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I. INTRODUCTION

Stabilization and immobilization of high-level tank
waste, high-level sludge in fuel storage basins, a
plutonium (Pu) residues/scraps are some of the larg
and most costly challenges facing the U.S. Departm
of Energy (DOE) in its effort to close the nuclea
fuel cycle and cleanup the DOE weapons comple1

In addition, the immobilization and disposal of surplu
weapons-grade plutonium creates growing technologi
demands and raises political issues that are historica
and technically tied to DOE’s environmental manag
ment and restoration activities.2,3 In most cases, these
high-level nuclear wastes (HLW) will be immobilized
in glass waste forms prior to permanent disposal in
geologic repository. The immobilization and dispos
of HLW and Pu in glass waste forms is a globa
issue, as other countries also address the issues
surplus weapons Pu and continue to produce HLW fro
the reprocessing of commercial nuclear fuels. A ke
challenge in the permanent disposal of HLW and Pu
the development of predictive models that are based
a sound scientific understanding of relevant phenome
including the effects of radiation, thus allowing th
assessment of long-term performance. The durability
HLW glasses has been studied in detail,4–6 but with
limited consideration of the effects of radiation from th
decay of the incorporated fission products and actinid
Such radiation effects could potentially impact the lon
term performance and environmental risk of glasses
HLW and Pu immobilization and disposal. In genera
there is insufficient scientific or engineering data in th
current literature to fully assess the actual impact
radiation on glass waste form behavior.

In order to assess the current state of understa
ing, identify relevant scientific issues, and determin
directions for future research in the area of radiatio
effects in glasses for the immobilization of high-leve
waste and plutonium, a panel was convened in Santa
New Mexico, on February 25–29, 1996, under the au
pices of the Department of Energy, Council on Materia
Science. The primary objective of this twelve memb
panel, which was chaired by W. J. Weber and R.
Ewing, was to identify the fundamental scientific issue
that need to be addressed and techniques availabl
IP address: 144.82.107.169
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order to: (i) advance the understanding of radiati
effects in complex glasses, (ii) perform accelerated ir
diation studies and computer simulations to doses co
sponding to 104 to 106 years of storage, and (iii) provide
the sound scientific base needed to develop predic
strategies and models for the performance of nucl
waste glasses. This report summarizes the deliberat
and conclusions of the panel.

The effect of radiation on HLW glass is of specia
importance because a major portion of the high-level d
fense waste in the U.S. is destined for incorporation in
a borosilicate glass waste form. The glass waste form
the first barrier to the release and dispersion of radio
clides, and at the same time, the materials proper
(e.g., leach rate, stored energy, and volume expans
of glasses can be very sensitive to interactions with a
diation field. The recent proposal to incorporate exce
weapons plutonium in glass2,3,7 has only increased the
need to understand the effects of high-radiation do
on the performance of a broad range of nuclear wa
glasses. The very high cost of vitrification facilitie
[up to 4 billion dollars for the Defense Waste Pro
essing Facility (DWPF) at the Savannah River Site8],
the long times required for construction of the facilitie
[13 years and 12 years for the construction of DWP
and the West Valley Demonstration Project (WVDP)
New York, respectively9], and the extremely long time
periods (104 to 106 years) required by disposal in a
geologic repository, mandate a prudent need for a fun
mental, scientific understanding of relevant phenome
such as the effects of radiation on the nuclear waste gl
To begin, a brief review of the nature of the waste, ch
acteristics of the waste form glass, and the scale of
problem are presented.

A. High-level nuclear waste and plutonium

The disposal of high-level radioactive waste fro
nuclear weapons production, naval propulsion program
and the processing of commercial spent nuclear fuels
technically advanced countries is a growing global iss
In the United States, defense HLW was generated as a
sult of DOE reprocessing operations at the Hanford S
(Washington), the Savannah River Site (South Carolin
and the Idaho National Engineering Laboratory. T
DOE also is responsible for the liquid waste produc
in the 1960s at a demonstration plant in West Valle
New York, for the reprocessing of commercial spe
nuclear fuel. Currently, about 100 million gallons o
HLW under the stewardship of the U.S. DOE is stored
243 underground tanks in Washington, South Carolin
Idaho, and New York.1 These wastes are the legacy o
50 years of research, production, and testing of nucl
weapons at a cost of over 300 billion dollars (in 199
dollars). The cleanup of the weapons complex is in
http://journals.cambridge.org Downloaded: 31 Oct 2012
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early stages with an anticipated expenditure of hundre
of billions of dollars in an effort that will continue well
into the 21st century.

The HLW at the Savannah River and the West Valle
Sites are destined for immobilization in a borosilicat
glass. Specific glass compositions have been develo
for DWPF10 and WVDP11; however, glass compositions
for the Hanford tank waste have not yet been select
or developed. Vitrification plants have a long operatin
history in France and have been operated or are opera
in England, Belgium, India, Japan, and Russia. Bo
the DWPF and WVDP started production of caniste
filled with HLW glass (approximately 3 m high and
0.6 m diameter10) in 1996 and are scheduled to produc
6000 canisters over 25 years12 and 300 canisters over
2.5 years,11 respectively. At present, the majority o
the high-level defense waste is stored in tanks at t
Hanford and Savannah River sites in Washington a
South Carolina, respectively. The volumes are substa
tial. At the Hanford site alone the inventory include
11 million m3 of fluids and 6900 metric tons of nu-
clear materials, which includes 4100 metric tons
uranium and 15 metric tons of Cs and Sr in capsules13

The total activity of the waste at the Hanford site i
estimated to be 446 million curies.13 For all of the
principal DOE sites (Hanford, Savannah River, Idah
Nuclear Engineering Laboratory, and the West Valle
Demonstration Project), the combined total volume
high-level waste (through 1988) is 385,000 m3, and
the total activity is 1,200,000,000 curies.14 Although
the defense high-level wastes account for 95% of t
volume of the current total United States HLW inventory
they account for only 9% of the total radioactivity. Th
majority of the radioactivity inventory in the U.S. is
contained in commercial spent nuclear fuel. In the U.S
the present policy is for the direct disposal of spe
nuclear fuel; however, in France, England, Japan, a
Russia, the spent nuclear fuel is reprocessed to recla
fissile material for power generation and/or production
nuclear weapons. This reprocessing generates substa
volumes of high-level waste, most of which is destine
for vitrification.

There are also several tens of tons of plutoniu
residues and scraps in the DOE complex,1 primarily at
the Rocky Flats Plant in Colorado, the Hanford Site, an
the Savannah River Site. This material was “strande
in the plutonium processing facilities due to the sudde
shutdown of the facilities at the end of the Cold Wa
The plutonium residues and scraps are in a wide varie
of forms, including Pu dissolved in acid, rough piece
of metal, and nearly finished weapons parts.1,7 Similar
quantities of plutonium residues and scraps are to
found in Russian weapons production facilities.

Under the first and second Strategic Arms Redu
tion Treaties (START I and II) and unilateral pledge
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made by the United States and the former Soviet Uni
and Russia, many thousands of nuclear weapons will
dismantled during the next decade. This will genera
over one hundred metric tons of plutonium and ma
hundreds of tons of highly enriched uranium, both
which will require disposition.2,3,15 Thus, the fissile ma-
terials, whose separation and concentration generated
defense HLW, have become a new waste stream.
cent studies by the National Academy of Sciences2,3 and
others16 have recommended consideration of vitrifyin
weapons-grade plutonium in a mixture with high-lev
radioactive waste as one of two “promising” option
Consequently, earlier assumptions that the nuclear wa
glass would have a low actinide content and thus a lo
cumulative exposure toa-decay radiation are no longe
valid. Additionally, the durability of the waste form be
comes a very important concern with the disposal of t
fissile material,239Pu and its daughter235U (the half-
lives of 239Pu and 235U are 2.413 104 and 7.043

108 years, respectively17), because any degradation o
the waste form due to radiation effects may lead to i
creased corrosion rates and subsequent nuclide trans
and reconcentration that could conceivably lead to cr
icality in a repository.18–20 Glass compositions currently
under development for immobilization of Pu at the S
vannah River Site21 and Argonne National Laboratory22

are significantly different from the compositions tha
have been investigated for immobilization of high-lev
tank wastes, and it is proposed that 5 to 20 wt. %
be incorporated into these glass waste forms. For th
novel glass compositions, there are no data on the
fects of radiation on glass structure or properties, an
as discussed below, the lack of a fundamental scient
understanding inhibits the extrapolation of the limite
existing data to new glass compositions and the equ
alent higher radiation doses.

To the extent that the high-level defense or P
containing radioactive wastes must be treated and
lidified prior to final disposition, the effect of radiation
on the waste form solids must be an important conce
One of the more important applications of the study
radiation effects in ceramics (vitreous and crystalline
during the late 1970s and early 1980s, was the effects
radiation on borosilicate glasses and crystalline ceram
for HLW immobilization. Radiation effects in HLW
forms and related materials have been the subject
several workshops23,24 and reviews.25–32 In general, most
of the studies on radiation effects in HLW glasses ha
been engineering test studies that generated little, if a
systematic understanding of radiation effects in HLW
glasses. As a result, there has been little advancemen
the understanding of radiation effects in HLW glass
over the past decade.32 Based on some of the data
in these reviews, the post-disposal radiation effects
glass waste forms could be significant. For example,
http://journals.cambridge.org Downloaded: 31 Oct 2012

J. Mater. Res., Vol. 1
n
be
te
y
f

the
e-

l
.
ste
w

e

f
-

port
it-

-

t
l
u
se

ef-
d,
fic
d
iv-

-
o-

n.
f

),
of

ics

of

e
y,

t in
s

to
he

cumulativea-decay dose that is projected for DWPF an
WVDP nuclear waste glasses reaches a value of 7.63

1016 a-decay eventsyg in 500 years,30 while over the
same time period, glasses containing 10 to 20 wt. %239Pu
will accumulate 3.6 to 7.23 1018 a-decay eventsyg,33,34

nearly 50 to 100 times higher. In both these cas
the dose is well within the range for which importan
changes in physical and chemical properties are obser
to occur in HLW glasses.

B. Principles of radionuclide immobilization
in glass

Borosilicate glass is, at present, the waste form
choice for most nuclear waste compositions and for m
countries (e.g., France, Great Britain, the United Stat
Japan, and China) that have high-level defense wa
or high-level waste from reprocessing of commerci
nuclear fuels. The selection of borosilicate glass w
based mainly on four assumptions: (i) an anticipated e
of processing (glass frit and the waste are mixed, mel
at relatively low temperatures, and poured into canister
(ii) that the technology is well demonstrated for actu
(radioactive) waste; (iii) that the glass as an aperiod
solid will easily accommodate wide variations in was
stream compositions which are extremely complex (
to 30 component systems); and finally, (iv) that glass
an aperiodic solid will show only a minor response
the effects of radiation, especially froma-decay events.
Glass waste forms can be of a wide variety of com
positions, including silicate glasses, borosilicate glass
and phosphate glasses.35 In principle, radionuclides are
evenly dispersed throughout the glass, although no
metal precipitates and, in some cases, crystalline ox
precipitates enriched in radionuclides may be prese
Waste loadings (defense and commercial) are typica
in the range of 10 to 30 wt. %.

Assessments of the long-term performance of wa
forms is rare; present performance assessments of
dionuclide containment rely primarily on the geologi
barriers (e.g., long travel times in hydrologic systems
sorption on mineral surfaces). The physical and chemi
durability of the waste form, however, can contribu
greatly to the successful isolation of radionuclides;36

thus, the effects of radiation on physical propertie
and chemical durability of waste forms are of gre
importance. This was illustrated recently in a perform
ance assessment of zircon for Pu disposal.34 The changes
in chemical and physical properties occur over rel
tively long periods of storage, up to 106 years, and at
temperatures that range from 100 to 300±C, depending
on waste loading, age of the waste, depth of buri
and the repository-specific geothermal gradient. Thus
major challenge is to effectively simulate high-dos
radiation effects that will occur at relatively low-dos
IP address: 144.82.107.169
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temperatures.

II. PRINCIPLES OF RADIATION EFFECTS

A. Radiation sources

The principal sources of radiation in HLW ar
b-decay of the fission products (e.g.,137Cs and90Sr)
and a-decay of the actinide elements (e.g., U, Np, P
Am, and Cm), both of which lead to physical and chem
cal changes in the waste form. Beta-decay produ
energetic b-particles, very low energy recoil nuclei
and g-rays; whereas, alpha-decay produces energ
a-particles (4.5 to 5.5 MeV), energetic recoil nuclei (7
to 100 keV), and someg-rays. There also are mino
contributions to the radiation field from spontaneo
fission events of the actinides and froma-neutron re-
actions. The rates of spontaneous fission anda-neutron
reactions are very low and do not significantly contribu
to the overall effects of radiation; consequently, radiati
effects from spontaneous fission are not considered
this summary. In general,b-decay is the primary source
of radiation during the first 500 years of storage, as
originates from the shorter-lived fission products (e.
the half-life of 137Cs is 30.2 years17 and the half-life of
90Sr is 28.8 years17). The b-decay of fission products is
responsible for the high radioactivity, high self-heatin
rates, and elevated temperatures early in the history
waste form storage. Due to the long half-lives of th
actinides and their daughter products (e.g., the half-liv
of 237Np, 239Pu, and235U are 2.143 106, 2.413 104, and
7.04 3 108 years,17 respectively),a-decay is generally
dominant at longer times. Figure 1 shows the cumulat
beta and alpha decay events as a function of s
age time that have been estimated for DWPF glass29,30

FIG. 1. Cumulative number of decay events per gram for DWP
glass, a commercial (C-HLW) nuclear waste glass, and a gl
containing 10 wt. % plutonium.
http://journals.cambridge.org Downloaded: 31 Oct 2012
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FIG. 2. Cumulativea-decay dose as a function of plutonium loadin
and waste storage time.

and non-U.S. commercial HLW glass.25 The cumulative
b-decay anda-decay events for the WVDP glass ar
similar to those for DWPF glass.29,30 Also shown in
Fig. 1 is the cumulative number ofa-decay events for a
waste glass containing 10 wt. %239Pu,33 which reaches
significantly larger values relative to DWPF, WVDP
or non-U.S. commercial HLW glasses. The cumulativ
a-decay events in glasses for239Pu immobilization reach
a temporary plateau after 100,000 years, but incre
over much longer time periods due to the235U decay
series, as shown in Fig. 2 for several239Pu concentrations
in a waste glass.

