydration of rhyolitic glass will
substantially decrease the activation energy of devitrifieation, thereby permitting
measurable devitrification to proceed at much lower temperatures. These authors
calculate that a hydrated rhyolitic glass will devitrify at 200°C at about the
same rate that an anhydrous glass will at 600° C, (c.f. also Marshall, 1961). The
relative rates of devitrification of natural glass in the host rock of a waste reposi-
tory may theréfore be strongly dependent on its hyvdration rate and saturation
level. A rhyolitic glass will hydrate more rapidly than it will Jdevitrifyv. whereas
one could speculate that basaltic glass will devitrify as fast as it hydrates. so that
the hydration rate becomes the rate limiting step in devitrification. Lolgren
(1968) has tentatively established that rhyolitic glasses devitrify about four orders
of magnitude slower than the hydration process. In contrast., nothing is known
quantitatively about the relationship of hydration to devitrification in basaltie

glass.
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Evidence for Structural Differences between
Rhyolitic and Basaltic Glasses

Field and laboratory studies, show that fundamental differences exixt
between basaltic and rhyolitic glasses in their manner of alteration in the pres-
ence of an aqueous phase. What this is due to cannot be conclusively resolved at
this time, but there is both thermodynamic and spectroscopic evidence indicating
that the differences may be attributed to a structural dissimiliwrity betweeen the
two glasses.

Navrotsky and her coworkers (e.g. McMillan et al., 1982: Navrowsky et al..
1982; Roy and Navrotsky, 1984: Navrotsky et al., 1985 a,b) have investigated the
heats of solution in moliten lead borate of glasses in the syvstem SiO0,-M7AIO,
where M == Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Pb. They find that the glass sta-
bility tends to increase with substitution of M}xAlO, for SiQs, apparently reach-
ing a maximum when XM{;*,;Aloa = 0.5, i.e. the heat of solution, All,. reaches a
maximum value. They also found that, for a given value of Xupzaoy A
decreases progressively in the sequence Cs ~ Rb ~ I{, Na. L.i. Ba, Pb ~ Sr. Ca.
Mg. These observations ma-y be interpreted to indicate that the alkali metais
interact very weakly with the alumino-silicate framework structure whereas the
alkali earths. particularly Ca and Mg interact much more strongly and tend to
destabilize the structure, Navrotsky et al. (1982, 1983a) have derived the
enthalpy of mixing binary composition plots from the heat of solution data.
These show that compensated SiOy-M 17 AlO, melt joins show a much smuller ten-
dency towards liquid immiscibility than do the corresponding Si0.-M{'T O, o sy~
tems. However, this tendency increases progressively in the same sequence Cs. ...
Ca. Mg noted above, with the potential for separation into respectively a very sil-

ica rich plase and a silica poor phase.
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The significance of these findings in relation to rhyolitic and basaltic glasses
is evident and consistent with independent lines of evidence. Clearly. the rhyoli-
tic glass, whose aluminosilicate structure is charge compensated with the alkali
metals, will be more stable and less likely to break down than a basaitic glass
containing substantial amounts of alkali earths. The weaker structure of the
latter would also have a tendency to react niore rapidly and devitrifv. therchy
not giving it the opportunity to hydrate as with the former. The tendency
towards immiscibility in the charge compensated alkali earth aluminosilicate melt
systems also suggests that significant structural differences may exist between the
two glasses, for which there appears to be independent supporting evidence.

X-ray scattering studies of albitic (NaAlSi;O4) and anorthitic {CaAlSi,Ogj
glasses by Taylor and Brown (1978a,b) and Taylor et al. {1980) show substan-
tially different radial distribution functions for the two glasses. The investigators
conclude that albite glass possesses a structure somewhat similar to a disordered
cristobalite, being composed of linking six-membered tetrabedral rings. This
structure is quite open and could allow the diffusive penetration of water or per-
mit jon exchange of potassium for sodium. In contrast., anorthitic glass is per-
ceived to contain {-memberced tetrahedral rings similar to the feldspar structure.
The smaller ring size could inhibit diffusion of water and/or cations through the
lattice. It is possible that the higher concentration of magnesium., calcium. and
ferrous iron in basaitic glass as compared to rhyolitic glass, coupled with 1le
lower silica content, could lead to struetural differences analogous to those
believed to occur between albite and anorthite glasses. Detailed studies to veriry
such structural differences remain to be conducted on a broader range of glass
compositions.

