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ABSTRACT

A key challenge in the disposal of high-level nuclear waste (HLW) in glass waste
forms is the development of models of long-term performance based on sound
scientific understanding of relevant phenomena. Beta decay of fission products is
one source of radiation that can impact the performance of HLW glasses through the
interactions of the emitted -particles and g-rays with the atoms in the glass by
ionization processes. Fused silica, alkali silicate glasses, alkali borosilicate glasses,
and nuclear waste glasses are all susceptible to radiation effects from ionization. In
simple glasses, defects (e.g.., non-bridging oxygen and interstitial molecular oxygen)
are observed experimentally. n more complex glasses, including nuclear waste
glasses, similar defects are expected, and changes in microstructure, such as the
formation of bubbles, have been reported. The current state of knowledge regarding
the effects of pl/y radiation on the properties and microstructure of nuclear waste
glasses are reviewed.

INTRODUCTION

Immobilization of high-level tank waste is one of the largest and most costly challenges
facing the U.S. Department of Energy (DOE) in its effort to close the nuclear fuel cycle
and cleanup the weapons complex.] Equally challenging is the disposal of the dlefense
and commercial HLW generated in France, England, Japan, China, and Russia from the
reprocessing of spent nuclear fuel. Glass waste forms are currently utilized for the
immobilization of some defense HW in the USA and for commercial HW in other
countries.2 A key challenge in the permanent disposal of HW is the development of
models based on a sound scientific understanding of relevant phenomena, such as the
effects of radiation, on the long-term performance and environmental risk of glasses
proposed for disposal of HLW

Concerns regarding the radiation effects on HW glasses have prompted numerous
reviews; 3-10 however, there have been few studies over the past 1 2 years. Almost all
previous investigations of radiation effects in HLW glasses have been engineering studies
that generated little systematic: understanding of radiation effects. As a result, there has
been little advancement in the understanding of radiation effects in H[W glasses over the
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past decade.`0 Recently, a scientific panel, under the auspices of the U.S. DOE Council
on Materials Sciences, found that there is a critical lack of systematic understanding on
radiation effects in glasses at. the atomic, microscopic, and macroscopic levels.`,`2

PRINCIPLES OF BETA/GAMMA RADIATION EFFECTS

The principal source of 3/,y radiation in HLW is p-decay of the fission products (e.g.,
137CS and 90Sr). In 1-decay, energetic 1-particles, low energy recoil nuclei, and y-rays

are produced. In general, b-decay is the primary source of radiation (and self-heating)
during the first 500 years of storage, as it originates from the shorter-lived fission
products (e.g., the half-life of 137CS is 30.2 years and the half-life of 90Sr is 28.8 years).
Beta-decay of fission products is responsible for the high radioactivity, high self-heating
rates, and elevated temperatures early in the history of waste form storage.

Interaction of radiation with cqiass

Glass structure and properties are affected by the interactions of the p-particles and -
rays with atoms in the glass. These interactions fall into two broad categories: the transfer
of energy to electrons (ionization) and the transfer of energy to atomic nuclei, primarily
by ballistic processes involving elastic (billiard-ball-like) collisions. The total energy
absorbed as a function of storage time for 1-decay processes is shown in Fig. 1 for
(DWIPF) glass',' and non-U.S. commercial HW glass.' The partitioning of the energy
transferred into ionization processes and into elastic nuclear collisions is an important
mechanism controlling the effects of radiation. For 1-particles and y-radiation, the energy
transfer is dominated by ionization processes. Energy loss by 1-particles is predominately
through Coulombic interactions. The interaction of y-rays with matter is primarily through
the photoelectric effect, Compton scattering, and pair production. The high-rate of energy
absorption through
ionization and electronic 1012

excitation from 1-decay in
HLW glasses results in > 01Beaea

significant self-heating. The & 1010 CHW

magnitude of the temperature 
increase depends on the rate r)1 

of energy absorption, Beaey

physical properties of the L-(DWPF)

solid (e.g., its specific heat), -0 10 
thermal conductivity, and heat <
transfer to the surroundings. 10 6... .1 .1