B. Interaction of radiation with glass

Beta and alpha decay affect waste glass through
interactions of theb-particles,a-particles, recoil nuclei,
and g-rays with the glass. These interactions fall int
two broad categories: the transfer of energy to electro
(ionization and electronic excitations) and the transfer
energy to atomic nuclei, primarily byballistic processes
involving elastic (billiard-ball-like) collisions. The total
energy absorbed as a function of storage time
b-decay anda-decay processes is shown in Fig. 3 fo
DWPF glass,29,30non-U.S. commercial HLW glass,25 and
a 10 wt. %239Pu glass.33 The partitioning of the energy
transferred into electronic excitations and into elas
nuclear collisions is an important process controlling t
effects of radiation. Forb-particles andg-radiation, the
energy transfer is dominated by ionization process
For ions, such asa-particles and recoil nuclei, this
partitioning is governed by the relative velocity of th
ions and that of the orbital electrons of the constitue
ions of the glass. If the ion velocity is higher tha
that of the orbital electrons, ionization processes w
dominate. However, if the particle velocity is below tha
IP address: 144.82.107.169
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FIG. 3. Cumulative absorbed dose for DWPF, C-HLW, and 10 wt.
plutonium glasses.

of the orbital electrons, the likelihood of ionization
small, and most of the energy will be transferred to t
nucleus of the ion. A useful relation is that ionizatio
processes dominate if the energy of the bombard
particle, expressed in keV, is greater than its atom
weight, and elastic collision (Coulombic) interaction
with atomic nuclei are predominant if the energy
the ion falls below this limiting approximation. Thus
an a-particle with an atomic weight of 4 and energ
ranging from 4.5 to 5.5 MeV will predominately depos
its energy by ionization processes, while ana-recoil ion
with an atomic weight of 235 to 244 and energy 70
100 keV will lose most of its energy in elastic collision
with the nuclei of atoms in the glass. In addition
the transfer of energy, the particles emitted throu
radioactive decay can themselves, in some cases, ha
significant effect on the nuclear waste glass as a re
of their deposition and accommodation in the gla
structure.

1. Ionization and electronic excitation

The amount of energy absorbed through interactio
of the emitted particles with the atomic nuclei is only
very small fraction of the total energy absorbed; con
quently, the results in Fig. 3 also approximate the ene
deposited into ionization and electronic excitations
the glasses. Energy loss byb-particles anda-particles
is predominately through Coulombic interactions. T
interaction ofg-rays with matter is primarily through
the photoelectric effect, Compton scattering, and p
production. The high-rate of energy absorption throu
ionization and electronic excitation fromb-decay in
HLW glasses and froma-decay in Pu glasses ca
result in significant self-heating. The magnitude of t
temperature increase depends on the rate of energy
sorption, physical properties of the solid (e.g., its spec
http://journals.cambridge.org Downloaded: 31 Oct 2012
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heat), thermal conductivity, and heat transfer to th
surroundings. In the case of non-U.S. commercial HLW
glass in a repository, self-heating fromb-decay of the
fission products can result in initial storage temperatur
greater than 200±C, with temperatures falling below
150 ±C several hundred years after emplacement. F
defense HLW glass in the U.S., initial temperatures
the Yucca Mountain repository may be as high 250±C,
depending on the storage density of the waste glass a
spent fuel packages, but temperatures will decrease
less than 100±C after several hundred years.37 Glasses
incorporating high loading of weapons-grade Pu wi
experience similar temperatures in the repository
Yucca Mountain; however, the decrease in temperatu
may be slower due to additional self-heating from th
decay of the long-lived Pu. Temperature in this range c
profoundly affect the response of nuclear waste glass
to radiation effects.

In addition to self-heating, ionization and electroni
excitations produce a large number of electron-ho
pairs and can result in covalent and ionic bond ruptur
charged defects, enhanced diffusion, and localized el
tronic excitations. Bond ruptures and localized electron
excitations can lead to the formation of nonbridgin
oxygen defects, local decomposition (e.g., formation
O2), and the permanent displacement of atoms due
the conversion of a localized electronic excitation int
atomic motion (often referred to as radiolysis). Th
radiolytic displacement of atoms can be a very efficie
process in glasses, producing significantly more atom
displacements than ballistic collisions.

2. Ballistic processes

Ballistic processes cause direct atomic displac
ments through elastic scattering collisions and are r
sponsible for the atomic-scale rearrangement of t
structure. Beta particles, because of their low mas
do not efficiently transfer energy to atomic nuclei an
induce well-separated single displacement events o
at high energies. The recoil nuclei (b-recoils) produced
in b-decay events are almost never energetic enou
to be permanently displaced. Similarly, the emission
g-rays results in the recoil of nuclei (g-recoils), which
are also not sufficiently energetic to be permanent
displaced for most decay products in HLW. In genera
b-decay of the fission products in HLW produces on th
order of 0.1 atomic displacements perb-decay event.
The primary source of atomic displacements by ballist
processes in HLW and Pu glasses are thea-particle and
a-recoil nucleus produced in ana-decay event. The
a-particles emitted by actinide decay in HLW glasse
have energies of 4.5 to 5.8 MeV, and the recoil nucl
a-recoils) have energies of 70 to 100 keV. In the cas
of Pu glasses, a 5.2 MeVa-particle and a 86 keV235U
IP address: 144.82.107.169
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recoil are released by the decay of the239Pu (a-particles
anda-recoils of similar energies are released during t
decay of the235U series).

The a-particles dissipate most of their energy b
ionization processes over a range of 16 to 22mm, but
undergo enough elastic collisions along their path
produce several hundred well-separated atomic displa
ments. The largest number of displacements occurs n
the end of range of thea-particles. The partitioning of
energy loss between ionization and elastic collisions a
the distribution of ballistically produced displaced atom
can be determined by Monte Carlo calculations using
computer code, such asTRIM.38 The results of such a
calculation usingTRIM-96 are illustrated in Fig. 4, where
the positions of displaced oxygen ions and cations t
result from a 5.2 MeVa-particle in a borosilicate glass
composition are shown on thex-y plane. (The wide use
of the TRIM code is due to its many years of use by th
semiconductor industry where its predictions have be
verified by many experimental determinations.)

The more massive but lower energya-recoil particle
accounts for most of the total number of displaceme
produced by ballistic processes in HLW and Pu glass
The a-recoil loses nearly all of its energy in elasti
collisions over a very short range (30 to 40 nm), pr
ducing highly localized damage (displacement casca
or thermal spike) with 1000 to 2000 displacements. Su
a displacement cascade for a235U recoil in a borosilicate
glass is illustrated in Fig. 5. The density of energ
deposited into the glass by ana-recoil cascade is very
high (up to 1 eVyatom), occurs over a very short tim
(,10212 s), and can lead to local “melting.”

In an a-decay event, thea-particle anda-recoil
particle are released in opposite directions and prod

FIG. 4. Distribution of displaced atoms in the collision cascade o
5.2 MeV a-particle in borosilicate glass (calculated usingTRIM-96).
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FIG. 5. Distribution of displaced atoms in a collision cascade of
86 keV U recoil in borosilicate glass (calculated usingTRIM-96).

distinct damage regions separated by several micro
Based on full cascade Monte Carlo calculations u
ing TRIM-96, the average number of atomic displac
ments generated in a borosilicate glass by the 5.2 M
a-particle and the 86 keV235U recoil released in the
decay of 239Pu are 380 and 1930, respectively. Th
average number of displacements generated pera-decay
event by the decay of the actinides in HLW glass
expected to be similar and is estimated to be 23
displacements pera-decay event. This is significantly
more than the 0.1 displacements generated perb-decay.
The estimated number of displacements per atom (d
generated byb-decay anda-decay in DWPF glass, a
non-U.S. commercial HLW glass, and a 10 wt. %239Pu
glass are shown in Fig. 6. The results in Fig. 6 clear
show the dominance ofa-decay events (a-particles and
a-recoils) in producing ballistic-type collision damag
in glass waste forms (displacements from radiolyt
processes are not included).

3. Transmutations and gas production

In addition to the energy transferred to the glas
b-decay anda-decay also lead to transmutation of radio
active parent nuclei into different chemical elements th
must be accommodated and may significantly impact t
chemical properties of the glass.25,32 The principal source
of transmutations in HLW areb-decay of the relatively
abundant fission products,137Cs and90Sr. Transmutation
of these two elements is accompanied by changes in b
ionic radius and valence. Cs11 decays to Ba21 with a
decrease in ionic radius of 20%, and Sr21 decays to Y31,
which in turn decays to Zr41 with a final ionic radius
decrease of 29%.39 In glasses for Pu immobilization,
where the Pu concentration is high, the transmutation
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FIG. 6. Displacements per atom (dpa) from ballistic processes a
function of waste storage time for DWPF, C-HLW, and 10 wt. % pl
tonium glasses.

239Pu to235U (both of which are fissile) may also result i
changes in valence states and ionic radius, which co
impact long-term performance and safety [e.g., U61 as
the uranyl ion (UO2)21 is much more soluble than U41].

Helium atoms, which result from the capture of tw
electrons bya-particles, are also produced and must
accommodated in the glass interstitially, be trapped
internal defects, aggregate to form bubbles (or void
or be released at the glass surface.25,30 For HLW, most
of the He will be generated over long time period
near ambient temperature, and the concentration sho
not exceed 100 atomic parts per million (appm).
the case of glass waste forms for Pu immobilizatio
and disposal, He concentrations can become quite la
450 appm and 1.5 atom% in 1000 and 100,000 yea
respectively, for glasses containing 20 wt. %239Pu. These
He concentrations are significantly above the solubil
for He in borosilicate waste glasses, which is on the ord
of 2 3 1022 atomsym3 (0.25 appm) at 400±C and 1.73

105 Pa (He).40,41 Consequently, all of the He generate
must be trapped at defects, collect into bubbles, or
released at surfaces.

In addition to He production froma-decay, the
evolution of molecular oxygen from a wide range o
glasses irradiated with 20 keV electrons was confirm
over 30 years ago using mass spectroscopy.42,43 The
tendency of the glasses to evolve O2 under ionizing
irradiation conditions showed a strong dependence
glass composition, with fused silica showing the lowe
http://journals.cambridge.org Downloaded: 31 Oct 2012
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rate of O2 evolution. This radiolytic source of O2 can
play an important role in the evolution of microstructur
(Secs. III and IV).

C. Irradiation techniques

Since the effects of radiation will accumulate ove
very long time periods, the effects of radiation in HLW
glasses have been studied using a broad range of
celerated irradiation techniques. These irradiation tec
niques and procedures have been described in de
previously,25,32 but are briefly reviewed here.

1. Actinide-incorporation

The long-term effects ofa-decay events have
been simulated in a number of waste glass compo
tions25–28,32,44 by incorporating short-lived actinides
such as238Pu (half-life of 87.7 years17) or 244Cm (half
life of 18.1 years17) in sufficient concentrations (0.2
to 3 wt. %) to achieve 1018 to 1019 a-decay eventsyg
in laboratory time periods of up to several years. Th
technique effectively simulates, at accelerated dose ra
the simultaneousa-particle anda-recoil effects that are
expected over long periods of time (103 to 106 years)
for HLW waste glasses or over 100 to 1000 years f
Pu glasses. The incorporation of short-lived actinid
into waste forms in order to test the stability of was
forms toa-decay damage has become a standard met
(ISO 6962) approved by the International Organizatio
for Standardization45 and is the basis for the DOE
Materials Characterization Center’s MCC-6 Method fo
the Preparation and Characterization of Actinide-Dop
Waste Forms46 that has been used to prepare seve
Pu-doped HLW glasses.47 Phase separation and partia
divitrification can result in nonhomogeneous distributio
of actinides in actual nuclear waste glasses. These effe
can be readily simulated using actinide incorporatio
techniques and appropriate processing to produce sim
phase separation or crystallinity.

2. Actinides in natural glasses

Natural glasses do contain238U, 235U, and232Th and
their daughter products. Unfortunately, natural glass
do not contain enough uranium and thorium to ser
as natural analogues for radiation effects in waste fo
glasses because of the generally low doses that have b
obtained. In volcanic glasses, the uranium content g
erally increases with the silica content; hence, basa
glasses have uranium contents that range from 0.1mgyg
to a fewmgyg, and silicic glasses (obsidians), from a fe
mgyg to about 20mgyg. Despite these low uranium con
centrations, fission tracks occur in sufficient abundan
to allow dating of natural glasses. There are more th
400 successful age determinations on volcanic glas
which utilize fission track dating. Tektites (terrestria
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impact glasses) have uranium contents on the order
few mgyg, and more than 250 specimens have been da
utilizing fission tracks. The fission tracks represent
extreme in radiation damage caused by massive parti
(fission fragments) of high energy (hundreds of MeV
with the latent tracks being up to several tens of n
in length. The fission fragment yield in nuclear was
glasses is very much lower than that of alpha-dec
events, and thus this is not a major damage mechan
Still, fission tracks offer an opportunity for the study o
track annealing in an aperiodic solid,48 and such results
may be relevant to the evaluation of the persisten
of damage tracks in nuclear waste glasses. There
however, one instance in which a synthetic Th-dop
borosilicate glass, 17 years in age, has been studied,
enhanced chemical reactivity of the damage tracks p
duced by thea-recoil nuclei was clearly demonstrated.49

This phenomenon, differential etching of damage trac
is well documented in naturally occurring minerals an
glasses.50

3. Charged-particle irradiation

Charged-particle irradiation using electrons, proton
a-particles, and heavy ions has been used to simu
and study radiation effects in HLW glasses.32 These tech-
niques generally employ particle accelerators and h
dose rates; consequently, very significant doses can
reached in short periods of time (e.g., minutes). Analy
of the results from such irradiations is difficult becau
the damaged areas are thin surface layers of restric
lateral extent. The high surface area can act as a s
for migrating defects, and electric field gradients m
be generated along the electron or ion paths. Implan
layers also can change the characteristics of the ta
material as a result of compositional changes51 (e.g., Pb
implantation). Still,a-particle irradiation can be a good
simulation of a-particle damage, and heavy-ion (e.g
Xe, Pb) irradiation could provide a reasonable sim
lation of a-recoil damage. In fact, the two technique
could be used simultaneous to study the effects of b
a-particles anda-recoils on glass. Electron irradiation
have generally been used to simulate and study the
fects of ionization and electronic excitations from
b-particles andg-rays on glass. One disadvantage
charged-particle irradiations, particularly for simulatin
the damage from alpha-decay events, is that the da
age is homogeneously distributed and does not simu
heterogeneous irradiation effects that may result fro
a non-homogeneous distribution of actinides or fissi
products.

4. Gamma irradiation

Gamma irradiation, utilizing60Co or 137Cs sources,
also has been used to simulate the effects ofb-particles
andg-rays on glass.25,29–32The advantage of this type o
http://journals.cambridge.org Downloaded: 31 Oct 2012
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irradiation is thatg-rays are so penetrating that simulate
HLW glasses can be irradiated in bulk and while seale
in containers; furthermore, theg-rays provide a realistic
simulation since they interact with the glass primaril
through ejected photoelectrons. Dose rates on the or
of 2.5 3 106 Ryh are easily achieved.25 Most studies
have focused on the effects ofg-rays on HLW glass cor-
rosion, where the most important effect is the radiolyt
decomposition of species such as nitrogen and carb
dioxide, which are present in air or dissolved in th
water, leading to the formation of nitric and carboxylic
acids.25–32

5. Neutron irradiation

Irradiation with neutrons has also been used to sim
ulate and study radiation effects in HLW glasses.25,32

Fast neutrons, which dissipate their energy by ballist
processes, produce significant numbers of atomic d
placements but only moderately simulate the effects
the ballistic interactions ofa-particles anda-recoils.25

This technique provides no simulation of helium build
up from the a-particles. Another approach52 that has
been used with borosilicate glasses is irradiation in
thermal neutron flux to generate a 1.78 MeVa-particle
as a result of the high10B(n, a)7Li cross section. With
this technique, high rates of He formation are possib
but this does not simulate the dense collision casca
of the a-recoil particle. A third technique53 involves
fission of fissile nuclides (e.g.,235U) in the glass by
irradiation in a thermal neutron flux; the fission event re
sults in very high-energy fission fragments that produc
extensive regions of damage (i.e., fission tracks) th
may or may not simulate ballistic damage from thea-
recoil particles. Such fission events provide an excelle
simulation of spontaneous fission events in HLW and P
glasses; however, as mention above, these events ar
infrequent that they are unimportant as damage mech
nisms. Similar to charged-particle irradiation, fast and/o
thermal neutron irradiation produces nearly homo
geneous damage that cannot simulate the nonhomo
neous distributions of actinides or fission products du
to phase separation or crystallinity.