Further circumstantial evidence that significant structural differences may

exist in natural glasses of different chemical compositions is the existence ol an
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immiscibility phenomenon in the corresponding liquid state (Philpotts, 1976), and
the evidence of spinodal decomposition in glasses. In the former case, Philpotts
and his colleagues have made a thorough study of the formation of immiscible
melts in basalts (Philpotts, 1977, 1978; Philpotts and Doyle, 1982). Although
there is some question whether melt immiseibility occurs above or helow the
solidus, i.e. whether or not the melt was supercooled at the time, c.g. sce Biggar,
(1979); Freestone (1979), Philpotts and Doyle (1980), the fact remains that
unmixing occurs, and that there is evidence of a discontinuity in the melt struc-
ture, which may also be reflected in a corresponding structural discontinuity
between basaltic and rhyolitic glasses.

Evidence for spinodal decomposition in natural glasses in the composition
range of interest is much more tenuous. However, Manankov (1970) has exam-
ined glasses of basic composition after annealing then at 500-750° C, and found
that they decomposed spinodally into ecalciuta rich and calcium poor phases. e
associated this phencmenon with observations in igneous rocks where coherent
breakdown of natural pyroxenes leads to phases respectively enriched and impo-
verished in calcium, e.g. albite (= plagioclase?) and pigeonite respectively. Simi-
larly, Barron (1981), in modelling spinodal decomposition in synthetic silicate sys-
tems, concludes that a subsolidus diopide-quartz melt immiscibilivy oceurs
100-150° C below the diopside liquidus in both diopside-nepheline-quartz and!
diopside-leucite-quartz systems. Again, we may note the potential immiscible

separation of Ca(-Mg) rich and Ca{-Mg) poor silicate liquids.

Implication of Glass Composition and Structure on the Radioactive
Waste Burial in Rocks Containing Igneous Glass

Hydrothermal alteration in a waste repository under present desigu concepts

considered by the United States Department of Energy will range from ambient

-
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temperature to as high as 250° C. Mlost field observations, and experimental stu-
dies of natural glass alteration are at near carth surface temperatures. No studi~
have been made on basaltic glass hydrothiermal alteration at significantly elevated
temperatures. In fact, almost nothing is known of the relative kinetics of hydra-
tion and devitrification with increasing temperature in such glasses. \We must
speculate that increasing temperature will accelerate these processes in busaltic
glasses.

The composition of the glass mesostasis in basaltic rocks can be auite vari-
able, depending on the history of tlhe magma, and its mode of cooling. In larze
flood basalt flows, cooling is slow, and the residual magmatic liquid can become
highly enriched in silica. Although the silica content of the glass mesostasis may
be as low as 6599 wt9% SiO., some basalt [lows in Iceland contain mesostasis glass
with SiQ, concentrations of as high as 80 wt%s (INacandes et al., 1986). This is
precisely the range of silica concentrations over which melt miscibility may ocenr
(Philpotts and Doyle, 1982). Thus the mode of hydrothermal alteration of zlass
in basaltic lows may vary depending on its composition.

We may summarize the available evidence for glass alteration mechanisms in
a repository environment in schematic diagrams as illustrated in Figures 6 and 7
for rhyolitic and basaitic glasses respectivelv. These diagrams are subject to

modification as various issues and uncertainties are resolved.

Conclusions and Recommendations

From the foregoing discussions, we can draw the following conclusions.

1. Experimental and infrared spectroscopic evidence shows that the extent 1o
which silicate glasses hydrate appears to be dependent on their composition.

2. Laboratory evidence on synthetic silicate glasses suggests that those rich in

MgO and CaO are likely to devitrify rather than hydrate.
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Rhyolitic and rhyodacitic glasses can hydrate  without apparent
devitrification or breakdown of the glass structure.