In the case of non-U.S.10 12 10 0 i0 lo
commercial HW glass in a WasteStorage Time, years

repository, self-heating from Figure : Cumulative absorbed dose for DWPF
1-decay of the fission and commercial (-HLW) nuclear waste glasses.
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products can result in initial storage temperatures greater than 20 0C, with temperatures
falling below 1 50C several hundred years after emplacement. For defense HLW glass
in the U.S., initial temperatures in the Yucca Mountain repository may be as high as
250'C, depending on the storage density of the waste glass and spent fuel packages, but
temperatures will decrease to less than 1 O0C after several hundred years."3

Ionization produces a large number of electron-hole pairs and can result in covalent and
ionic bond rupture, charged defects, enhanced diffusion, and localized electronic
excitations. Bond ruptures and localized electronic excitations can lead to the formation
of nonbridging oxygen defects, local decomposition (e.g., formation f 02), and the
permanent displacement of atoms due to the conversion of a localized electronic
excitation into atomic motion (often referred to as radiolysis). Radiolysis can be a very
efficient process in glasses, producing significantly more damage than ballistic collisions.

Transmutations and gas generation
4.

Beta-decay also leads to the transmutation of radioactive parent nuclei into different
chemical elements that must be accommodated and may significantly impact the
chemical properties of the glass.4,10 The principal source of transmutations is P-decay
of the relatively abundant fission products, 137CS and 90Sr. Transmutation of these
elements is accompanied by changes in ionic radius and valence.

The radiolytic evolution of 02 from a wide range of irradiated glasses was confirmed
over 30 years ago using mass spectroscopy.14 ,15 The tendency of glasses to evolve 02
under ionizing irradiation showed a strong dependence on glass composition, with
fused silica showing the lowest rate of 02 evolution. This radiolytic source of 02 can
play an important role in the evolution of microstructure.

Irradiation methods

Irradiation with electrons, protons, cc-particles, and other ions 10,11,16 has been used to
simulate and study radiation effects in HLW glasses. These techniques generally employ
high dose rates, which can yield very significant doses in short periods of time (e.g.,
minutes); however, increases in local temperature can result. In addition, irradiation
effects under such high dose rates are observed to much higher temperatures because
the high damage rates overwhelm the thermal recovery processes. Analysis of samples
irradiated with charged particles is also often difficult because the damaged areas are
thin surface layers of restricted lateral extent. The high surface area can act as a sink
for migrating defects, and electric field gradients may be generated along the electron
or ion paths. Implanted layers also can change the characteristics of the target material
as a result of compositional changes. Of these charged-particle techniques, electron
irradiation provides the best simulation of the effects of ionization and electronic
excitations from 1-particles and y-rays on glass.
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Gamma-irradiation, utilizing 60 oor sources, also has been used to simulate the
effects of p-particles and 7-rays on glass. The advantage of this type of irradiation is
that g-rays are so penetrating that simulated HLW glasses can be irradiated in bulk and
while sealed in containers; furthermore, thet7rays provide the most realistic simulation,
since they interact with the g lass primarily through ejected photoelectrons. Dose rates
on the order of 2.5 x 104 Gy/h are easily achieved.

BETA/GAMMA RADIATION EFFECTS IN SIMPLE GLASSES

Many glasses proposed for HL1W immobilization and disposal comprise approximately
50 wt.% 5i0 2. Therefore, knowledge of radiation effects in silica and binary silicate
glasses can give useful clues to the radiation response of HLW glasses. The earliest
observations of radiation effects in glasses were reported nearly 70 years ago by
Curtiss17 and by Lind,18 who observed crazing and cracking in silica and Pyrex
irradiated with ax-particles emitted by radium. Later experiments by Tuck]i9 showed
that such ax-particle damage leads to increased leach rates for both a soda-lime glass
and Pyrex. Although there have been many observations of irradiation-induced
changes in properties of simple glasses (e.g., variations in refractive index, density,
and mechanical properties) 20 the understanding of these macroscopic changes in
structure is still not well developed. On the other hand, radiation-induced point
defects in pure silica and simple alkali silicate glasses are well understood from
40 years of study.20,21 The current understanding of 3/,y effects in simple glasses is
briefly reviewed.