III. STRUCTURE AND RADIATION EFFECTS
IN GLASSES

Many glasses proposed for HLW and Pu immo
bilization and disposal (e.g., DWPF glass) compris
approximately 50 wt. % SiO2. Therefore, a knowledge
of radiation effects in pure silica (i.e., amorphous form
of SiO2) and simple binary silicate glasses can giv
useful clues to the behaviors of HLW and Pu glass
to be expected at high radiation doses. The earlie
observations of radiation effects in glasses were r
ported nearly 70 years ago by Curtiss54 and by Lind,55
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who observed crazing and cracking in silica and Pyr
irradiated with a-particles emitted by radium. Later
experiments by Tuck56 showed that sucha-particle
damage leads to increased leach rates for both a so
lime glass and Pyrex. Although there have been ma
observations of irradiation-induced changes in propert
of simple glasses (e.g., variations in refractive inde
density, and mechanical properties),57 the understanding
of these macroscopic changes in structure is still n
well developed. On the other hand, the families
radiation-induced point defects in pure silica and simp
alkali silicate glasses are well understood from 40 yea
of study, principally by the technique of electron spi
resonance (ESR).57,58

The current understanding of structure and radiati
effects in simple and simulated nuclear waste glas
is briefly reviewed in this section. This review is no
comprehensive but rather reflects the topics discus
by the panel in the deliberations designed to ident
important scientific issues pertinent to radiation effec
in nuclear waste form glasses.

A. Structure of glasses

Some description of the structure of network glass
is important for assessing the role of radiation effec
in creating distinguishable structural rearrangements;
other words, how does one identify and describe a def
in an aperiodic solid. In the case of irradiated crystallin
ceramics, one may unambiguously define a displac
atom, the point defect spectrum, and gross structu
rearrangement (e.g., the formation of dislocation loop
metal colloids, and voids59). Without a reference lat-
tice, as is the case for an aperiodic (glassy) solid,
is difficult to define an individual displaced atom o
the gross structural rearrangements associated wit
displacement cascade. One useful approach is to mon
a characteristic structural parameter, such as the X–O
bond angle (X network-forming elements Si, B, Al,
P . . .) in oxide network glasses, that is independent
crystallinity. There is, for example, evidence that th
Si–O–Si bond angle in vitreous SiO2 decreases by
some 11± after neutron and ion irradiation.60 Similar
bond-angle changes have been observed in comp
oxides, such as (Ca, Th)ZrTi2O7 (i.e., zirconolite), that
experience a radiation-induced crystalline-to-aperiod
transformation due toa-decay damage from the U and
Th content.61 Spectroscopic measurements (EXAFS a
XANES) show that the loss of long-range order i
zirconolite is due to minor variations (less than 5±)
in the metal-O-metal bond angle. Also, the neare
neighbor coordination sphere of the aperiodic state
essentially the same as that of the crystalline mater
demonstrating the similarity of the structures in terms
the coordination polyhedra; the aperiodicity is the res
http://journals.cambridge.org Downloaded: 31 Oct 2012
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of variations in the linkages between the nearest neigh
coordination polyhedra.

A more fundamental approach is to evaluate t
overall structural topology of the glass,62 of which the
X–O–X angle is a characteristic. In network glasse
the topological entity that appears is thering, defined as
a closed circuit along the edges of linked coordinatio
polytopes (e.g., [SiO4] tetrahedra in silicate glasses). Th
collection of lowest-order rings passing through a give
site (together with associated coordination polytop
belonging to them) represents a characteristic structu
entity, much as a space group does for a crysta60

The ring complement can thus define the structu
topology, and a change in the ring complement is
topologically identifiable change in the network struc
ture. For example, in neutron-irradiated vitreous silic
both Raman60 and neutron diffraction63,64 evidence point
to an increase in the complement of 3-membered rin
(i.e., rings containing three linked SiO4 tetrahedra). The
association of two 3-membered rings per tetrahedron i
tetrahedral network has been shown to formally defi
a two-dimensional surface62; consequently, a significant
increase in the number of 3-membered rings impli
formation of internal surfaces, such as would be expec
to bound the voids or bubbles that are a persiste
observation32 in irradiated waste glasses.

Density is related to ring complement,65 and
irradiation-induced changes in ring topology can b
manifested as density changes. The correlation sugg
that the structures of both vitreous and irradiatio
amorphized forms of silica are largely dominated b
6-membered rings,63 a distribution generally confirmed
by computer66 and molecular dynamics67 models. The
energetics of the silica intertetrahedral bond ang
are fairly flat until 3-membered ring configuration
(130.5±) are reached68; thus, a distribution of ring
sizes is expected. Network structures, however, are
necessarily homogeneous, and it is possible to envis
heterogeneous structures in which delimited regio
dominated by 6-membered rings are linked to ea
other by larger and smaller rings.69 Larger rings are
responsible for the higher density of the denser sili
polymorphs65 because they can fold back on themselve
and the densification of vitreous silica by irradiatio
could arise from opening up of 6-membered rings
larger rings in regional boundaries.

Radiolytic damage processes, such as those p
posed in silica,70,71 result in a progressive accumulatio
of broken network linkages. Simple bond-switching ha
been demonstrated, at least heuristically, as a me
of achieving topological disorder in monatomic tetra
hedral networks72 and could operate as a subseque
rearrangement mode in silica73 and other networks. Ra-
diolytic decomposition of X–O–X linkages to a critica
threshold may result in the collapse of the netwo
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and its subsequent stochastic rebonding into alte
topologies, just as the rigidity percolation threshold74

that is achieved in central-force networks by progre
sive bond removal leads to a sudden multiplicati
of floppy modes. Indeed, the maximum in detectab
irradiation-induced oxygen vacancy (E0) centers in silica
occurs at a dose corresponding to maximum rate
density change,60 when structural collapse and rebondin
would likely re-form broken linkages. In dense collisio
cascades, it is possible, as an alternative, to cons
wholesale restructuring as occurring according to lo
growth rules appropriate to either higher- or lowe
temperature crystalline polymorphs, depending on
effective temperature of the cascade.

Ease of structural rearrangement in irradiated glas
is likely to correlate with a topological parameter lik
structural freedom,75 which depends on coordination
polytopes and their modes of connectivity, just as su
gested for amorphization of crystalline ceramics.62 The
addition of network-modifying cations (such as Na)
generally considered to disrupt network connectivity, b
the coordination polytopes surrounding these cations
themselves linked, to each other and to the netwo
and their contribution to the structural constraint mu
be assessed. Some workers76 have suggested that th
distribution of these network modifying cations may b
inhomogeneous, in which case their influence on str
tural stability may be less than if uniformly disperse
A fundamental question in glasses, which are alrea
topologically disordered, is whether radiation-induce
re-arrangement results in a topologicallydifferent struc-
ture (e.g., one with substantially different free energy
Ion-beam irradiation of lead pyrophosphate (Pb2P2O7)
glasses does induce a change in topological structur77

Additionally, the preferential etching ofa-recoil tracks
in glasses containing Th and U radionuclides49,50 sug-
gests that there may be some difference, although den
change, strain, or segregation within the tracks co
account for the preferential chemical attack without t
necessity to invoke topologically significant difference

B. Silica glass

1. Macroscopic changes

As noted,a-particle irradiation of silica glass lead
to crazing and cracking.54,55 Primaket al.78 were the first
to report the compaction (densification) and increase
refractive index of silica glass when subjected to a fa
neutron fluence. The density of silica glass increas
very rapidly to a value 3% greater than the unirradiat
glass at a neutron fluence of 53 1019ycm2; it then
gradually decreases to a equilibrium density that
2.7% greater than the unirradiated glass at a flue
of ,4 3 1020ycm2.79 Crystalline quartz subjected to
the same fast-neutron fluence undergoes an expan
http://journals.cambridge.org Downloaded: 31 Oct 2012
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of ,15%,79,80 and asymptotically approaches the sam
density as the irradiated silica glass.57 Both materials
probably share a common network structure at this s
uration dose. Though amorphous, this radiation-induc
structure must differ substantially from the structures
melt-quenched silica glasses. A similar compaction a
increase in the refractive index of silica glass has be
observed under ion irradiation,81–83 and compaction is
also reported under electron84 and g84–86 irradiations.
Both ballistic and ionization energy losses lead to de
sification of silica glass; however, ballistic processes a
about a factor of 200 more efficient.81–83

Although silica glass normally compacts under i
radiation, silica glasses impregnated with H expa
when irradiated withg-rays86 or with electrons.87,88 This
so-called “impurity effect” has been associated with io
ization processes because it can be produced by 18
electrons,88 which cannot transfer sufficient energy to th
network atoms to cause direct atomic displacement. T
effect also is seen at low fluences under ion irradiatio
but is overwhelmed by ballistic collisional processe
with continuing irradiation to higher fluences.89 Shelby86

has suggested that this observed expansion is due
interstitial OH, incorporated into the silica structur
during processing, that inhibits occupation of such si
by SiO4 tetrahedral groups after bond-breaking.

Along with the increase in density and refractiv
index, the chemical etch rate of silica glass also increa
with ion fluence.56,90 Although molecular oxygen is
known to evolve radiolytically from silica glass irradi
ated with 20 keV electrons,42 bubbles are not observed
to form in silica glass under ion and electron irradiatio
to high fluences.91 Irradiation-induced stored energy o
up to 800 Jyg (0.2 eVyatom) have been reported92 for
silica glass.

In a review of radiation effects in silica glass
Devine60 has shown that the concentration of th
irradiation-induced oxygen-vacancy (E0) center saturates
before significant densification occurs; this behav
is illustrated in Fig. 7. With respect to the structur
modifications, Devine60 suggests that the densificatio
(2.5–3%) and the large bond-angle changes (,10±)
require the formation of large voids, such as can
attained by the structural change from a predominan
6-membered ring structure to a 3-membered type;
latter is typical of films deposited at high temperature a
quenched (CVD deposition at 300±C).93 A Raman study
of ion-implanted silica94 showed the development of th
D2 band at 605 cm21 that is due to the 3-membere
ring structure.

2. Point defects

The idealized structure of “defect-free” glassy silic
is a “continuous random network” (CRN), wherein eac
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FIG. 7. Dependence of oxygen-vacancy center concentration and d
sity on deposited nuclear (ballistic) energy in ion-irradiated amorpho
silica (based on Devine60).

silicon is tetrahedrally bonded to 4 oxygens, and (
pure silica) each oxygen is bonded to two silicon
X-ray and neutron diffraction data for silica glasses c
be explained in terms of CRN-type models.95 A point
defect in silica may comprise a group of perhaps 2
10 atoms present in a configuration qualitatively diffe
ent from any configurations found in the idealized CRN
An oxygen-centered portion of the ideal network ca
be represented by the notation°°°°°° Si–O–Si°°°°°° , where the
notation “°°°°°° ” represents three bonds to other oxyge
in the glass network. Structures probed by ESR a
confined to those which are paramagnetic, i.e., tho
binding an unpaired electron (denoted by “?” in the
chemical notations used below).

A neutral oxygen vacancy in silica can be repr
sented°°°°°° Si–Si°°°°°° . As implied by this notation, there is
likely to be a chemical bond between the two silicon
adjoining the vacancy site. The paramagnetic versio
of the oxygen vacancy are calledE0 centers.96,97 One
of the positively charged variants in amorphous SiO2,
the E0g center,98 is represented°°°°°° Si ? Si°°°°°° , where the
unpaired electron is depicted as residing on the le
hand silicon, so that the positive charge formally resid
on the right-hand silicon. (This “asymmetric relaxation
model99–101 was originally developed to explain the ESR
characteristics of the analogousE0

1 center in crystalline
quartz.) When silica glass (or even crystalline quart
is exposed to a fast-neutron fluence of,1020ycm2 or
an ionizing dose of,1010 Gy, the measured number
of E0 centers saturate at,1 per thousand silicons.102

The numbers of electrostatically neutral,nonparamag-
netic oxygen vacancies induced by these irradiatio
are larger, perhaps by an order of magnitude or mo
Though the nonparamagnetic oxygen deficiency cent
cannot be counted by ESR, they can be detected o
cally as an absorption band peaking near 248 nm.103–106

Correlations have been established between the opt
http://journals.cambridge.org Downloaded: 31 Oct 2012
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bleaching of the 248-nm band and the appearance
E0 centers,104,106 consistent with the view that electrons
can be optically detached from neutral oxygen vacanci
yielding E0 centers:

°°°°°° Si–Si°°°°°° °! °°°°°° Si ? Si°°°°°° 1e2 . (1)

Oxygen vacancies in silica may be created eith
by elastic collisions with energetic nuclear particles o
radiolytically by decay of self-trapped excitons (boun
electron-hole pairs created by ionizing radiation, such
g-rays).107–110 A significant conclusion of careful ESR
studies by many workers109,111–113is that the displaced
oxygen atoms move to interstitial positions, where the
readily dimerize to form molecular oxygen. Upon hea
ing to ,200 ±C, this interstitial O2 has been shown to
diffuse through the network and react withE0 centers
according to:

°°°°°° Si ? Si°°°°°° 1O2 °! °°°°°° Si–O–O? Si°°°°°° . (2)

The fragment°°°°°° Si–O–O? is a second fundamenta
defect species in silica and is known as the bond
peroxy radical.114 Any displaced oxygen that does no
react according to Eq. (2) either remains as inters
tial O2 molecules or else reacts with neutral oxyge
vacancies to form (nonparamagnetic) peroxy-linkage
°°°°°° Si–O–O–Si°°°°°° :

°°°°°° Si–Si°°°°°° 1O2 °! °°°°°° Si–O–O–Si°°°°°° . (3)

Thus, there are at least 0.5 oxygen-oxygen bonds
every thousand silicon atoms, complementing twice th
many silicon-silicon bonds, at the fast neutron fluen
for saturation. This interstitial O2 is the likely source
of the radiolytic O2 released under the 20 keV electro
irradiations previously noted.42

A third elementary defect center in silica is th
nonbridging-oxygen hole center (NBOHC),115 a config-
uration represented by the notation°°°°°° Si–O?. Though
the NBOHC can have several possible origins, it
most easily understood as resulting from radiolysis
a hydroxyl group:

°°°°°° Si–O–H°! °°°°°° Si–O? 1H0 . (4)

An example of a neutralE0 center, denotedE0
b, results

when a radiolytic hydrogen atom [originating, e.g., i
the reaction represented by Eq. (4)] reacts with a neut
oxygen vacancy98,116:

°°°°°° Si–Si°°°°°° 1H0 °! °°°°°° Si ? H–Si°°°°°° . (5)

Numerous species of defect centers associated w
the elements boron,117 germanium,118 and phosphorus119

have been well characterized by ESR studies of oth
wise pure silica doped with these elements individuall
For comparable doses, the defects associated with th
substitutional impurities tend to outnumber by 1 to
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orders of magnitude theE0 centers, peroxy radicals, and
NBOHC’s observed in high-purity silica.