Experimental evidence indicates that the hydration of rhyolitic glusses fol-
lows a parabolic role law, i.e. a diffusion controlled process is involved.
Rhyolitic and rhyodacitic glasses, when exposed to thie aqueous phase unider
closed system conditions, at ecarth surface temperatures will hyvdrate ro 3-6
wt% H,O. In contrast, glasses of basaltic composition will either hydrat.
exceedingly slowly, or devitrily immediately upon hydration,

Circumstantial evidence suggests thav increasing concentrations ol MgO unid
CaO in alumino-silicate glass will substantially decrease the rate of hyvedra-
tion.

Basaltic glass, under open system aqueous conditions, will devitrify to form a
weakly coherent rind of secondary clay minerals. The alteration front
advances according to an effective zero order rate law, although a dilfusion
controlled process may be implicated in part duc to the apparent formation
or a Liesegang band texture. Evidence for glass hydration before
devitrification is equivocal.

Hydration of a rhyolitic glass will greatly accelerate devitrification.

The reason for the different alteration meclianisms between rhyolitic and
basaltic glasses may be due to differences in the structure of the glass as well
as their polarisability.

Thermodynamic evidence suggests that the presence of alkali metal fons, eg
Na* and K* in the interstices of charge compensated aluminosilicate glass
structures tends to stabilize the tetrahedral framework, whereas the converse
applies to alkali earth jons, e.g. Mg*™* and Ca**. This suggests that alkali

metal aluminosilicates would be more likely to hydrate than alkali earth
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aluminosilicates. Also, the Iatter would be more prone to devitrify than th-
former.

11. Thermodynamic evidence also indicates that alkali earth aluminosiliente
melts have a tendency to display immiscibiiity phenomena in the silica rich
region of binary SiOa - M{J;AlO; systems.

12. XN-rayv diffraction studies show that albite glass has a Jifferent strueture fram
anorthite glass. This structural distinction may extemd to similar diflereness
between rhyolitic and basaltic glass structures.

13. Both petrographic observations and experimental phase equilibrium studie=
support the existence of an immiscible two liquid region at or below the
solidus in differentiating basaltic magmas. This suggests the existence of
structural differences between magmas of diflerent silicic compositions, whirh
might reasonably be expected to extend to structures of the corresponding
glasses.

To provide convincing evidence of some of the tentative conclusions reached

above will require further experiments.

An interesting approach would be to synthesize a range of glass compositions
between rhyolite and basalt in composition. and then procced with a complete
characterization of their physical and transport properties, e.g. specific volume.,
heat capacity, compressibility, expansivity, clectrical condnctivity, refractive
index. X-ray radial distribution frunctions and infrared spectra might also be
measured with advantage. The goal for such characterization studies would be o
establish whether a discontinuity cxists in the properties of the glasses, and which
reflects a structural difference, and at what composition this structural chanee
occurs. Controlled experimental studies should then be made on selected slasses
over a range of temperatures between 25 and 250°C to measure the rates of

hydration, the saturation hydration, and the surface reaction rates with respecr
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to the aqueous phase.
With the results of such experiments in hand, it should then be possible to
conduct modelling studies of the rate of alteration of the host rock glass in the

immediate vicinity of the waste repository.
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RADIATION DAMAGE IN NUCLEAR WASTE GLASS
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Abstract

Silicate glass is a promising material for the
containment of nuclear wastes, The need for an accurate
characterization of the waste properties makes ai
understanding of the radiation response of the glass an
important issue, There are a number of ways in which the
self-generated radiation may affect the glass, both in
terms of its structure and chemistry. There are alsoc a
number of different techniques for characteriz .ng these
effects and it is important to be aware of their
limltations and the significance of these measurements.

The radiation damage to simulated nuclear waste glass
appears as tne decomposition of.tne glass. This is often
accompanied by the formation of sub-micron oxygen bubbles
and the development of an amorphous phase separation. This
type of damage has been observed under electron, gamma and
ion irradiations, and a comparison of 'tne separate
responses c¢an be wused to gquantitatively determine the

radiation effect in nuclear waste glasses.
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The proposed use 2f a borosilicate matrix for the
immobilization of high level nuclear waste is assocjiated
with 1its ease of processing and the view of its structure
as highly entropic. Thus, it can accomodate the large and
varying number of constituents 1in the waste stream,
particularly those with high alkali content for which no
appropriate ceramic has been found, The issue of the
radiation damage to alkali-silicate glasses is therefor
particularly appropriate.