Point defects

The idealized structure of "defect-free" glassy silica is a continuous random network"
(CRN); wherein, each silicon is tetrahedrally bonded to 4 oxygens, and (in pure silica)
each oxygen is bonded to two silicons. An oxygen-centered portion of the ideal
network can be represented by the notation Si-0-Si=, where the notation "s"J

represents three bonds to other oxygens in the glass network. A neutral oxygen
vacancy in silica can be represented =-Si-Si=-. The paramagnetic versions of the
oxygen vacancy are called E' centers.22 ,23 A positively charged variant in amorphous
SiO 2, the E'y center.24 When silica glass is exposed to a fast-neutron fluence of
_~1 020/CM2 or an ionizing dose of -W10o Gy, the measured numbers of E' centers
saturate at 1 per thousand silicons.25 The numbers of electrostatically neutral, non-
paramagnetic oxygen vacancies induced by such irradiation are larger, perhaps by
an order of magnitude or more. Though the non-paramagnetic oxygen deficiency
centers cannot be counted by ESR, they can be detected optically as an absorption
band peaking near 248 rnm. 26 -29

Oxygen vacancies in silica may be created either by elastic collisions with energetic
nuclear particles or radiolytically by decay of self-trapped excitons (bound electron-hole
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pairs created by ionizing radiation, such as -rays). 30-33 A significant conclusion of
careful ESR studies by many workers 32,34,36 is that the displaced oxygen atoms move to
interstitial positions, where they readily dimnerize to form molecular oxygen. Upon
heating to ~2O00 C, this interstitial 02 has been shown to diffuse through the network and
react with E' centers according to:

Si' Si + 02 -~Si-0-0* Si= 1

The fragment _=Si-0-0. is a second fundamental defect species in silica and is known as
the bonded peroxy radical.37 Any displaced oxygen that does not react according to
Eq. (1) either remains as interstitial 02 molecules or else reacts with neutral oxygen
vacancies to form (nonparamagnetic) peroxy-li nkages, =-Si-0-0-Si-=:

=S'_S'= + 02 - Si-0-0-Si= (2)

Thus', there are at least 0.5 oxygen-oxygen bonds for every thousand silicon atoms,
complementing twice that mnany silicon-silicon bonds, at damage saturation. This
interstitial02 is the likely source of the 02 released under the 20 keV electron irradiation
previously noted.1,4

A third elementary defect center in silica is the nonbridging-oxygen hole center
(NBOHC)38 a configuration represented by the notation =-Si-0.. Though the NBOHC
can have several possible origins, it is most easily understood as resulting from radiolysis
of a hydroxyl group:

=-Si-0-H - =_Si-0 + H (3)

An example of a neutral E' center, denoted EP, results when a radiolytic hydrogen atom
reacts with a neutral oxygen vacancy:24 ,39

=-Si-Si=- + H - =Si- H-Si (4)

Numerous species of defect centers associated with the elements boron,40 germanium, 41

and phosphorus have been well characterized by ESR studies of otherwise pure silica
doped with these elements individually. For comparable doses, the defects associated
with these substitutional impurities tend to outnumber by 1 to 2 orders of magnitude the
E' centers, peroxy radicals, and NBOH~s observed in high-purity silica.