C. Alkali silicate glasses

1. Macroscopic changes

Ion irradiation of Na2O–3SiO2 glass results in ex-
pansion at low fluences and compaction at higher fl
ences that scales with the energy lost by ionizatio
processes.120 In addition, ion83,121 and electron122,123 ir-
radiation of alkali silicate glasses induces alkali io
migration that modifies the glass composition in the irr
diated region. Such irradiation-induced alkali depletio
can bring about phase separation and low-temperat
crystallization, as observed in Li2O–2SiO2 glass.83 In-
creased O2 evolution is observed in electron-irradiate
soda glasses relative to silica glass,42 and irradiation of
a 0.07Na2O–0.93SiO2 glass with 1.5 MeV electrons at
200 ±C results in the formation of bubbles.124

2. Point defects

The defect centers induced in complex silicate (an
borate) glasses involving alkali or alkaline-earth mod
fier oxides are created at rates which are higher by 1 to
orders of magnitude than those observed in monocom
nent SiO2 (or B2O3) glasses. This outcome is presume
to reflect the existence of many more electron and ho
trapping sites in the complex glasses than are found
the pure network glasses.

Radiation-induced defects in simple alkali silicat
glasses include two types of nonbridging-oxygen ho
centers, denoted HC1 and HC2.125–128 The former is
analogous to the NBOHC appearing in Eq. (4), if on
pictures an alkali atom substituted for the hydrogen. HC2

is similar, except that it involves two nonbridging oxy
gens on the same silicon.126,128 These HC-type defects
are thought to be created by a process wherein a f
hole first traps at a°°°°°° Si–O2Alk 1 site. The alkali ion
(Alk 1) is then free to diffuse away to the site of a
trapped electron, where it stabilizes the latter. Based
ESR studies of alkali borate glasses,129 it is believed
that electrons and alkali ions trap sequentially at su
sites forming clusters that become increasingly stable
their sizes increase. Although it has not been explicit
demonstrated, it seems possible that under sufficien
high radiation doses, such alkali clusters may grow in
macroscopic colloids, analogous to processes known
take place in NaCl.130

Some E0-type centers are observed in irradiate
alkali silicate (and borate) glasses, although their num
bers are relatively fewer that those of the other cente
mentioned.127 TheseE0 centers are believed to be o
the electrostatically neutral type, understandable by su
stituting Alk0 for H0 in Eq. (5). Some bonded peroxy
radicals have been revealed in the ESR spectra a
http://journals.cambridge.org Downloaded: 31 Oct 2012
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the irradiated potassium silicate samples were annea
at ,270 ±C to diminish the intensities of the over
lapping HC1 and HC2 signals.127 When these potassium
silicate glass samples (g-irradiated to doses,106 Gy)
were annealed to,310 ±C, the bonded peroxy radica
centers also disappeared. The remaining ESR spec
features were unambiguously attributed to unbond
superoxide (O22) and ozonide (O32) ions.127 The ob-
served superoxide-ion ESR spectrum is believed to
characteristic of O22 ions in a disordered alkali peroxide
matrix58 (presumably K2O2 in the studied example).
Here, then, is ESR evidence for a radiation-induc
decomposition of simple potassium silicate glasses in
oxygen-rich peroxide phases on one hand and che
cally reduced phases on the other. The reduced pha
presumably comprise SiOx (x , 2) or alkali metal
colloids, or both. There are well known tendencies131

for alkali peroxides to disproportionate into the mono
ide (Alk2O) and the superoxide (AlkO2), and for the
superoxides in turn to disproportionate into the peroxid
and O2 molecules. The appearance of ozonide ions
also predicted in the course of these disproportionat
sequences.131 Thus, this series of reactions could be th
source of the oxygen molecules suggested to be
cause of radiation-induced bubbles observed in simula
nuclear waste glasses.124,132–135

D. Borosilicate glasses

1. Macroscopic changes

Shelby86 measured the effect ofg-irradiation on the
density, refractive index, thermal expansion, and heliu
permeability of several commercial borosilicate gla
compositions. Compaction up to 1% was observed
the glasses after irradiation to 108 Gy. The refractive
index increased with dose and the change in ind
was linearly proportional to the change in density. Th
thermal expansion coefficient decreased with dose a
was linearly proportional to the change in density. Th
helium permeability was unaffected byg-irradiation to
108 Gy.

In alkali borosilicate glasses, the high concentratio
of alkalis generally “clogs up” the interstitial sites, s
that the initial effect of ion irradiation is to cause
expansion. The fluence regime over which this expans
occurs is proportional to the alkali content of the glass.120

Since the alkali content in the many borosilicate glass
is known to be nonhomogeneously distributed (pha
separated),136 expansion and compaction are associat
with alkali-rich and alkali-depleted regions of the glas
Compaction eventually dominates, as in fused silic
after the expansion in the alkali-rich phase is saturate

Utilizing cantilever-beam methodology and 0.
to 4.0 MeV Xe ions, Snoecks and colleagues137,138

investigated the energy dependence of the lateral str
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(volume change) in irradiated Na-borosilicate glass
Compaction was observed at low energies (0.5
1.0 MeV), similar to the results of Arnold89,120,139;
however, at higher energies (3.0 to 4.0 MeV), expans
occurred. These results suggest that between 1.0 M
and 3.0 MeV there may be a threshold in the electro
stopping power for expansion in Na-borosilicate glass
under Xe irradiation. The electronic stopping pow
for 2.0 MeV Xe ions is about 1.5 keVynm (based on
TRIM-96) in these glasses, which is similar in magnitu
to the electronic stopping power threshold (2.3 keVynm)
reported for anisotropic expansion in SiO2 thin films
irradiated with Xe ions.140,141 Such a threshold may no
be relevant for nuclear waste glasses, since the electr
stopping powers for thea-particles and recoil nuclei
emitted by alpha decay will not exceed 0.5 keVynm.
It was also observed in these Na-borosilicate glasse137

that compaction (up to 0.12%) occurred slowly wit
time when the ion beam was turned off for both initial
compacting (1 MeV) and expanding (4 MeV) condition
This was interpreted as a relaxation of the network d
to annihilation of defects, possibly O-vacancies.

Significant evolution of O2 from commercial
borosilicate glasses irradiated with 20 keV electrons h
been measured.42,43 Oxygen bubble formation in high
and low Na2O borosilicate glasses has been observed
a result of irradiation with 1 MeV electrons135; the peak
swelling temperature was 150±C in the high Na2O glass
and 325±C in the low Na2O glass. Bubble formation in
these glasses was preceded by the migration of Na a
from the center of the irradiated region to the periphe
Leach tests indicated higher leach rates for the regi
containing bubbles.

2. Point defects

Borosilicate glasses are expected to exhibit fam
lies of radiation-induced defect centers similar to tho
described for silica and alkali silicate glasses, plus
group of analogous defects which have been elucida
in simple alkali borate glasses.58,142,143However, to date
no studies have been conducted which indicate whet
simple (or complex) borosilicate glasses are also sub
to radiation-induced disproportionation into peroxide
superoxides, and ozonides.

E. Simulated waste glasses

The effects of radiation in nuclear waste glass
are complex, and the fundamental understanding
the radiation damage processes and available data
limited. The high-radiation environment provided by th
a-decay andb-decay of radionuclides in nuclear wast
can affect radionuclide release to the biosphere throu
radiation-induced physical and chemical changes in
nuclear waste glass at both the atomic and macrosco
levels. Several comprehensive reviews25–32 of radiation
http://journals.cambridge.org Downloaded: 31 Oct 2012
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effects in nuclear waste glasses provide excellent te
nical assessments. There are no data on the na
of intrinsic point defects or irradiation-induced poin
defects in actual or simulated nuclear waste glass
however, glasses for HLW and Pu immobilization a
expected to exhibit families of radiation-induced defe
centers similar to those described for simple glass
The only data available on simulated waste glasses
of measured macroscopic changes. These changes
briefly described below. More detailed information ca
be found in the reviews25–32 and in the discussions of
specific issues (Sec. IV).

1. Volume changes

Radiation effects froma-decay in actinide-doped
simulated nuclear waste glasses results in either exp
sion or compaction of the glass structure. The mac
scopic volume changes,DVyVO, generally follow an
exponential dependence on dose,D, of the form:

DVyVO  Af1 2 exps2BDdg , (6)

where A is the volume change at saturation, andB is
the amount of glass damaged per unit dose. For a la
range of glasses studied in the United States25,29,30,32,44

and Europe,28,144 the volume changes normally reach a
apparent plateau that is within the range of61.2% at a
dose of 1 to 23 1018 a-decaysyg (1 3 109 Gy). This
behavior is illustrated in Fig. 8 for several actinide-dope
nuclear waste glasses studied at the Pacific Northw
National Laboratory and the Savannah River Site. Rec
studies of actinide-doped glasses in Japan145,146 show
irradiation-induced expansions of similar magnitude f
similar doses. In one of these studies,145 the volume
expansion determined by density measurements ran
from 0.4 to 0.6% and was in excellent agreement w

FIG. 8. Volume changes in several actinide-doped nuclear wa
glasses studied at the Pacific Northwest National Laboratory25 and
the Savannah River Site.44
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the volume change (0.51%) determined from the me
ured size and concentration of irradiation-induced bu
bles. These bubbles may contain He from thea-decay
event or radiolytically produced oxygen. The volume e
pansion and compaction of neutron,147,148 g-ray,29,44,84,85

ion,89 and electron84 irradiated nuclear waste glasses a
also within the bounds observed for the actinide-dop
glasses. Manaraet al.135,149 and Satoet al.85 have re-
ported swelling up to 50% when bubbles formed du
ing electron irradiation. In the simulated waste glass
there is a general tendency for expansion in glasses w
high alkaliySi ratios and compaction in glasses with lo
alkaliySi ratios.32 Another point of view, offered by
Stoneham,150 is that the density changes in comple
waste glasses are due to a radiation-enhanced equili
tion to the ideal glass density for the glass compositio
This, of course, assumes that bubbles do not form.

The effect of irradiation temperature on volum
change has been studied in only one simulated wa
glass (VG 98y3) doped with 238Pu144; in that study,
the rate of expansion at 130±C was less than that
at 20±C. The thermal recovery of radiation-induce
volume changes in several238Pu-doped waste glasse
also has been studied, and recovery rate constants
the glasses have been determined.144 The rate constant
for the glass VG 98y3 was used in a simple model to
calculate the volume changes at 130±C; the calculated
values were much smaller than the measured valu
suggesting that the model (based on first-order recov
kinetics) may be oversimplified. No further work on
the temperature dependence of volume changes in w
glasses has been reported.

Based on these limited data, it is impossible
determine conclusively whether the volume chang
induced bya-decay are due to ballistic or ionization
processes. Ion-irradiation studies of Arnold89,121 have
indicated that ionization processes are the domin
mechanism for producing volume changes in borosilica
nuclear waste glasses, and this issue will be discus
in greater detail (Sec. IV). In the absence of bubb
formation, the magnitudes of the above volume chang
are small; however, the data do not extend to the mu
higher dose range that will be experienced by glass
used for Pu disposition.

2. Stored energy

The interactions of radiation with nuclear wast
glasses can result in the storage of latent energy as
ciated with the changes in structure and bonding th
is released as heat at elevated temperatures. Stu
on actinide-doped simulated nuclear waste glasses
the Pacific Northwest National Laboratory,25,151 AERE-
Harwell,152 and under a collaborative European Com
munities program153 indicate thata-decay can result
http://journals.cambridge.org Downloaded: 31 Oct 2012
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in a rapid increase in stored energy that saturates
values generally less than 150 Jyg (,0.03 eVyatom)
at a dose of 0.1 to 0.33 1018 a-decays/g (108 Gy),
as illustrated in Fig. 9. A comparison of the energ
and volume change results indicates that the satura
in stored energy occurs at a much lower dose th
for the volume changes, as illustrated in Fig. 10 f
one simulated waste glass composition. Similar behav
has been observed for silica glass (Fig. 7) and
all the simulated waste glasses studied, regardless
whether there is compaction or expansion. This behav
indicates that the defects giving rise to the stored ene
precede the network rearrangements that manifest
volume changes.

The effect of irradiation temperature on stored e
ergy has also been studied in only one glass (PNL 72-
doped with 244Cm; the stored energy in this glass de
creased linearly with irradiation temperature and w
completely absent at 350±C.151 Thermal recovery of
the stored energy in several244Cm-doped glasses ha

FIG. 9. Stored energy in several Cm-doped simulated waste glasse25

FIG. 10. Stored energy and volume change in a simulated waste g
as a function of cumulative dose.
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also been investigated, and the results show a sin
(nearly linear) recovery stage that is similar for a
the glasses, with full recovery occurring at 360±C.25

The similarity of the temperature dependence for stor
energy accumulation and recovery suggests that
accumulation of stored energy (defects) is controlled
the defect recovery kinetics.

3. Helium accumulation

As noted earlier, He atoms will accumulate as
result of the capture of two electrons bya-particles, and
the He concentration will increase with cumulative do
from a-decay events. The diffusivities of He in simu
lated waste glasses are one to two orders of magnit
lower than in silica, alkali silicate, and Pyrex glasses41

and they have been reported to decrease by up t
several orders of magnitude with increasing radiati
dose, which suggests trapping of helium at radiatio
induced defects.40,52 Studies of He diffusion and releas
in several simulated waste glasses40,52,152,153indicate that
most of the He generated at ambient temperature w
accumulate in the glass, and only a small fraction of H
will be released. However, the fraction of He releas
increases with irradiation temperature, and the fracti
released at 170±C can range from 50 to 100%.152,153

Bubbles (presumed to be He) have been observed
simulated waste glasses containing 100 appm of H
introduced by (n, a) reactions during neutron irradiation
or by ion implantation, but only after annealing at tem
peratures between 600 and 700±C.52,154 When higher He
concentrations (up to 104 appm) are introduced by(n, a)
reactions, bubble formation has been observed at low
temperatures (,100 to 230±C).148,154 Bubbles have also
been observed in a glass containing both238Pu and244Cm
after 8 3 1018 a-decaysyg at ambient temperature,145

and, as noted above, the integrated volume of the bubb
correlated with the measured volume change. The ex
nature of the bubbles observed has not determined in
of these studies, but are presumed to be He or HeyO2.

4. Microstructural changes

Phase separation has been induced in simula
waste glasses by electron irradiation.132,133,155Radiation-
induced amorphization of crystalline phases in a244Cm-
doped simulated waste glass has been observed,
the volume expansion associated with this transform
tion produced significant microcracking.25,156 As noted
above, a-decay145 and neutron irradiations to induce
(n, a) reactions148,154 in waste glasses can result in th
formation of bubbles.