The wastes themselves are highly toxic and long lived,
requ..ing isclation from the biosphere for times on the
order of 165 years. Because of these long containment
times, accurate characterization of the waste form
properties is essential and any deterioration in these
properties could potentially have major implications on the
waste retention. The self generated radiation is one such
factor, since radiation is known to be capable of inducing
significant changes.

The storage materials for commercial nuclear wastes
must witnstand extremely large radiation exposures, which
arise from the decay of fission products (Cs, Sr) and
actinides (U, Np, Pu, Am, Cm}. The fission product decay
produces primarily beta-gamma events and atomic
transmutations (such as QGSK -—> Q@Y -—> 95zr).

The actinides are responsible for the alpha decay, which
produces an high-energy alpha particle and a heavy, low

energy recoil nucleus. The actinides will also produce a



minor amount of damage from (a,n) reactions., Figure 1 and
Table 1 illustrate the large numbers cf these reactions
that are anticipated for commercial wastes., For the case
of defense wastes these - values will be lower by
approximately two orders of magnitude but still these doses
are not negligible,

There are a number of different ways in which
irradiation can affect a glass. Of these, displacement and
ionization damage represent the major sources of structural
alteration, and atomic transmutation only a minor component
of the structural rearrangement. The effects of solution
radiolysis will only affect the stability of the glass
during leaching and thus are confined to the glass
sur faces,

Displacement damage occurs when an incident particle
transfers sufficiert kinetic energy to an atom to displace
it from 1its lattice site, These displaced atoms, |if
imparted withn sufficient kinetic enerny, way cause
subsequent displacements leading to the formation of
so-called collision cascades. This process occurs through
interactions with the nuclei of the target atoms, and hence
these events are often referred to as nuclear interactions.
The interstitials and vacancies so formed, if sufficiently
mobile, may aggregate and lead to the formation of extended
defacts which may alter the density and other physical
properties of the material., The sensitivity of a material

to displacement damage 1is generally quantified by a
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Table 1:

ATOMIC DISPLACEMENTS IN COMMERCIAL HIGH LEVEL WASTE

Displacements] Energy Lost in
Radiation Energy per Decay Elastic Collisions
Alpha Particles 6 Mev 144 6--9 kev
Alpha Recoil 182 Kev 1500 183 kev
Beta >3.5 Mev 2.13 <g.1 kev
Gamma 2 Mev - <<3.1 kev
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characteristic displacement cross section, which will
depend on the amount of energy needed to remove an atom
from its site. The amount of structural damage induced may
bé conveniently represented in terms of the proportion of
lattice atoms displaced €from ¢thneir sites, referred to as
displacements per atom (dpa).

The alpna recoil nuclei represent the major source of
the displacement interactions in the waste. The alpha
partic’as in comparison lose only a small fraction of their
energy to displacement processes, and the role of beta
particles 1is much less still. The gamma gquanta will be
negligible in terms of producing displacement damage, whicn
arises only through the generation of secondary electrons.
Neutrons, while individually effective in producing atomic
displacement, are comparatively minor in terms of the total
amount of damage generated in the waste ([1]. The

P

comparison of these ©processes 1is illustrated in figure 2
and table 2.

The other means ¢f inducing significant structural
damage is by ionization damage, or radiolysis. This arises
from interactions of the incident radiation with the
orbital electrons of the target atoms and if one of these
interactions leads to the creation of a localized
excitation, the decay may occur mechanically, resulting in
a bond fragmentation. The sensitivity to this type of
damage is nighly material specific, in contrast to

displacement damage which occurs in all materials for
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sufficiently energetic particles,. The sensitivity to
ionization damage is primarily related to the ability of
the material to delocalize the excitation energy. For
metals these Interactions are quickly dissipated, and hence
the influence of 1ionization damage ¢t» metals may be
ignored. For organics [2] and many ceramics, however,
these Interactions often represent the major source of
damage. The structural influence of radiolysis may be
guantified by the radiolytic yield, G, which represents tnhe
number of bond fragmentation events resulting from the
absorption of 120 ev of ionizing energy [3].