The defect centers induced in complex silicate (and borate) glasses involving alkali or
alkaline-earth modifier oxides are created at rates that are 1 to 3 orders of magnitude
higher than those observed in mono-component SiO 2 (or B20 3) glasses. This is
presumed to reflect the existence of many more electron and hole trapping sites in the
complex glasses than are found in the pure network glasses.
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Radiation-induced defects in simple alkali silicate glasses include two types of
nonbridging-oxygen hole centers, denoted HC1 and HC2.43-46 The former is analogous
to the NBOHC appearing in Eq. (3), if one pictures an alkali atom substituted fr the
hydrogen. HC2 is similar, except that it involves two nonbridging oxygens on the same
silicon.44,46 These HC-type defects are thought to be created by a process wherein a
free hole first traps at a =_Si-O-Alk+ site. The alkali ion (Alk) is then free to diffuse away
to the site of a trapped electron, where it stabilizes the latter. Based on ESR studies of
alkali borate glasses,47 it is believed that electrons and alkali ions trap sequentially at
such sites forming clusters that become increasingly stable as their sizes increase. It
seems possible that under sufficiently high radiation doses, such alkali clusters may grow
into macroscopic colloids.

Some E'-type centers are observed in irradiated alkali silicate (and borate) glasses,
although their numbers are relatively fewer that those of the other centers mentioned.45
Some bonded peroxy radicals have been revealed in the ESR spectra after the irradiated
potassium silicate samples were annealed at -270'C to diminish the intensities of the
overlapping HC, and HC2 signalS.45 When these potassium silicate glass samples (-
irradiated to doses _~106 Gy) were annealed to -3 10'C, the bonded peroxy radical
centers also disappeared. The remaining ESR spectral features were unambiguously
attributed to unbonded superoxide (2) and ozonide (031. ions5 Th diosered
superoxide-ion ESR spectrum is believed to be characteristic of 02 osi dsree
alkali peroxide matrix.21 These results are evidence for a radiation-induced
decomposition of simple potassium silicate glasses into oxygen-rich peroxide phases on
one hand and chemically reduced phases on the other. The reduced phases presumably
comprise Si0x (x<2) or alkali metal colloids, or both. There are well known tendencies 48
for alkali peroxides to disproportionate into the monoxide (Alk20) and the superoxide
(Alk0 2), and for the superoxides in turn to disproportionate into the peroxides and102
molecules. The appearance of ozonide ions is also predicted in the course of these
disproportionation sequences.48 Thus, this series of reactions could be the source of the
oxygen molecules suggested to be the cause of radiation-induced bubbles observed in
simulated nuclear waste glasses 3 ,49 -52

Borosilicate glasses are expected to exhibit families of radiation-induced defect centers
similar to those described for silica and alkali silicate glasses, plus a group of analogous
defects that have been elucidated in simple alkali borate glasses.21 ,53,5,4 However, no
studies to date have been conducted which indicate whether simple (or complex)
borosilicate glasses are also subject to radiation-induced disproportionation into
peroxides, superoxides, and ozonides.

Macroscopic changes

Primak et al5 were the first to report the compaction and increase in refractive index
of silica glass when subjected to a fast-neutron fluence. The density of silica glass
increases to an equilibrium density that is 2.7% greater than the unirradiated glass.56

1 99 Universiti d'tt6 CEA VaArh -Septembre 1997



Similar compaction and increase in the refractive index of silica glass has been observed
under ion irradiation,5-59 and compaction is also reported under electron6O and V60-62
irradiation.

Although silica glass normally compacts under irradiation, silica glasses impregnated
with H expand when irradiated with y-rays62 or with electrons.63,64 This effect has been
associated with ionization processes be-cause it can be produced by 1 8 keV electronS,64
which cannot transfer sufficient energy to the network atoms to cause direct atomic
displacement. This effect also is seen at low fluences under ion irradiation but is
overwhelmed by ballistic collisional processes with continuing irradiation to higher
fluences.65 Shelby62 has suggested that this observed expansion is due to interstitial OH,
incorporated into the silica structure dlur-ing processing, that inhibits occupation of such
sites by Si0 4 tetrahedral groups after bond-breaking.

Along with the increase in density and refractive index, the chemical etch rate of silica
glass also increases with ion fluence.19,66 Although molecular oxygen is known to
evolve radiolytically from silica glass irradiated with 20 keV electrons,] 14 bubbles are not
observed to form in silica gass under ion and electron irradiation to high fluenceS.67
Irradiation-induced stored energy of up to 800 J/g (0.2 eV/atom) have been reported68
for silica glass.