In 1976, Hall and co-workers152 were the first to
report the formation of bubbles, assumed to conta
O2, in simulated nuclear waste glasses irradiated w
electrons in a high voltage electron microscope (HVEM
http://journals.cambridge.org Downloaded: 31 Oct 2012
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at 200± C to high doses (1010 to 1011 Gy) in experiments
to simulate the effects ofb-irradiation. Since then,
electron-beam-induced bubble formation has been
served in a wide variety of glasses.85,132–135,149,157–160The
presence of a gas phase in the bubbles was confirm
in the studies of Hallet al.152 and Heueret al.134 Ion-
beam irradiation124,158,159andg-irradiation155,158–160also
have been reported to produce bubbles in several sim
lated waste glasses, as illustrated in Fig. 11. Howev
g-irradiation of one of these same glasses in anoth
study161,162 did not produce bubbles, even at an order
magnitude higher dose. This has raised questions reg
ing whether or not the bubble formation ing-irradiated
glasses reported by others155,158–160 may be an artifact
of sample preparation or the electron-beam irradiati
during examination using electron microscopy. In th
regard, it is important to note that there is a chara
teristic difference in the bubble sizes and distributio
found in g-irradiated glasses as compared to electro
irradiated glasses.155,158Gamma irradiation leads to more
uniform bubble sizes and distributions over a large ar
(i.e., the whole sample or at least the area that
transparent to electrons in the microscope), as well
bubbles in very thin regions as observed by electr
microscopy. Electron irradiation, on the other han
produces a nonuniform distribution of bubble densi
and bubble sizes only in a focused beam; bubbles can
be produced in very thin regions by electron irradiatio
alone. Another point is that bubbles are observed in
g-irradiated glass by electron microscopy at tempe
tures where bubbles are difficult, if not impossible
to form under intense electron irradiation.155,158 Con-
sequently, if bubbles do not form directly under th
g-irradiations, then the glass must be highly damaged
such a way that the bubbles form nearly instantaneou
when exposed to an unfocused electron beam.

FIG. 11. Bubbles formed in simulated DWPF glass irradiated w
g-rays to 1.33 107 Gy (micrograph courtesy of J. P. Heuer and D. G
Howitt, University of California–Davis).
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Quantitative studies have shown that the kineti
of the radiolytic bubble formation process are cons
tent with the motion of alkali metal cations and no
oxygen.133,163The formation of oxygen bubbles is appa
ently brought about by radiolytic decomposition of th
ionic component of the glass, followed by the migratio
of the cations into the glass and the local precipitati
of molecular oxygen.160 Irradiation studies158,159 utiliz-
ing g-rays, ion beams, and electron beams at simi
temperatures, indicate a significant dose-rate effect
radiolytic bubble formation, as shown in Fig. 12. Th
reported bubble formation underg-irradiation occurs at
much lower doses (106 to 107 Gy) than for either ion
irradiation (107 to 1010 Gy) or electron irradiations (1010

to 1013 Gy). Under electron irradiation, bubble formatio
occurs over a broad temperature range with a maxim
in the rate of formation at 250±C.133,159Similar behavior
is reported by Manaraet al.,135 who also observed that
the peak for bubble formation occurs at a lower tem
perature (125 to 150±C) for high Na glasses (19 and
25 wt. % Na2O) than the peak temperature (325±C) for
a low Na glass (4 wt. % Na2O).

5. Mechanical properties

In a recent study of a simulated nuclear was
glass doped with238Pu and244Cm,164 the hardness and
Young’s modulus decreased exponentially with dos
while the fracture toughness increased exponentia
with dose. The maximum values of the relative chang
reported for the hardness, Young’s modulus, and fract
toughness in these glasses were225%, 230%, and
145%, respectively. These changes in fracture toughn
strongly correlated to the formation of bubbles whic
were observed in these glasses.145 The bubbles, which
can impede crack propagation, anneal with kinetics sim

FIG. 12. Dose and dose-rate dependence of radiolytic bubble form
tion in simulated HLW glasses (adapted from DeNatale and Howitt158

and Heuer159).
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lar to the recovery of the fracture toughness. Similar d
creases in hardness and Young’s modulus and increa
in fracture toughness have been observed due toa-decay
damage in three different glasses containing244Cm.165–167

Irradiation-induced decreases in hardness and increa
in fracture toughness also have been reported in
number of other studies.168–170

6. Enhanced diffusion

Yamashita and Matzke171 investigated radiation
enhancement of Na diffusion in a simulated was
glass (GP 98y12) under irradiation at relatively low
dose rates witha-particles emitted from244Cm and
239Pu sources. (The244Cm irradiations simulate dose
rates for accelerated actinide-doping experiments a
the 239Pu irradiations simulate dose rates for actu
HLW glasses.) Although Na depletion is observed i
this glass under high dose rate electron irradiation
room temperature,172 these investigators found that
within experimental error, there was no evidence fo
significant radiation-enhanced Na diffusion in this glas
under the more realistic dose-rate conditions. Althoug
the experimental errors are considerable at the lo
temperature conditions of the study, the results indica
that the radiation-enhanced Na diffusion is no mo
than a factor of 2 to 5 at temperatures below 150±C.

7. Radionuclide release

Radiation affects the release rate of radionuclid
from waste glasses by increasing the surface area
radionuclide release (microfracturing) and by chan
ing the dissolution rate of the glass. The extent o
the radiation-induced microfracturing will depend o
differential volume changes, development of microstru
tures, and mechanical properties. The dissolution rate
nuclear waste glasses may be affected by the radiati
induced changes in chemistry, microstructure, netwo
bonding, and alonga-recoil tracks. As noted in sev-
eral reviews,25–27,29–32,173almost all data concerning the
effects ofa-decay on dissolution (leach) rates of wast
glasses were determined prior to 1982 in short-term te
based solely on weight loss. The data obtained fro
these tests indicate no more than a factor of three
crease in the short-term dissolution rates as a result of
diation effects froma-decay. Ion-irradiation149,174,175and
neutron-irradiation176 studies of several HLW glasses
have shown irradiation-enhanced dissolution rates of
to a factor of four. Ion irradiation, however, is known
to introduce compositional variations,51 which affect
the interpretation of the results. Gamma-irradiation o
several HLW glasses up to 109 Gy also leads to increases
in dissolution rates of up to a factor of four.44,177,178

It is now well established that the short-term tes
based on weight loss in these studies can underestim
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the radiation-induced increases in dissolution rate by
factor of three to four due to precipitation of alteratio
phases on the surface of the glass29,179; consequently,
based on the limited data and understanding available
has been suggested by Weber29,30 that radiation-induced
changes in HLW glass structure are not expected
increase the leach rate by more than a factor of
provided there are no radiation-induced phase sep
tions or transformations. This assessment is suppo
by a study49 of a seventeen-year-old borosilicate gla
containing 4 wt. % ThO2, where the Th daughter produc
release rate was increased 15 to 45% due to inc
gruent dissolution along the recoil tracks produced
the a-recoil nucleus. For thea-decay damaged glass
the initial 228Th leach rate was enhanced relative to t
initial 232Th leach rate due to the selective removal
radiogenic228Th nuclides from228Ra recoil tracks (232Th
decays to228Ra by a-decay and the228Ra b-decays to
228Th). Heating at 650±C prior to leaching eliminates
the 228Thy232Th fractionation. Thus, it is evident that th
a-recoil tracks in glass represent localized regions
severely damaged, chemically reactive, material. Sim
lar phenomena have been well described in crystall
materials.50,180,181 Another recent study,166 however, of
HLW glasses containing244Cm has shown that radiation
damage froma-decay does not significantly increase th
bulk leach rate when measured by solution analysis,
recommended by a previous workshop.23 The effects of
radiation-induced structural changes on glass dissolu
range from insignificant to significant, depending o
glass composition and what is actually measured. A
result, this subject remains highly controversial and
need of systematic investigation.

IV. FUNDAMENTAL SCIENTIFIC ISSUES

Glass waste forms for the DWPF, WVDP, Hanfor
and weapons plutonium applications represent comp
multicomponent systems. Though the compositi
ranges of borosilicate glass for DWPF and WVDP a
well established, possible glass compositions for Ha
ford HLW and weapons plutonium immobilization hav
not yet been determined, and several competing glass
crystalline formulations are under consideration. Ev
for DWPF, the waste vitrification campaign will procee
for over 20 years, the glass canisters must be stored u
a repository is opened, and the repository will probab
remain open for less than 100 years, at which time
will be sealed. Thus, there is time to identify and addre
fundamental scientific issues, in particular those rela
to the effect of radiation on waste form properties, whi
may have a bearing on cost, optimization of process
technologies, the integrity of the HLW glass caniste
until the repository is sealed, and long-term performan

In the following discussion, critical areas are ou
lined for which the panel determined that there is
http://journals.cambridge.org Downloaded: 31 Oct 2012
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absence of a systematic understanding of radiation
fects on waste form glasses. The phenomenologi
systematics require that the knowledge of simple glas
radiation interactions be extended to glasses of comp
compositions. The scientific basis for the extrapolatio
of radiation effects data and models based on short-te
experimental studies (actinide-doping and ion-beam
radiations) to the longer time periods relevant to nucle
waste disposal is reviewed.

A. Glass structure and energetics

Nuclear waste glasses are structurally complex.
borosilicate glass contains network formers (Si, Al, B
and network modifiers (alkalis and alkaline earths),
well as large-size, high-valence-state cations (lanthanid
and actinides) that occupy irregular sites of large coo
dination number and that generally are not good gla
formers.182 The oxidation states of ions such as Fe, M
Ce, U, and Pu are variable. The ratio of network forme
to network modifiers is such that the ratio of bridgin
to nonbridging oxygens varies. Boron can exist in bo
tetrahedral and trigonal coordination. Structural studi
on simpler model glasses have produced a consid
able knowledge of short-range order and local coord
nation, but few structural studies have been complet
on simulated or actual nuclear waste glasses themsel
either before or after the accumulation of radiation dam
age. As noted above, there is a need for an improv
method to describe glass structure and for more stru
tural data on all potential HLW glass compositions tha
currently exists.

What is clear is that such HLW melts and glasse
are not very far from regions of glass-glass immiscibilit
inherent to borosilicate glasses and to high field streng
ionic glasses.183 For La2O3 dissolved into potassium sili-
cate glasses, Ellison and Navrotsky182 have argued that
the enthalpy of mixing suggests extensive clustering
incipient phase separation. Radiation-induced change
glass energetics enhance heterogeneity and may trig
phase separation.

Another possible effect of radiation damage in HLW
glasses is mixing. Because atoms are displaced and bo
broken, a more homogeneous structure may result. So
of the volume changes seen in actual waste glasses m
reflect relaxation to a more stable structure.150 A study
of the glass transition in As2Se3 suggests that radiation
damage allows the glass to relax to a lower fictive tem
perature and an energetically more stable state.184 Thus
it is not clear under what conditions radiation raise
the free energy of a glass and in what circumstanc
it allows the glass to find a state of lower free energ
The possible kinetic enhancement of crystallization a
stable phase separation by such bond breaking may
another manifestation of the latter case. Understand
the direction in which radiation-solid interactions driv
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waste glass energetics, toward chemical equilibrium
away from it, iscritical to understanding the long-term
behavior and durability.Another possibility is that, un-
der steady state irradiation, the actual equilibrium sta
may be altered, with different phases being stabilize
The effects of radiation on glass energetics require co
siderable additional study. Because of the possible co
peting mechanisms of defect production and recove
the effects of temperature are likely to be complex.

When either quartz or silica glass is neutron irrad
ated, its energy increases. Quartz expands under irr
ation, while silica glass compacts. Both crystalline an
glassy silica appear to approach a similar (or perha
identical) final density state or plateau characterized
3% densification relative to silica glass and 18 kJymol
excess enthalpy relative to quartz.185 Spectroscopically
and energetically, these irradiated glasses are differ
from fused silica and from pressure-densified silica
comparable density.185–188 Does damage by other forms
of radiation follow similar trends? If radionuclides in
nuclear glasses are partitioned into different glass phas
does the radiation (a-particles, a-recoils, b-particles,
g-rays) result in similar or different changes in physic
and chemical properties? Answers to these questi
(and those posed below) will require a systematic und
standing of the structure, phase equilibria, and energe
of both undamaged and radiation-damaged glasses
range in composition from simple to complex. Obtain
ing this understanding will require the application o
modern characterization techniques to studies of b
nonradioactive and radioactive glasses. These techniq
include, but are not limited to, electron-spin resonanc
nuclear magnetic resonance, Raman spectroscopy,
chrotron radiation spectroscopies, neutron and x-ray d
fraction, analytical electron microscopy, and calorimetr

B. Ionization versus ballistic effects

1. Electron- and X-irradiations

E0-centers in fused silica glass are associated w
ESR (electron spin resonance)-active oxygen vac
cies.189 An early attempt was made to measure the d
placement energy required to form the O-vacancy
fused silica by monitoring the associated optical abso
tion (215 nm) as a function of a given flux of elec
trons at varying energies (0.5–2.0 MeV) normalized
the absorption at 2.0 MeV.190 The concentration of
O-vacancies measured in this manner increased with
creasing electron energy and, indeed, corresponded
most entirely to the energy lost by the electrons throu
ionization processes as they traversed the silica sa
ples. X-ray (50 kV) irradiations for doses matching thos
of the electron-irradiated samples confirmed th
O-vacancies could be produced by purely ionizing
radiation and that the nonsaturating absorption show
http://journals.cambridge.org Downloaded: 31 Oct 2012
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that they involved vacancy creation and not simply th
filling of existing vacancies by electrons. These resu
were later confirmed by Pfeffer191 in studies on thermal
oxides that showed the effects of H in damage anneali
a factor that was noted in prior work.190 Still further
conclusive evidence of the dominant role of ionizatio
in producing actual displacements was provided by t
work of Tsai and Griscom109 who showed that the de-
cay of self-trapped excitons produced by a two-photo
process (6.4 eV excimer laser photons) alone can ca
displacements of O atoms from the silica network. Sim
lar studies of HLW glasses that employ electrons, x-ray
andg-rays are needed to verify whether or not ionizatio
processes are an important mode of radiation damage
these complex HLW glasses, as has been suggested

2. Ion-irradiations

The dominance of ballistic (collisional) processe
over electronic processes for producing ion-beam da
age in fused silica glasses was established in stud
by EerNisse81 and by Presby and Brown.82 Both of
these investigations estimated that ballistic process
are about a factor of 200 more effective in producin
damage than electronic processes in silica glass. T
experimental approach of EerNisse81 (i.e., measuring the
cantilever-beam deflections produced by induced surfa
stress) has been exploited for determining the domina
mechanism for producing defects under ion irradiatio
in a variety of glass systems. The stress data (volu
changes) in fused silica irradiated with incident ions o
varying mass were found to scale with ballistic energ
deposition.81,89 In simple alkali (Na, K) borosilicates,
Pyrex (commercial borosilicate), and soda-lime gla
(microscope slide), the stress values scale with electro
energy deposition.89,120,137,139For the alkali-borosilicate
nuclear waste glasses, PNL 76-68 and DWPF, the da
age from ion irradiation (He, Xe, Pb) also scales wit
energy deposition in electronic processes.89 For a-decay,
this means that the 5 MeVa-particle, which loses
most of its energy through ionization events, may b
of greater importance rather than the 100 keV hea
recoil in causing permanent radiation damage in HLW
glass compositions. It should be noted that the saturat
values for stress in the implanted nuclear waste glas
occur for deposited energies equivalent to 108 –109 Gy.
Although ionization appears to be the dominant radiatio
damage process for borosilicate waste glasses un
high-dose-rate electron and ion bombardment, this m
be established for the much lower dose rates that act
glasses will experience froma and b decay.