The sources of ionizing radiation in commercial wastes
are illustrated in figure 3. Beta-gamma decay is the major
source of lonization events in the waste for the first 1860
years of storage, after which alpha decay becomes dominant,

A comparison between the two types of damage is not
without complication because of the differences in their
formation mechanisms, The comparison in terms of the
energy deposition into the two processes, which is stown in
figure 4 for commercial waste, 1is therefore rather
arbitrary but it is apparent that fonization effects could
be significant if a means exists for converting the
excitation energy into structural damage (1].

Another influence of the radiation to the waste
material is through solution radiolysis. This zrises from
the interaction of the self-generated ionizing radiation

with any water that may contact the glass, This
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interaction may lead to the formation of active species and
enhancement of the solution-surface reactions, This may be
especially severe 1in the case of air-saturated solutions,
since this allows the formation of nitric acid as one of
the radiclysis products. The enhancement of the
solution-surface reactions by the presence of ionizing
radiation has been shown by both in-situ studies [4] and by
bulk investigations {1,5].

Atomié transmutation may also represent a source of
damage to the waste storage material, arising primarily
from the decay of 137¢s and Qgsr. This may cause
changes in the coordination, bonding, valence, and size of
the atomic species. These effects may be especially
important in crystalline ceramics with site specific
incorporation of radionuclides. Although the importance of
this effect in amorphous silicates has not yet been
characterized, the structural significance is small in
comparison to the thousands of interactions associated with
each energetic particle.

FPinally, helium pressurization arising from alpha
decay may lead to cracking of the waste form, This is
important since it introduces additional surface area to

any groundwater that may contact the waste, increasing the

net leaching prouvess proportionately.

Approaches to Investigation

There arse a number of different approaches to the
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evaluation of radiation damage in a radicactive wéste
storage material., These £fall into the general categories
of internal and external techniques, wWhile all may be
useful, one must be aware of the limitations of each in the

interpretation of the results and the selection of

complementary techniques.

Internal Techniges

Actinide Doping

Actinide doping 1is one of the most widely used
simulation technigques. This method involves incorporation
of a short lived actinide such as 2440 or 23%py
into the waste material tc accelerate the damage by alpha
decay. This technique has a number of advantages, such as
the ability to provide botnh ionization and displacement
effects through alphe particles and recoil nuclei, It also
is quite isotropic, resembles tne actual waste benavior,
and provides for the thelium generation the actual waste
will encounter, It is of limited value, however, in
extracting fundamental information on the radiation
response, and requires glove box handling in the
preparation and analysis of specimens. One must also take
care to insure that the correct isotope distribution is

achieved, again a point of major importance for crystalline

materials.

External Bombardment Technigues
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Ton Irradiation

Bombardment with high energy ions may be a useful
technique for investigating the fundamental damage to a
waste material. It is convenient since one may choose the
ion species and energy to give the desired distribution of
energy into nuclear and electfonic processes, This can be
used to identify the origin of damage effects by seeing if
the damage correlates to the nuclear or electronic energy
deposition density [6]. Phe major limitations of this
technigue concern the shallow ion range, the introduction
of impurities from the ion beam itself, and the hignly
directional flux. These factors must be addressed in the

extrapolation of ion damage results, however, since they

may lead to deviations from bulk behavior [1,7].

Gamma Irradiation

Gamma irradiation may also be a valuable tool for
investigating the process of damage to the waste material.
While the damage induced may be significantly different
than that which the actual waste will experience, the gamma
irradiation provides an intense source of ionizing
radiation, allowing one to identify the specific defects

and damage responses associated with ionization

interactions.

Electron Irradiation

In-situ electron irradiation provides a means of

R T e PRE_JURVS
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characterizing many of the parameters that the damage
depends upon. By performing the studies in an HVIM one can
reduce the influence of thin film effects on the damage
aggregation, and extract useful information about the
temperature, energy, and flux dependances of damage. One
must address the 1limitations of this approach in the
extrapolation to bulk material response, however, since
there may be differences 1in the defect distributions and
kinetics (8]. Similarly, since high energy electrons are a
source of both ionization and displacement events, it may
be difficult to distinguish the separate effects of each.