Ion irradiation of Na2O-35iO2 glass results in expansion at low fluences and compaction
at higher fluences that scales with the energy lost by ionization processes.69 In addition,
ion59 ,70 and electron7l1,72 irradiation of alkali silicate glasses induces alkali ion migration
that modifies the glass composition in the irradiated region. Such irradiation-induced
alkali depletion can bring about phase separation and low-temperature crystallization, as
observed in [i20-2SiO2 glass.59 increased 02 evolution is observed in electron-
irradiated soda glasses relative to silica glass,14 and irradiation of a 0.07Na2O-
0.93SiO 2 glass with 1 .5 MeV electrons at 2000C results in the formation of bubbles.73

Shelby62 measured the effect of -irradiation on the density, refractive index, thermal
expansion, and helium permeability of several commercial borosilicate glass
compositions. Compaction up to 1 % was observed in the glasses after irradiation to
108 Gy. The refractive index increased with dose and the change in index was linearly
proportional to the change in density. The thermal expansion coefficient decreased with
dose and was linearly proportional to the change in density.

in alkali borosilicate glasses, the high concentration of alkalis generally "clogs up."' the
interstitial sites, so that the initial effect of ion irradiation is to cause expansion. The
fluence regime over which this expansion occurs is proportional to the alkali content of
the glass.69 Since the alkali content in the many borosilicate glasses is known to be non-
homogeneously distributed (phase separated),74 expansion and compaction are associated
with akali-rich and alkali-depleted regions of the glass. Compaction eventually
dominates, as in fused silica, after the expansion in the alkali-rich phase is saturated.
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Significant evolution of 02 from commercial borosilicate glasses irradiated with 20 keV
electrons has been measured.14,15 Oxygen bubble formation in high and low Na2O
borosilicate glasses has been observed as a result of irradiation with 1 MeV electronS;52
the peak swelling temperature was 1 500C in the high Na2O glass and 3250C in the low
Na2O glass. Bubble formation in these glasses was preceded by the migration of Na
away from the center of the irradiated region to the periphery. Leach tests indicated
higher leach rates for the reg ions containing bubbles.

BETA/GAMMA RADIATION EFFECTS IN NUCLEAR WASTE GLASSES

The effects of radiation on glasses for HW immobilization are complex, and the
understanding of the radiation damage processes and available data are limited,
particularly with regard to f3/y radiation. The high-radiation environment provided by
p-decay can affect radionuclide release to the biosphere through radiation-induced
physical and chemical changes in the glasses at both the atomic and macroscopic levels.
There are no data on the nature of intrinsic defects or irradiation-induced defects in
actual or simulated nuclear waste glasses; however, glasses for HLW immobilization are
expected to exhibit families of radiation-induced defect centers similar to those for simple
glasses. The only data available on radiation effects in nuclear waste glasses are of
measured macroscopic changes, which are briefly described below.

Volume Changes

Radiation-induced volume changes are the result of the accumulation of point defects,
network rearrangements and rebonding, and the development of microstructure, such as
gas bubbles and voids. The olume expansion and compaction of neutron, 75 ,76 -
ray,7 ,77-79 ion,80 and electron78 irradiated HLW glasses are generally within the bounds
observed for the actinide-doped glasses; however, swelling up to 50% has been
observed due to radiolytic bubble formation.79,81,82 Whether compaction or expansion
occurs may be largely dependent on composition and processing conditions. In most
cases, the observed volume changes are probably associated with network
rearrangements, and rebonding;83 however, radiation- enhanced equilibration of the
glass to its ideal density also may play a role.84 A more fundamental understanding of
the volume changes that occur as a function of temperature is needed in order to model
and predict behavior at larger doses and elevated temperatures. Compaction greater
than the observed 1 .2 % is probably not feasible; however, much larger volume
expansion is possible at high doses from the formation of gas bubbles as a result of He
generation from a-decay and/or the radiolytic(ally generated 02.