C. Relaxation processes and diffusion
1. Relaxation processes

The subject of relaxation phenomena in glass is
complex one, and the effects of radiation must furth
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complicate the process. At the glass transition tempe
ture, Tg, the fundamental enthalpy relaxation time
about 100 s. AboveTg, radiation should have little ef-
fect on the properties of a glass because of the sh
time scale (,100 s) on which radiation damage is re
laxed. NearTg, the stabilization of the glass structure wi
greatly reduce the mobility of any species that are not
decoupled from the glass structure; this is presuma
related to the rapid decreasing probability of percolati
paths for such species as the glass structure compa
The overall structure of the glass becomes relativ
fixed at temperatures much belowTg; however, certain
modes of motion remain active. These are modes t
have been split off (decoupled) from the principal stru
tural relaxation modes during cooling within the liqui
state and continue to be active in the glass. The b
studied of such modes are those due to small, lo
charged ions such as Li1, Ag1, and (in fluoride glasses)
F2, which can move via low activation energy pathwa
within the liquid and, at lower temperatures, within th
glass structure. Most data come from conductivity stu
ies, though NMR and diffusivity have also been studie

Similar decoupling processes must occur for the m
bility of network modifiers, especially the alkalis, an
for the gas atoms or molecules (i.e., He and O2) that are
generated. The decoupled motion of these species sh
persist to temperatures much lower thanTg. Understand-
ing the motion of alkali ions and gas species in relation
the structural relaxation of the glass is especially lac
ing. Radiation may affect alkali mobility, as discusse
below, and this should be studied by diffusion, electric
conductivity, and NMR measurements of original an
irradiated glasses. The understanding of transport pr
erties in a glass under a strong radiation field should
investigated using both computer simulations and exp
imental techniques. There are no studies of these ty
of decoupling processes over long periods of time.

2. Diffusion

Both ionizing and displacive radiation can enhan
the diffusion of ionic and gaseous species in the gla
This is because “bottlenecks” in the glass structure c
be temporarily opened or reorganized either by loc
ionization (modifying Coulombic barriers) or by dis
placement of blocking species—or simply by short-ter
local heating due to nearby radiation tracks. Radiatio
induced expansion of the glass structure may also l
to enhanced diffusion of some species. In some glas
however, radiation can cause annealing that would n
mally lead to decreased mobilities for small ions an
gaseous species. As2Se3, for instance, can be annealed
a lower enthalpy state under neutron radiation belowTg

than could be obtained by normal thermal annealing.184

Which conditions will apply to the glass composition
http://journals.cambridge.org Downloaded: 31 Oct 2012
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under consideration for radioactive waste disposal c
be determined only by experiment.

Marked modification of the near-surface alka
concentrations in electron-irradiated glasses is w
known (e.g., it is a disturbing feature of Auger electro
spectroscopy).192–194 For these effects, the changes i
alkali compositional depth profiles appear to be govern
by ordinary and electric-field assisted diffusion where th
electric field is a function of the irradiation depth bot
for electron- and proton-irradiated glasses.194,195 The
surface depletion of alkali results in an accumulatio
of alkali at a depth roughly corresponding to the ele
tron range.122,123 For MeV proton-irradiation, the alkali
movement is from the irradiated depth toward th
surface, resulting in an abnormal surface concentrat
of alkalis. The early stages of nuclear waste gla
dissolution involve ion exchange reactions (e.g., Na$

H3O), thus near surface increases in the alkali conte
may affect the dissolution rate.

For heavy-ion irradiations, alkali ions are remove
from depths corresponding to the heavy-ion range, a
for continued irradiation to high fluences, the entire nea
surface region can be depleted of alkali ions to dept
exceeding the ion range.121 These heavy-ion effects
have been interpreted using a phenomenological mo
based on radiation-enhanced migration over the incide
ion range and preferential sputtering of the alkali
the surface.

Almost all the studies to date of radiation-enhance
alkali diffusion have involved high dose rate irradiation
with electrons or ions. Actual nuclear waste glasses w
be exposed to much lower radiation dose rates. Only
the study of Yamashita and Matzke171 has the radiation-
enhanced diffusion of Na been studied under mo
realistic dose rates witha-particles emitted from244Cm
and 239Pu sources. In this case, Na depletion, which
observed in this glass under electron irradiation,172 is
not observed under the much lower dose-rate conditio
and the enhancement of Na diffusion is estimated to
no more than a factor of 2 to 5 at temperatures belo
150 ±C. Although similar studies are needed for othe
glass compositions, this work highlights the need f
studies at realistic dose rates combined with a thorou
understanding of dose rate effects on various process

D. Temperature and dose rate effects

Accelerated irradiation methods must be used
achieve repository relevant doses in laboratory tim
frames. These methods include incorporation of ac
nides,g-irradiation, electron irradiation, and ion irradia
tion. At the high dose rates employed under electron a
ion irradiations, the effects of irradiation are observe
at much higher temperatures because the high dam
rates overwhelm the thermal recovery processes. T
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effect is mitigated to some extent by the irradiatio
assisted recovery processes that are also observed u
electron and ion irradiations. One of the key questions
Is there a dose rate below which the effects of dose r
are negligible? A systematic, integrated understand
of dose-rate effects is required for the extrapolation
data obtained using accelerated methods under high d
rates to the actual long-term, low dose rate behavior
nuclear waste glasses.

A detailed study196 of radiation-induced amor-
phization in zircon showed an excellent correlatio
between heavy-ion (Kr and Xe) irradiations at 25±C and
a-decay effects at ambient temperature in238Pu-
containing synthetic zircon (6.5 years old) and UyTh-
bearing natural zircons (570 million years old),
difference in dose rates of over 1013. This correlation is
observed in the temperature regime where amorphiza
of zircon does not exhibit significant temperatu
dependence, which suggests that dose-rate effects
not be important at temperatures where the dam
is temperature independent (i.e., recovery processes
negligible). Such correlations have not yet been shown
irradiation damage studies of glasses, and temperat
independent regimes for irradiation damage in HL
glasses have not been identified. If radiation effe
in HLW glasses exhibit some temperature depende
at the anticipated storage temperatures, then dose-
effects will generally be important.

E. Radiation-induced transformations

Possible radiation-induced phase transformations
clude phase separation, devitrification, and amorphi
tion of crystalline phase impurities present in the gla
or formed during cooling.

1. Phase separation

Phase separation (immiscibility) occurs over a lim
ited temperature-composition domain. The curve (s
face) that delimits the one phase (homogeneous) from
two phase region is termed the binodal. The temperat
associated with the highest binodal temperature is term
the consolute (or critical) temperature, and is denoted
Tc. AboveTc, the single phase liquid is the equilibrium
state for all compositions. IfTc occurs above the liquidus
temperature (Tl), then the portion of the immiscibility
region that occurs aboveTl is stable, and the equilibrium
state corresponds to the two liquid phase region. T
portion of the immiscibility domain that falls belowTl

is metastable, since the two liquids do not correspo
to the equilibrium state. Hence, in regions of metasta
immiscibility, further phase transformations are possib
Stable immiscibility usually is produced quite rapidly
thus, it is exceedingly difficult to avoid (even by rapi
quenching methods).
http://journals.cambridge.org Downloaded: 31 Oct 2012

1966 J. Mater. Res., Vol. 1
-
der

s:
te
g
f
se

of

on

ay
ge
are
in
re-

ts
ce
ate

n-
a-
s

-
r-
he
re
ed
y

e

d
le
.

Phase separation is of importance since it can
deleterious to the chemical durability of the glass. D
pending upon chemical composition, phase separat
can produce two types of morphologies: (i) an interco
nected structure, or (ii) a droplet structure in a continuo
matrix.197,198 If immiscibility occurs and a structure of
type (i) is formed, or a structure of type (ii) results i
which the droplets correspond to the more durable pha
then phase separation will result in a degradation of t
chemical durability of the glass.

Since many nuclear waste glasses are comp
sodium borosilicate (NBS) based glasses, it is of inter
to briefly review the phase separation behavior of NB
glass. The NBS system exhibits a broad region (
partially stable) immiscibility extending up to abou
16 mole % soda and for nearly all SiO2 compositions
in excess of 20 mole %.199,200 Phase equilibrium studies
have indicated that typically one phase is an extrem
silica poor phase which possesses inferior chemi
durability, and the other is a chemically durable pha
consisting nearly of pure vitreous silica. Thus, a
discussed above, there exists a wide compositio
range for which NBS glass durability will be degrade
by immiscibility. This undesirable feature is furthe
exacerbated by the fact that most fission products te
to partition into the less durable glassy phase.

Thus, one important scientific issue pertains to t
influence of glass composition upon immiscibility be
havior. Although considerable work has been perform
upon the influence of divalent and trivalent ions upo
phase separation in alkali borosilicate glass system
much less is known concerning the effects of catio
of valence four or greater on phase separation in su
systems. A second issue relates to the lack of informat
regarding the influence of melting history upon the exte
and nature of phase separation in these glasses. Mel
time, temperature, redox conditions, and cooling rat
are several specific factors which strongly influen
immiscibility behavior, especially if the composition
contains cations which can occur in more than o
valence state (e.g., Fe, Pu, U). The valence states and
effects of irradiation on the valence states can be stud
by electron spin resonance techniques. For example
the total iron in a glass sample should be known,
ESR determination of the Fe31 content can be sufficient
to determine the Fe31yFe21 redox ratio.201

An important consideration is the influence of th
radiation field and the radiation products upon phase s
aration. There are scant data detailing radiation-induc
changes in composition or compositional redistributio
because few of the requisite studies appear to ha
been done. Radiolysis in the TEM has been observed
induce phase separation (possibly spinodally) in a PN
76-68 waste glass into silica-rich and heavy-metal-ri
components,132 and also to sharpen initially diffuse phas
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boundaries in a K2O–Al2O3 –CaO– SiO2 glass derived
from earlier spinodal decomposition.202 Because phase
separation is known to occur thermally in both the
glasses, it is likely that radiation-enhanced diffusion sim
ply accelerates the process. The potential for irradiati
to induce phase separation more generally in otherw
stable glass compositions is presently unknown; ho
ever, implantation of 2PbO–P2O5 glass with P1 ions
has been shown to result in phase separation of Pb-
regions.203

Even if the as-prepared glass does not exhibit pha
separation, radiation effects could induce immiscibilit
especially if the glass composition lies in the vicinit
of a region of immiscibility. Several possible condi
tions could produce this effect. First, collision cascad
could produce high energy states characterized by
altered number of nonbridging oxygens and a chan
in average boron coordination number. This state co
be metastable with respect to a two-phase (nonequi
rium) state, and phase separation could ensue abe
by radiation-enhanced diffusion. A second possibili
is that radiation-induced heating could cause select
volatilization, thus altering the glass composition. If th
as-prepared composition is near a region of immiscib
ity, then this composition shift could produce a glas
of composition within the binodal. Furthermore, th
elevated temperature would enhance the phase separa
kinetics. Finally, one must consider the influence of th
radiation products. Since the radioactive decay proc
alters the glass composition, one must consider
immiscibility behavior of systems which contain new
chemical components. The above effects must not o
be examined individually, but also the possibility o
these influences acting in a synergistic fashion mu
be studied.

The discussion given above suggests the need
experimental investigation of the thermodynamic an
kinetic aspects of phase separation in unirradiated a
irradiated glasses. One should investigate three type
glass with compositions of increasing complexity. Th
simplest glass should be a binary glass composition t
exhibits phase separation, and whose thermodyna
and phase separation features are well characterized.
influence of radiation upon a composition that falls
the vicinity, but outside, of the binodal should be in
vestigated. The composition of intermediate complex
should be a 4 or 5 component NBS based composit
which contains at least one cation which can assu
two (or more) valence states. For this glass, one sho
investigate the influence of melting conditions and com
positional excursions on immiscibility behavior, as we
as the influence of radiation effects, especially ionizati
effects. The most complex glass composition should
a multicomponent prototype waste glass compositio
This composition should be examined in a manner th
http://journals.cambridge.org Downloaded: 31 Oct 2012
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would be dependent upon the information gained fro
the studies of glasses of intermediate complexity. Pha
separation can be monitored via the use of electr
microscopy (TEM and SEM), selective phase etchin
and small angle x-ray scattering (SAXS). For the mo
reliable experimental study, one should use a combi
tion of these techniques.

2. Devitrification

The formation of crystalline phases (devitrification
during cooling of the waste glass from the melt tem
perature is generally undesirable, as it often leads
decreased chemical durability.204 Waste glass composi-
tions are generally optimized to minimize the formatio
of such crystals. The center line cooling rate of th
glass is on the order of 10±Cyh until the tempera-
ture reaches 200 to 250±C, at which time self-heating
from radionuclide decay slows the cooling rate. Th
temperature of the glass will generally fall to below
150 ±C after several hundred years. Devitrification i
waste glass compositions is not observed in laborat
studies below 525±C204; consequently, devitrification is
generally assumed not to occur once the glass is pla
in storage. Radiation-induced devitrification has not be
observed in any borosilicate glasses studied to da
Near the glass transition temperature, radiation-induc
devitrification may be more probable as radiation inte
action processes provide additional energy to overco
any activation barrier. However, at repository-releva
storage temperatures, radiation-induced devitrification
less likely. The only exception to this would be th
precipitation of alkali metal crystals, such as Na, du
to radiolytic decomposition and diffusion.

3. Amorphization of crystalline phases

High-level waste glasses being produced at DWP
and WVDP will not contain a significant amount of sec
ondary crystalline phases according to current acce
ance criteria. Such restrictions on secondary crystall
phase formation could be relaxed for glasses propo
for immobilizing HLW at Hanford and the Idaho Na
tional Engineering Laboratory or for glasses propos
for plutonium disposition. If such crystalline phases a
present and radionuclides partition preferentially in
these phases, then radiation effects in the crystall
phases will be an issue. Alpha-decay induced am
phization of such crystalline phases has been previou
observed25,156 and is accompanied by volume change
that can exceed 15%,32 which can lead to microcracking.
There are a significant amount of data and understa
ing of amorphization in crystalline phases, as this is
active area of research,32,205 that can be used to predic
the effects of radiation on such phases.
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F. Volume changes

At low to intermediate dose levels, there is a si
nificant amount of data on radiation-induced volum
changes in glasses ranging from fused silica to co
plex borosilicate waste glasses, as discussed above.
volume changes in bulk-irradiated specimens (actinid
containing, g-irradiated, or neutron-irradiated) can b
determined easily from density changes. For electr
or ion irradiations, the cantilever-beam technique81 has
been used very successfully. The radiation-induced v
ume changes are the result of the accumulation
point defects, network rearrangements and rebond
and the development of microstructural defects su
as gas bubbles and voids. At relatively low dose
the accumulation of point defects in both simple an
complex glasses, as observed by ESR, spectrosc
techniques, and stored energy, reaches steady state
fect concentrations without significant volume chang
(Figs. 7 and 10). Following the saturation of the simp
defect concentrations, the compaction or expansion t
is measured is generally within the range of61.2%.
Whether compaction or expansion occurs at low
intermediate dose levels may be largely dependent
composition, processing conditions, and whether or
phase separation occurs. These changes are prob
the results of network rearrangements and rebondi
as suggested by Devine.60 They also may be associate
with the radiation-enhanced equilibration of the gla
to its ideal density for the given composition.150 Few
data are available on the effects of temperature
volume changes. A more fundamental understand
of the compaction or expansion that occurs at the
dose levels is desirable in order to model and pred
behavior at larger doses, such as expected for Pu dis
sition. Significantly larger compaction at higher doses
probably not feasible, unless there is radiation-induc
devitrification. Volume expansion of the compacted
expanded structures, however, can result at higher do
from the formation of gas bubbles or voids as a res
of the He that is generated froma-decay and/or the
radiolytically generated O2. More experimental research
is needed on the volume changes at higha-decay doses
as a function of temperature in glasses for Pu and ot
actinide disposition, and temperature dependent mod
are needed to describe the network rearrangements
formation of bubbles or voids.