The other atomistic approaches to the analysis of
nuclear waste glasses 1involve the use of spectroscopic
techniges to <characterize the 1local changes in atomic
arrangement witnh the progression of damage. This approach
has proven valuable in the <characterization of simpler
systems such as vitreous silica, and while it may provide
some useful chemical information, its 1limitations with
regards to the description of aggregated defect behavior
ninders its wvalue 1in the application to such complex
systems,

The approach to characterization of radiation effects
in nuclear waste glasses has been mostly to monitor the
responses of their bulk properties with increasing
radiation exposure, There are a number of different bulk
properties that are affected by radiation. These include

density, stored energy, mechanical behavior, and resistance



to chemical attack {leachability). Most of these
properties show a saturation effect, though the dose at
saturation may depend on the experimental conditions, Bulk
investigations are convenient, and may provide useful
information although they can be misleading, as in the case
of density’ measurements when aggregated defects have
formed. In addition, since the measurements reveal nothing
about the chemistry or structure of the material, they
provide no indication of the fundamental response of the
glass.

In order to dgenerate a gquantitative description of the
way in which radiation affects nuclear waste glasses, the
distinction between 1ionization and displacement effects,
which can often produce similar damage structures, must be
magde. To characterize the separate effects of each, a
range of radiation types must be used to provide a
variation in the energy deposition into the two processes.
The work presented here describes the application of this
approach to waste glass behavior wusing complementary
technigues to characterize the fundamental damage process,
The particular glass used is a simulated commercial waste
storage glass developed by Battelle Laboratories for Purex
wastes (PNL 76~86) (9,10].

In situ electron irradiations can be wused to
characterize the microstructural defects that form in the
waste glass under hign energy irradiation, and these

studies, performed at the National Center for Electron



Microscopy using 1508 keV electrons, showed that two major
aggregated defects are formed: sub-micron gas bubbles and
an amorphous phase decomposition,

Irradiation of the glass at elevated temperatures to
fluences 1iIn excess of abot 6xlﬂ20 electrons per square
centimeter leads to the formation and growth of oxygen
bubbles within the glass (18,11]. With further
irradiation, these bubbles can grow gquite large through
codarsening and coalescence, inducing large volume
expansions of the glass in the later stages of growth,
figure 5.

The sensitivity of PNL 76~68 glasses to bubble
formation is a function of temperature, and they are most
sensitive at approximately 258 %, figure 6. Little damage
is incurre< at room temperature in this particular glass
and although for other types of glass this peak may shift
or broaden, the general shape of the curve 1is quite
reproducable [12]. The characterization of the temperature
dependance of damage is an extremely important parameter in
the interpretation of radiation damage effects in waste
forms due to the increased temperatures the storage
materials will encounter.

Irradiation may also induce an amorpnous phase
separation, figure 7, not attributable to thermal effects
[13,11]. Analysis of this separation using X-ray energy
dispersive spectroscopy has shown the segregation to

involve redistribution of the heavy metals to one phase at
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5. Bubble formation in a simulated PNL 76-68 waste glass

irradiated with high energy electrons.
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the expense of the other, as would be consistent with the

mass thickness coatrast observed [11]. This separation is

often observed in the

later stages of bubble growth, and

can produce some interesting interactions, particularly the

regression and ultimate disappearance of previously formed

bubbles (11]. It is be
introduction of a path
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observation produces a
with molecular oxygen
introduction of such
important to the leaching
In the past, there
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fundamental radiation responses of vitreous silica and
me -~ fied silicate glasses are distinctly different. Work
by Arnold [6] hnas snhown a similar difference in tneir
responses to heavy ion irradiation.

Formation of the bubbles 1is not unique to the waste
glasses and has been observed in binary alkali silicates as
well. A comparison of the behaviors of sodium, lithium and
potassium containing glasses has shown the formation of the
bubbles to be correlated with the difference between the
cation diffusivity and that of molecular oxygen, consistent
with the proposed aggregation mechanism.