Microstructural changes

Phase separation has been induced in simulated HLW glasses by electron-irradiation at
high dose rates; 85-87 however, phase separation in actinide-doped glasses or y-
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irradiated glasses, where the dose rates are much lower, has not been reported. In
experiments to simulate the effects of P-particles, Hall and coworkers88 were the first to
observe the formation of bubbles in simulated HLW glasses irradiated with electrons at
2000C to high doses ('(' to 11 Gy). Since then, bubble formation has been
observed in a wide variety of glasses under electron irradiation,79,81,82,85,86,89-93 and
the presence of a gas phase in the bubbles has been confirmed.89,93 Ion-beam
irradiation6,90,91,94 and y-irradiation8790-92 also have been reported to produce
bubbles in several simulated waste glasses. However, y-irradiation of one of these same
glasses in another study95,96 did not produce bubbles, even at an order of magnitude
higher dose. This has raised questions regarding whether or not the bubble formation
in y-irradiated glasses reported by otherS87,90-92 may be an artifact of sample
preparation or electron-bean irradiation during examination using electron microscopy.
In this regard, it is important to note that there is a characteristic difference in the bubble
sizes and distribution found in y-irradiated glasses as compared to electron-irradiated
glasses.87,90 Gamma irradiation leads to more uniform bubble sizes and distributions
over a large carea (i.e., the hole sample or at least the area that is transparent to
electrons in the microscope), as well as bubbles in very thin regions as observed by
electron microscopy. Electron irradiation, on the other hand, produces a nonuniform
distribution of bubble density and bubble sizes only in a focused beam; bubbles cannot
be produced in very thin reg ions by electron irradiation alone. Another point is that
bubbles are observed in y-irradiated glass by electron microscopy at temperatures
where bubbles are difficult, if not impossible, to form under intense electron
irradiation.87,90 Consequently, if bubbles do not form directly under the y-irradiation,
then the glass must be highly damaged in such a way that the bubbles form nearly
instantaneously when exposed to an unfocused electron beam.

Quantitative studies have shown that the kinetics of radiolytic bubble formation are
consistent with the motion of
alkali metal cations and not Gamma rradiation
oxygen.86 ,97 The formation > (2.5 XlO04 Gy/h)
of oxygen bubbles is U

apparently brought about by U

radiolytic decomposition of 
the ionic component of the -
glass, followed by the 
migration of the cations into >
the glass and the local ~m I radiation Electron rradiation
precipitation of molecular (D (108Gy/h) (1013Gy/h)

oxygen.92 Irradiation
studies9,91 utilizing y-rays, 106 10 10 8 10 9 1010 10 11 1012 1013

ion beams, and electron Ionization Dose, Gy

beams at similar ~~Figure 2: Dose and dose-rate dependence of radiolytic bubble
temperatures, indicate a Formation in simulated HLW glosses (adapted rom DeNatale
significant dose-rate effect and Howitt90 and Heuer91).
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for radiolytic bubble formation, as shown in Fig. 2. The reported bubble formation
under y-irradiation occurs at much lower doses (1 06 to 10 Gy) than for either ion-
irradiation ( 07 to 1 01 0 Gy) or electron-irradiation (1 01 0 to i0O" Gy). Under electron
irradiation, bubble formation occurs over a broad temperature range with a maximum
in the rate of formation at 25CI0 C.86,91 Similar behavior is reported by Manara et aI.,81
who observed that the peak for bubble formation in high Na glasses occurs at lower
temperatures (1 25 to 1 50C) than the peak (3250C) for a low Na glass.

Surprisingly, there has been no research effort to resolve the controversies regarding
bubble formation, which have lingered for nearly a decade. Consequently, in the
absence of scientific understanding and based on data in the literature, it seems very
probable that bubble formation could occur in HW glasses as a result of ionization
damage from p3-y radiation. The issue of whether or not oxygen bubbles form in HLW
glasses under actual storage conditions must be resolved scientifically; otherwise, in any
performance assessment, one must assume some finite probability for bubble formation
and potentially large volume changes, perhaps as high as the 50% volume
chane79,81,82 observed under, electron irradiation.