G. Gas accumulation and bubble or void
formation

The oxygen vacancy centers, nonbridging oxyge
and neutral alkali atoms, together with He atoms (ge
erated froma-decay) and possibly molecular oxyge
from disproportionation, comprise theobservablepri-
mary defect spectrum of alkali silicate-based glass
http://journals.cambridge.org Downloaded: 31 Oct 2012
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Other point defects, which are not observable spect
scopically, could be generated byb –g radiolysis and
transiently in the displacement cascades accompany
a-recoil. These defects and gas atoms/molecules can
fuse, interact, and aggregate to become trapped at def
or form bubbles/voids. Existing models206 developed for
bubble growth in metals under irradiation can probab
be modified to model the phenomena in glasses.

As noted above, radiation damage in alkali silicate
may produce clusters of alkali atoms and evolution
oxygen gas as endproducts of a complex series of defe
involving peroxide and superoxide ions. In addition t
potential problems of gas bubble formation, such deco
position can create compositional heterogeneity in t
glass. An important issue is whether similar process
occur in complex waste glasses and do they lead
the formation of bubbles or voids? The applicatio
of electron spin resonance, Raman spectroscopy, a
other advanced characterization techniques to radiat
damage studies of complex waste glasses will assist
answering these questions.

There is no debate over whether or not bubbl
form under electron and ion irradiation; the only contro
versies are whether or not bubbles actually form und
g-irradiation and whether or not the electron- and ion
irradiation results are relevant. Surprisingly, there h
been no research effort to resolve these controvers
which have lingered for nearly a decade, despite t
fact that careful experimentation could probably lea
to resolution. There are three important points from th
g-irradiation studies of bubble formation that are impo
tant to note. First, the minimum electron fluence (aroun
5 3 1020 eym2) to image 5 nm bubbles in a TEM
amounts to an ionization dose of about 107 Gy,207 or
about 1000 times less than the electron dose to nucle
bubbles; thus, it appears that electrons can indeed
used to monitor bubbles formed byg-irradiation, though
carefully controlled confirmatory experiments must b
performed. Second, the uniform density of smaller bu
bles produced in theg-irradiated glasses is significantly
different than the highly localized larger bubbles pro
duced in a focused electron beam. It is possible thatg-
irradiation causes the nucleation of small bubbles mo
effectively, perhaps because of the longer irradiatio
time (five orders of magnitude smaller dose rate). Thir
in the limited studies to date, bubble formation und
g-irradiation generally occurs at temperatures whe
bubbles are difficult to form by electron irradiation
which is consistent with expected dose-rate behavi
Consequently, in the absence of scientific understand
and based on data in the literature, it seems very proba
that bubble formation could occur in HLW glasses as
result of ionization damage fromb –g radiation. The
issue of whether or not oxygen bubbles form in HLW
glasses under actual storage conditions must be resol
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le
scientifically; otherwise, in any performance assessme
one must assume some finite probability for bubb
formation and potentially large volume changes, perha
as high as the 50% volume change85,135,149 observed
under electron irradiation. A detailed investigation
glasses irradiated withg-rays over a broad range o
temperatures is needed to resolve this issue.

Alkali, particularly Na, mobility and depletion has
been linked to bubble formation. Due to the high m
bility of alkali, any chemical potential gradient wil
cause some alkali depletion. Consequently, the effe
of thermal, electric field, and stress gradients on bu
ble formation should be investigated as a function
temperature in an ionizing radiation field.

The relevance of the electron- and ion-beam resu
is more difficult to address. The ion-beam results a
certainly relevant toa-particles and suggest that th
a-particles will generate radiolytic oxygen, in additio
to helium, which under the appropriate temperatu
and dose-rate conditions can lead to bubble or v
formation. Similar studies need to be performed ove
temperature range that encompasses the actual sto
temperatures. The electron-beam results do provid
means to evaluate whether or not bubbles can fo
under the TEM conditions used to examineg-irradiated
samples. Electron irradiations also can be used to rap
determine any temperature dependence; however, s
studies should include a careful investigations of do
rate effects.

Bubbles must be distinguished from voids and voi
that contain only a few gas molecules. Gas molecu
(He and O2) accumulating interstitially soon generat
physically unrealistic strains, and it is more likely tha
oxygen molecules from radiolytic decomposition acc
mulate in voids or cages effected by network structu
rearrangements or alkali loss. In alkali halides, for e
ample, excess halogen molecules are accommodate
cation-anion vacancy pairs, whose aggregation in tu
generates voids filled with halogen.208 The difference
in specific volumes of vacancy pairs and molecul
renders Cl2 bubbles in NaCl or KCl under very high
pressure (probably as highly strained fluid inclusion
but iodine in KI in a strain-free state.209 Inclusions of
different charge density are most efficiently imaged
TEM by Fresnel (out-of-focus) contrast independent
matrix crystallinity, and strained inclusions in crystallin
matrices by Bragg (diffraction) contrast. In aperiod
glasses, the latter contrast mode is not available
image strain fields and thus distinguish empty or pa
tially filled cavities from high-pressure bubbles. Th
use of small-angle neutron and x-ray scattering c
be used to measure microstructural changes, such
voids and bubbles, and with careful experimental desi
it may be possible to distinguish gas-filled bubbl
from voids.
http://journals.cambridge.org Downloaded: 31 Oct 2012
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H. Chemical durability

Radiation can affect the release rate of radionuclid
from waste glasses by increasing the surface area
radionuclide release (microfracturing) and by changi
the dissolution rate of the glass. The extent of th
radiation-induced microfracturing will depend on dif
ferential volume changes, microstructure, and mech
ical properties. Presently, there are insufficient data a
understanding available to predict the extent of radiatio
induced microfracturing in HLW glasses, except to no
that it can be expected to occur, especially as a res
of radiation-induced differential expansion of phas
separated regions or any crystalline phases that may
present in the glass.

The actual dissolution rate of nuclear waste glass
may be affected by the radiation-induced chang
in chemistry, microstructure, network bonding, an
along radiation-damage tracks. As noted above,
changes in leach rates due to radiation-induced structu
changes range from insignificant to significant, an
the effects of radiation on radionuclide release a
highly controversial. This will be resolved only by
detailed studies of the changes in structure and leach
studies that combine elemental analysis and isoto
analysis of nuclides in solution. It is clearly important t
understand the relationship between the radiatio
induced structural changes and enhanced dissolut
The actual radionuclide release rate will depen
on geochemical conditions (e.g., presence or a
sence of silica-saturated solutions) and glass-canis
interactions,6 which need to be studied. Similarly, the
effects of elevated storage temperatures on the radiat
enhanced dissolution cannot be predicted at this ti
and should be investigated. Higher temperatures co
promote recovery processes. However, bubble format
and phase separation could be enhanced at elev
temperatures, and the effects of these structural chan
on dissolution rates need to be understood. It
equally important to perform studies at the much high
cumulative doses that will be experienced by glass
for Pu and other actinide disposition. In this regar
the release rate of alpha-decay daughter products (e
235U) can be expected to be higher than that of the par
nuclide (239Pu) due to the damage track formed by th
recoiling daughter. Although this has been observ
in several glass and crystalline systems, it shou
be confirmed for nuclear waste glass composition
Understanding this behavior would benefit greatly b
detailed characterization of the local structure arou
the actinides using techniques such as extended x-
absorption fine structure (EXAFS), site-selective las
spectroscopies, and anomalous x-ray scattering (AX
In general, AXS will be more powerful than EXAFS
for measurements of this type; it provides reliab
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quantitative information, and probes the structu
associated with second and higher neighbors that
almost impossible to obtain on disordered materi
with EXAFS.

I. Theory and computer simulations

Theory and computer simulation or modeling ca
provide an explanation or interpretation of macroscop
processes in terms of the underlying atomistic mech
nisms. The noncrystalline nature of glass, coupled w
the inherent chemical complexity of the waste glass
suggests that theory and simulation are essential
complement the range of experimental techniques n
available. Only through modeling can the complex pro
esses be analyzed, and only through theory can
accelerated test procedures be understood well eno
to serve as the basis for the extrapolation of mode
behavior over long periods of time.

Atomic-level simulations of radiation effects in
metals, intermetallics, and semiconductors is an act
area of research.210 Quantum mechanical and empirica
models of atomic bonding, energy minimization
molecular dynamics (MD), and Monte Carlo (MC
methods can be used in atomic-level calculatio
of radiation damage processes in crystalline (a
amorphous) materials.211 Energy minimization is limited
to zero Kelvin but is widely used to study structure
stable defect configurations, and energy minima
defect motion. Static defect properties as well
dynamic processes on the order of picoseconds can
modeled by MD simulations. Molecular dynamics can
used to study defect formation and migration energi
damage mechanisms, and defect production proce
in cascades. Monte Carlo techniques, which pred
behavior from a random sampling of initial states, a
useful for calculating damage distributions (e.g., Figs
and 5), thermodynamic equilibrium structures an
properties, phase separation, and long-range diffusio

As noted, atomic-level simulations of radiatio
effects have focused largely on metals, intermetalli
and semiconductors, and the consistent conclusions f
these studies are that a liquid-like core is genera
during an intense collision cascade. This subseque
relaxes back to the crystalline structure, but with
larger than equilibrium number of defects, such
vacancies and interstitials. These tend to aggreg
forming vacancy loops and clusters of interstitials. In
study of glassy metals, Mattilaet al.212 concluded that
there is melting around the core of the cascade, as
crystalline metals, but this melted region does not re
back to the original structural state, producing instead
permanent structural change in these glassy metals.

Computer simulations of radiation effects in amo
phous silica and complex silicate glasses are gener
http://journals.cambridge.org Downloaded: 31 Oct 2012
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more complicated because of the presence of more th
one atom type, mixied ionic-covalent bonding, comple
structures, and stoichiometry effects. Effective inte
atomic potentials for amorphous silica have been d
veloped and used in MD simulations of displaceme
cascades213 and to calculate the structure, density, he
capacity, and compressibility.214 Molecular dynamics is
especially useful in modeling glass structures, since
does not require the precise structure to be given as inp
MD simulations of the structure of lead silicate215 and
alkali silicate216 glasses have been shown to reprodu
experimentally measured bulk structural features, such
interatomic distances and average coordination numbe
With the development of appropriate interatomic pote
tials, it should be possible to model the atomic stru
ture and simulate both diffusion and radiation effec
in more complex silicate glasses. For multicompone
silicate (or phosphate) glasses, the amorphous struc
raises several problems. First, it may be necessary to lo
at a number of different structural arrangements (e.
presence of more than one type of network215). Secondly,
the amorphous systems have networks that require an
dependent forces, so simple potentials will not suffic
This is less of a problem for the network modifiers
which do not form part of the network itself. While MD
simulations of complex glasses is in an early stage of d
velopment, it has been shown that a number of ion tran
port properties, such as alkali ion migration energies, c
be calculated in multi-component silicate glasses.217,218

Such calculations of network modifier motion rationaliz
the compositional dependence in terms of the structu
features of the simulated structures. In addition, it h
been shown that MD simulations of multicomponent sil
cate glasses can be used to calculate a number of m
urable structural properties, including density, therm
expansion coefficient, and viscosity.217,218

Delaye and Ghaleb219 have modeled a simplified
(5-component) waste glass using pair potentials mod
lated by 3-body terms for certain components (SiO2,
B2O3, Al2O3). Simulations of displacement cascad
events have been performed in this model waste gla
and provide information about ion displacements an
consequent structural rearrangement of the glass.220–222

Oxygen and sodium were the most frequently displac
atoms in the simulations of cascade events in th
simplified waste glass. This observation is consiste
with simulations of cascades in amorphous silica, whe
oxygen atoms are predominately displaced.213 These
initial computer simulation studies suggest that a casca
in a simplified borosilicate waste glass drives alka
atoms to the edge of the cascade and increases the r
of trigonally to tetrahedrally bonded boron, thus als
creating more nonbridging oxygens and diminishing th
network connectivity. The calculations also highlighte
the difficulty of defining a displacement when there
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no reference crystalline lattice. Electronic excitations a
not currently taken into account in these simulations.

Changes to the glass structure as a result of casc
events can be quantified from simulations, and su
structural changes should be investigated by spect
scopic and diffuse scattering techniques, as well as
changes in physical properties. This is an example of t
very desirable interaction of modeling and experimen
Molecular dynamics can be used to estimate directly t
observable consequences of radiation damage in glas
In some cases, other calculations may be needed,
spectroscopic changes would need electronic struct
calculations as well. It is therefore important to exten
existing simulation work on structure and diffusion in
oxide glasses to the area of radiation effects and
expand on the use of MD simulations to study cascad
in complex glasses, as in the work of Delaye an
Ghaleb.221,222

An important issue concerns the complexity of th
waste form glass systems. Here one is concerned w
two types of structural detail: the large number o
different species and the nature of the charge state
the key components. In particular, the actinides c
occur in several different charge states, as can
Fe and Ti, which are invariably found in the wast
stream. The charge state issue is just one of the ar
in which the behavior of the electron is crucial. A
complete understanding of the mechanisms associa
with radiation effects must also include an explic
consideration of the behavior of electrons and hole
This means that one must move beyond purely classi
techniques. For example, network ions and defect spec
may change their charge state during the damage pr
esses. Electronic excitation can also lead to damage
different molecular species through chemical process
involving excited electrons, such as in the formatio
of peroxy radicals or superoxide ions discussed abo
It is possible to speculate that in the center of th
a-recoil cascade excited state dynamics will influenc
both defect formation and ion transport, while the ener
is carried away by both photons and electrons. T
electron displacements may be greater than ion mo
ments, and this kind of charge redistribution may lea
to the buildup of electric fields at both microscopic an
mesoscopic length scales, causing additional separa
of charges, either of electron-hole pairs, or of positiv
and negative ions. The effects of this on the structu
rearrangements in a cascade event need to be consid
because the motion of charges is heavily influenced
electric fields.