To characterize these bubbles, one must identify
whether tney arise from the 1ionization or displacement
component of the electron beam., From the rates at which
they form, it is found that one cannot generate enough
displacement activity in the glass to account for the
damage by a direct displacement mechanism [15]. Thus, one
can conclude that the primary damage event is radiolytic in
nature, and simulations of tnis effect must consider the
ionization component of the waste spectrum,

The impor tance of the ionization component is
suppor ted by the response of the glass to gamma

irradiation, Samples were iradiated wusing a 62’Co

9 Rads and an

source to a total dose of 9.1 x 14
examination of the foils showed that one could indeed
generate this same type of porosity, figure 8 [16]. The

uniformity of the damage in the gamma irradiated sample is
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significantly higher than for the electron case, and this
is easily attributable to the differences in their
irradiation intensity distributions.

One other major distinction between the electron and

a

gamma responses comes in the quantification of the damage
sensitivity. By calculating the amount of oxygen released
from the network for the applied ionization dose, one can
calculate the efficiency of bubble formation. If we assume
that the primary damage events in the two cases can be
described by the same radiolytic yield, then the bubble
formation by gamma irradiation is found to be more
efficient by approximately two orders of magnitude over the
electron case, The difference 1is likely attributable to
the large difference in dose rate between the two
irradiations, which is consistent with the radiation
responses of other materials [17]. This large difference
in the gquantitative assesment of damage illustrates tne
importance of identifying how strongly the damage behavior
may be influenced by variables such as the irradiation
flux.

It is wunlikely that the synergistic effects of the
various processes will be significant in tne waste glass
and this is supported by the response of the glass to heavy
ion bombardment, where one introduces an intense
displacement component along with the ionization. Again, a
similar porosity develops in the glass after most types of

ion bombardment. While irradiation with inert gas ions
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also 1induces an additional component of the porosity due to
gas implantation, this 1is not the case with 1lead ion
irradiation. An example of the microstructure formed after
irradiation with 258 kev 1lead ions to a <fluence of
5xlﬂ14 ions per square centimeter is shown in figure 9.

The ionizing dose corresponding to this fluence is
approximately mlﬂ Rads, and it 1is noteworthy that
irradiationq to a comparable dose with gamma rays produces a
very similar microstructure, even with an enormous
difference in the amount of displacement activity.
Quantification of the damage sensitivity shows the lead ion
response to be intermediate between those of the gamma and
the electron irradiations.

From a comparison of the electron, gamma, and ion
irradiations we may deduce a number of important points
about the behavior of the waste glass, Firstly, the
ionization component is the important factor in the
formation of microstructural damage. While displacement
effects may contribute to some structural damage, their
role at the microstructural level is minor. Secondly, The
sensitivity of the glass to this type of damage is higher
than was previcusly believed based solely on the electron
damage results. The effects of tnhe development of porosity
to waste storage behavior can be expected to occur early
enough in storage to be of concern. This is apparent from
the brief storage time required to accumulate an ionization

dose of 161g Rads (see figure 3), This also indicates



9. Bubble formation in the waste glass induced by

irradiation with 250 KeV lead ions to a fluence of

leﬂ14 ions per square centimeter,



that this type of damage will be significant in some

glasses even for the lower radicactivities appropriate to

the storage of defense wastes.

Conclusions

Radiation damage is an important consideration for any
nuclear waste storage material, and there are a variety of
different techniques that may be applied to the
characterization of such damage. By understanding the
basic processes of radiation damage and the limitations of
the various techniques, one may be able to quantitatively
predict the damage of these materials.

The microstructural investigations presented here
illustrate the approach for a simulated commercial waste
storage glass. Here, electron, gamma, and ion irradiations
were performed in order to characterize the process of
network decomposition in these glasses, information that
would have been 1inaccessible to simple bulk property
measurements, The results further illustrate the
importance of characterizing the dependances of damage on
temperature and dose rate, Extrapolation of any
accellerated simulation data to actual waste storage

conditions without an understanding of this benavior would

be tenuous at best.

-~
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