Enhancedl Diffusion

Both ionizing and displacive radiation can enhance the diffusion of ionic and gaseous
species in the glass. This is because bottlenecks' in the glass structure can be
temporarily opened or reorganized either by local ionization (modifying Coulombic
barriers), by displacement of blocking species, or simply by short-term local heating due
to nearby radiation tracks. Radiation-induced expansion of the glass structure may also
lead to enhanced diffusion of some species. In some glasses, however, radiation can
cause annealing that would normally lead to decreased mobilities for small ions and
gaseous species.

Marked modification of the near-surface alkali concentrations in electron- and ion-
irradiated glasses is well known. Almost all the studies to date of radiation-enhanced
alkali diffusion have involved high dose rate irradiation with electrons or ions. Actual
nuclear waste glasses will be exposed to much lower radiation dose rates.

Radionuclide Release

Radiation affects the release rate of radionuclides from waste glasses by increasing the
surface area for radionuclide release (e.g., microfracturing) and by changing the
dissolution rate of the glass. The extent of the radiation-induced microfracturing will
depend on differential volume changes, development of microstructures, and mechanical
properties. The dissolution rate of nuclear waste glasses may be affected by the
radiation-induced changes i chemistry, microstructu re, network bonding. Ion-
irradiation82,98,99 and neutron-ir-radiation100 studies of several HW glasses have
shown irradiation-enhanced dissolution rates of up to a factor of four. Gamma-
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irradiation of several HLW glasses up to 1 ' Gy also leads to increases in dissolution
rates of up to a factor of four77,101,102 It is now well established that the short-term tests
based on weight loss in these studies can underestimate the radiation-induced increases
in dissolution rate by a factor of three to four due to precipitation of alteration phases
on the surface of the glaSS;7,103 consequently, based on the limited data and
understanding available, it has been suggested7,8 that radiation-induced changes in
glass structure are not expected to increase the leach rate by more than a factor of 1 0,
provided there are no radiation-indluced phase separations or transformations.
Understanding the effects of radiation-induced structural changes on glass dissolution
will require detailed studies of the changes in structure and leaching studies that combine
elemental and isotopic analysis of the leach solutions.

Temperature and dose rate effects

Accelerated irradiation methods must be used to achieve repository relevant doses in
laboratory tirrie frames. These methods include y-irradliation, electron irradiation, and
ion irradiation. At the high dose rates employed under electron and ion irradiation, the
effects of irradiation are observed to much higher temperatures because the high
damage rates overwhelm the thermal recovery processes. This effect is mitigated to
some extent by the irradliation-assisted recovery processes that are also observed under
electron and ion irradiation. A systematic, integrated understanding of dose-rate effects
is required for the extrapolation of data obtained using accelerated methods under high
dose rates to the actual long-term, low dose rate behavior of nuclear waste glasses.
Most of the data currently, available has been obtained at ambient temperatures.
However, early waste glass temperatures will exceed 1 500C, and the dose will exceed
108' to 19 Gy.

CONCLUSIONS

There are many scientific issues to be resolved in order to advance the understanding of
radiation effects and to provide for predictive modeling of nuclear waste glass behavior.
The primary objective of research in this area should be to develop fundamental
knowledge and models of radiation effects at the atomic, microscopic and macroscopic
levels in order to provide for the evaluation and performance assessment of glass waste
forms used for the immobilization and disposal of high-level waste. Systematic studies
of irradiation effects in well-characterized reference glasses and simulated waste glasses
must be performed over the widest range of conditions (i.e., dose, dose rate, and
temperature). This is required in order to identify the fundamental processes underlying
radiation effects in these glasses and to develop a scientific understanding of the balance
between radiation damage production, microstructure evolution, and recovery processes
as functions of temperature and dose rate.
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