The importance of electronic processes in radiatio
effects is obvious, but the nature of these processes
their influence over structural changes is far less cle
Given that the spatial extent of the electronic process
http://journals.cambridge.org Downloaded: 31 Oct 2012
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may be substantial (electron mean free paths of 1 nm
not long, but access many sites), and that the host glas
will contain a variety of aliovalent ions (such as trans
tion metals from the waste stream and, of course,
actinides), it is necessary to understand the nature of
charge states of these species, since electron transfe
actions also underlie chemical durability properties. T
objective of the theory here is to understand the natu
of the charge states and their role in structural stabili

As with any theoretical approach, the issue of “va
idation” is critical, if the techniques are to be predictiv
and significantly more than just a rationalization o
empirical observations. The use of structure as one t
is attractive for a number of reasons. Firstly, give
that atomic positions are a natural product of MD,
can be used to predict the macroscopically measura
properties, such as the neutron total correlation fun
tion, T srd, which is available from diffraction studies
Similarly, EXAFS spectra may be calculated from th
simulations. In fact, the simulations offer a natural lin
between all the experimental probes of structure. Th
offer a route to develop a picture of the structure whic
is consistent with all the available experimental dat
Reverse Monte Carlo methods that have been applied
oxide glasses223,224 can be used for waste form glasses

Another approach useful in “validation” is thermo
dynamic. Many of the quantities of interest are energie
and one must have confidence in the predictions
energies from simulations. These are a by-product
MD simulations, although other methods may be mo
accurate once the geometry is defined. The energ
might be the relative stability of different phases, o
whether or not dissolution is exothermic. Some wo
in this area has been done for crystals,225 but not yet for
glasses. In addition, defect and ion migration energ
are of considerable interest. For example, Cormack a
Cao217 have shown that the mixed alkali effect in multi
component glasses is reproduced by MD simulation
and changes in sodium ion activation energy as a fu
tion of Al content also mirror experimental trends
suggesting that the structural geometry for these glas
is basically correct.

Advancements in the simulation and modeling
radiation effects in complex glasses will require the a
plication of different methodologies.Ab initio methods
can be used to develop improved interatomic potenti
and to investigate the electronic state of small structur
MD simulations with improved potentials can be use
to model the radiation damage state and defect en
getics; however, it will be important to include new
methodolgies, as they are developed, that allow el
tronic excitiations and changes in charge state. An i
portant goal, however, is the modeling and simulatio
of the effects of time and temperature on the dama
state, defect interactions, diffusion, relative energy sta
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and evolution of microstructure (e.g., bubbles and void
This will require Monte Carlo methods and theore
cal models to investigate the effects of multiple radi
active decay (damage) events and defect diffusion a
annealing on damage accumulation and microstructu
evolution on longer time scales and macroscopic s
tems. For example, mathematical rate theory, similar
that used to describe microstructural evolution in cry
talline materials,226,227 could be applied to the formation
of bubbles in complex glasses. In addition, methods ne
to be developed to incorporate defects detected spec
scopically, incorporate potential gradients (e.g., stre
thermal, electric field), define a displacement, calcula
property changes (e.g., stored energy), and allow co
paction or expansion of the structure. An important ou
come should be the development of predictive models
radiation effects in complex glasses that can be combi
with atomistic theories/models of glass dissolution.

V. RESEARCH FACILITIES

Research facilities needed in order to investiga
the effects of radiation on glasses for HLW or P
disposal range include actinide research laborator
g-irradiation facilities, and modern electron- and ion
irradiation facilities. For actinide research, the radiatio
effects accumulate continuously over long times, a
in situ measurements under controlled conditions (te
perature, thermal gradient, stress, etc.) are possible
perhaps less necessary than for accelerated techniq
In situ measurements are possible in manyg-irradiation
facilities, ion-beam irradiation facilities, and electron
beam or electron microscopy facilities.

Many modern research techniques and facilities
available to the materials science community that p
vide unique opportunities to systematically investiga
radiation effects in nuclear waste glasses. The techniq
range from probes of the local atomic environme
to bulk characterization and make use of major us
facilities with accelerator-based photon sources, neut
scattering facilities, and high-energy or high-resolutio
electron microscopes. These techniques and facili
need to be made available for the study of radiati
effects in radioactive materials, including those conta
ing actinides.

A. Actinide research facilities

Modern laboratories that perform research on a
tinide containing materials are very limited. Many labo
ratories with capabilities to handle radioactive materia
including actinides, have been shutdown on the DO
sites as a result of the transformation from weapons p
duction to environmental remediation. The capabiliti
to handle and study actinides are decreasing each y
It is therefore disturbing that with the 33 metric ton
http://journals.cambridge.org Downloaded: 31 Oct 2012
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of plutonium residue and scraps, 50 to 100 metric to
of weapons grade plutonium, and 650 metric tons
plutonium in spent commercial nuclear fuel to be stab
lized, stored, and sent to disposal that there are so f
laboratories equipped with modern analytical capabiliti
to handle radioactive materials. Fortunately, many of t
advanced characterization techniques (e.g., ESR, neu
scattering, Raman spectroscopy, and NMR) can han
encapsulated materials, but these instruments are o
located in laboratories where radioactive materials a
no longer allowed. There is, unfortunately, no cen
tral multiuser facility for handling radioactive materials
particularly actinides, with all the necessary characteriz
tion facilities; consequently, detailed characterization
specimens often requires shipping from site to site an
in some cases, re-encapsulation for each technique.

B. Gamma irradiation facilities

Several 60Co gamma irradiation facilities exist at
DOE sites; these include the Pacific Northwest Nation
Laboratory, Sandia National Laboratories, Argonne N
tional Laboratory, and the Savannah River Site. Seve
of these sites have been used in instrumented studie
glass corrosion. Studies of the effects of temperatu
thermal gradients, stress gradients, and electron fie
are feasible.In situ optical and electrical measurement
are also feasible. In many of these60Co facilities the
gamma field is nonisotropic. More isotropic gamm
fields are possible using spent fuel, particularly the spe
cylindrical fuel at HFIR, which is hollow along the
cylindrical axis. Understanding ionization damage i
HLW glasses fromb-particles andg-rays would benefit
immensely from controlled temperature studies andin
situ measurements of glass specimens ing-facilities.

C. Ion-beam irradiation facilities

There are numerous ion-beam irradiation facilitie
at DOE sites, universities, and industry laboratorie
Some include dual and triple beam capabilities th
allow simultaneous irradiation with several species,
as to simulate both the alpha particle and the rec
nucleus that are produced during alpha decay. The
multibeam facilities also allowin situ ion-beam charac-
terization (Sandia National Laboratories and Los Alam
National Laboratory228) or electron-beam characteriza
tion (IVEM and HVEM facilities at Argonne National
Laboratory229). The ion-beam analysis techniques, whic
are primarily used to measure changes in near-surfa
chemical compositions, include Rutherford backscatte
ing (RBS), elastic recoil detection (ERD), nuclear rea
tion analysis (NRA), and particle-induced x-ray emissio
(PIXE). Light elements that are usually difficult to detec
with RBS are easily measured with ERD methods. In a
dition, microbeam capabilities would allow the analys
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of phase separated regions. These ion-beam irradia
facilities also could be equipped within situ optical
characterization. A cantilever-beam apparatus89 is avail-
able (Sandia National Laboratories) for measurements
volume changes induced by ion-beam irradiation. The
are also a number of ion-beam irradiation facilities
universities (e.g., University of Michigan, University o
Illinois, and Alabama A&M University).

D. Electron-beam irradiation facilities

High-voltage electron microscopes, such as those
Argonne National Laboratory and Lawrence Berkele
National Laboratory, can be used to simulate hig
energy beta particle damage. Conventional electr
microscopes that operate in the range of 100 to 400
can also be used to simulate beta particle dama
Unfortunately, these facilities have extremely high do
rates as compared with the damage rates in glas
containing HLW or actinides, producing in microsecond
the equivalent damage of 1000 years storage. Ot
useful facilities may be the pulsed electron-beam fac
ities at Argonne National Laboratory and Brookhave
National Laboratory.In situ characterization capabilities
include time-resolved EPR and fluorescence, and ot
capabilities could be added.

VI. RESEARCH NEEDS

There are many scientific issues to be resolved
order to advance the understanding of radiation effe
in complex glasses and to provide for predictive mo
eling of nuclear waste glass behavior over long perio
of time. In this section, recommendations for resear
priorities are summarized from the previous discu
sions. The primary objective of these recommendatio
is to develop fundamental knowledge and models
radiation-glass interactions at the atomic, microscop
and macroscopic levels in order to provide for th
evaluation and performance assessment of glass wa
forms used for the immobilization and disposal of high
level waste and weapons-grade Pu.

A. Reference glass compositions

Because so many different techniques and dis
plines must contribute to progress in this field, it i
important that radiation effects studies, as well as oth
studies (e.g., dissolution and thermal stability), be pe
formed on well-characterized reference glasses. It
recommended that a few specific glass compositio
(simple to complex) be prepared, characterized for co
position and homogeneity, and made available to t
scientific community. As a minimum, a three-tiere
approach to glass complexity should be followed: (i)
simple system (an alkali silicate), (ii) a model system
http://journals.cambridge.org Downloaded: 31 Oct 2012
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of intermediate complexity (a four or five componen
glass), and (iii) a simulated waste glass (DWPF glas
Pu glass, or others). Other glass systems that should
studied include: (i) Na-B-silicate, (ii) Na-B-Fe-silicate
(iii) Na-B-(Ln,Ac)-silicate, and (iv) lead-iron phosphate
There should be a major attempt to coordinate an
communicate the results of all studies (radiation effec
dissolution, thermal stability) on these glasses amo
those scientists active in the nuclear waste field. Resu
should be published in the refereed literature and not
the gray literature of laboratory reports.

B. Structural and thermodynamic properties

Much of the data on structure, phase equilibria, an
thermodynamic parameters for the glass compositio
currently under consideration are missing, poorly doc
mented, or not readily accessible as they are found
internal DOE or laboratory reports. Systematic studie
of the structure and energetics of stable and metasta
phases in these glass systems are an essential ste
understanding how the system approaches or devia
from equilibrium under radiation. Such structural an
thermodynamic studies must include both model glass
and glasses containing actinides, which may requ
placing appropriate instrumentation (e.g., calorimeter
in radiation zones or gloveboxes. Structural characte
zation should include determination of intrinsic defect
short and intermediate range order, and the local e
vironment of important radionuclides. Measurements
heat capacities, glass transition temperatures, enthalp
of rapid relaxation processes, and total stored energy w
be required in order to determine the relative energy sta
of the irradiated glasses.

C. Systematic irradiation studies

Systematic studies of irradiation effects in referenc
glasses and simulated waste glasses, including archi
glasses containing Pu or Cm, must be performed ov
the widest range of conditions (i.e., dose, dose ra
and temperature). This is required in order to identif
the fundamental processes underlying radiation effec
in these glasses and to develop a scientific understa
ing of the balance between radiation damage produ
tion, microstructure evolution, and recovery process
as functions of temperature and dose rate. Only fro
such understanding will it be possible to predict with an
degree of certainty the effects of radiation under actu
repository or disposition conditions. Simple engineering
type tests at expected temperatures, as might be propo
for some acceptance criteria, provide limited scientifi
understanding and unreliable performance predictio
when the fundamental damage processes, damage ki
ics, and dose-rate effects are unknown.
IP address: 144.82.107.169

2, No. 8, Aug 1997 1973

http://journals.cambridge.org


W. J. Weber et al.: Radiation effects in glasses used for immobilization of high-level waste

t
t
t
e

n
d

c

t

m

c

t
u

e

i

i

a

in
ex
the
ies

of
o
ns,
n).
ed
g.,
nt,
nd
to
nd
s
ill
ls

ic

d
us

rm
e)

es
ant
s-
at
ns
le
t

s
ble
ral
nd
th
d

n
of
f

el

s
y

The systematic studies must include measureme
of the energetics of the radiation damage processes
the relative energy state of the damaged glasses b
to understand the effects of radiation on properties a
reactivity and to provide a means of validation fo
computer simulations and model predictions. These s
tematic studies should focus on the following: (1) unde
standing the relative effects of ionization and ballis
collision processes on defect generation and radia
effects; (2) resolving the controversy regarding radioly
(oxygen) bubble formation in HLW glasses; (3) d
veloping an understanding of radiation-induced bu
ble formation, radiation-induced phase transformatio
radiation-enhanced diffusion, and the role of therm
stress, and electric field gradients on these processe
functions of dose rate and temperature; (4) understand
helium accumulation, trapping, bubble formation, a
release in glass compositions for Pu (or other actini
disposition; (5) since accelerated irradiation techniqu
must be employed in these studies of radiation effe
it is imperative that a thorough understanding of dos
rate effects be developed and that high-dose-rate te
niques (e.g., ion and electron irradiations) be valida
through comparisons with data on actinide-containing
gamma-irradiated glasses and with theoretical mod
and computer simulations.

D. Theory and computer simulations

Theoretical modeling and computer simulation tec
niques are needed to provide: (i) atomistic interpretatio
of experimental results; (ii) relationships between co
position, atomic structure, and volume changes; (iii)
understanding of ionization and ballistic-collision pro
esses; (iv) atomistic details of the primary damage sta
(v) defect structures and energetics; (vi) an understa
ing of dose-rate effects and the limitations of accelera
irradiation techniques; (vii) models of defect/gas diff
sion and interactions; and (viii) models of microstructu
evolution (e.g., bubble formation). In addition, comput
simulations should be used to ascertain and interp
the short-range and intermediate-range order in glas
(e.g., local bond coordination and ring-size distribution
calculate spectral features (e.g., x-ray and laser sp
troscopies), and predict observable effects of radiat
damage in glasses for experimental confirmation. A
vancements in this area will require the use of differe
methodologies:ab initio methods to develop improved
interatomic potentials and investigate the electronic st
of small structures; molecular dynamic simulations w
improved potentials to model the radiation damage sta
and Monte Carlo methods and theoretical models
investigate the effects of multiple radioactive dec
(damage) events and defect diffusion on damage ac
mulation and microstructure evolution on longer tim
scales and macroscopic systems.
http://journals.cambridge.org Downloaded: 31 Oct 2012
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Electronic excitation processes are important
the development of radiation effects in these compl
glasses. Classical methodologies do not account for
electronic processes; consequently, new methodolog
need to be developed that allow the transfer
energy to electronic excitations, the ability of ions t
change charge states, and the formation of excito
peroxy radicals, and molecular species (e.g., oxyge
In addition, methods to incorporate defects detect
spectroscopically, incorporate potential gradients (e.
stress, thermal, electric field), define a displaceme
calculate property changes (e.g., stored energy), a
allow compaction or expansion of the structure need
be developed. In all cases, validation of the models a
simulation methods is critical. Finally, predictive model
of long-term nuclear waste glass performance w
require combining atomistic and macroscopic mode
of radiation effects in complex glasses with atomist
theories and models of glass dissolution.

E. Facilities

Existing facilities for radiological work need to be
maintained and a central multiuser facility to handle an
characterize radioactive materials is needed. The vario
irradiation facilities (electrons, ions, x-rays, andg-rays)
currently available are adequate, but resources to perfo
in situ and controlled environment (e.g., temperatur
studies need to be available.

F. Attract talented scientists

The panel expressed concern that this field do
not attract graduate students, and much of the relev
knowledge and experiences will disappear with the pa
sage of time. With the complex needs for remediation
the DOE sites, and the need for disposition of weapo
Pu, there is a need for a relatively small but stab
pool of expertise and facilities. It is imperative to attrac
and involve bright new minds with new ideas to thi
field. Increased opportunities need to be made availa
to support graduate students and provide post docto
experience at universities, the national laboratories, a
other DOE sites. A long-term research program, wi
a continuity of purpose, is essential to attracting an
retaining high caliber scientists.
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