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This review provides a comprehensive evaluation of the state-of-knowledge of radiation
effects in crystalline ceramics that may be used for the immobilization of high-level
nuclear waste and plutonium. The current understanding of radiation damage processes,
defect generation, microstructure development, theoretical methods, and experimental
methods are reviewed. Fundamental scientific and technological issues that offer
opportunities for research are identified. The most important issue is the need for an
understanding of the radiation-induced structural changes at the atomic, microscopic, and
macroscopic levels, and the effect of these changes on the release rates of radionuclides
during corrosion.
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. INTRODUCTION

During the next decades, one of the largest and mos
ostly challenges facing the world is the stabilization
nd immobilization of nuclear high-level waste (HLW)

n a solid form. For example, at the present time, ove
00 million gallons of HLW with a total activity of
.2 3 109 curies are stored in 243 underground tanks
t U.S. Department of Energy (DOE) sites in Wash-

ngton, South Carolina, Idaho, and New York.1–4 In
ddition, there are special waste streams, such as P
esidues/scraps (tens of tons) and excess weapons plu
ium (50 metric tons), throughout the DOE complex.1,5–7

he immobilization and disposition of fissile materials
equires special considerations. Other countries, such a
ussia, face similar problems of equal magnitude, a

egacy of their defense programs.8,9

In the United States of America (USA), the HLW
enerated by the defense program and large fractions

he associated low-level wastes are currently destined fo
itrification (i.e., immobilization in glass). The charac-
eristics of these defense wastes have been summariz
y Croff.4 In the USA, commercially generated spent
uclear fuel is currently intended for direct disposal in
geologic repository without reprocessing. In contrast

rance, England, Belgium, Japan, China, India, and
ussia currently reprocess the commercial spent nucle

uel and reclaim the fissile material. Reprocessing gen
rates substantial volumes of high-level waste, most o
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which is presently destined for vitrification in borosili-
cate glass, the generally accepted first-generation was
form.10,11 Consequently, two waste forms are presently
envisioned for most nuclear waste:spent nuclear fuel
and borosilicate glass. However, neither of these waste
forms was designed nor selected on the basis of the
high chemical and physical durability. Rather, these
waste forms are single components of a multibarrie
system that relies mainly on geologic isolation to preven
radionuclides from reaching the biosphere. As an ex
ample, the UO2 in spent nuclear fuel is not stable under
oxidizing conditions.12,13 Likewise, borosilicate glasses
are metastable and will inevitably corrode when in
contact with water or humid air.14 Both spent nuclear fuel
and current borosilicate HLW glasses may be adequa
waste forms within the multibarrier context of geologic
isolation, but second-generation highly durable wast
forms may become necessary to immobilize the present
diverse and complex nuclear waste streams existin
worldwide.

Due to the emergence of increasingly diverse source
of nuclear wastes (e.g., separated fission products, pl
tonium residues/scraps, weapons-usable plutonium a
enriched uranium, other high-actinide wastes, and hig
burn-up commercial nuclear wastes), there is renewe
interest in the development of alternatives to borosilicat
glass waste forms in France,15,16 Russia,17 Japan,18 and
the USA.19,20 In general, many of the alternative waste
matrices under consideration are complex but highl
stable crystalline ceramics or glass-ceramics, in whic
the radionuclides are incorporated into the structure
of crystalline phases. For example, waste forms hav
not yet been selected for the majority (by volume) of
the radioactive wastes within the DOE complex, and
alternatives to borosilicate glasses are being consider
for many of these nuclear wastes. The recent Reco
of Decision21 and Strategic Plan22 for the storage and
disposition of weapons-usable fissile materials clearl
identified ceramics as a candidate form for plutonium
disposition, and a recent assessment23 recommended
ceramics as the preferred immobilization technology
There are also other “special” waste streams within th
DOE complex, such as the 15 metric tons of CsCl an
SrF2 stored in capsules at the Hanford site,4 where stabi-
lization in alternative matrices is under consideration. I
has also become increasingly apparent that vitrificatio
of the large volumes of chemically complex wastes a
Hanford (over 200,000 m3 of HLW and sludge) may
require pretreatment. Any pretreatment of these comple
nuclear wastes may result in additional and chemicall
unique waste streams that may be difficult to vitrify (e.g.
due to the high phosphorus or zirconium contents) o
may be more suitably stabilized in crystalline ceramics
(e.g., the stabilization of Cs in silicotitanates). For some
waste streams, glass-ceramics may be used, where
http://journals.cambridge.org Downloaded: 06 Aug 2012
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substantial proportion of the radionuclides, particularly
the actinides, are incorporated in crystalline phases.24–26

This renewed interest11 in the design and use of
alternative waste forms highlights several specific and
highly desirable advantages to the use of more durable
waste forms, such as crystalline ceramics, as a primary
barrier to radionuclide release. These include:

(i) Initially, the radionuclides are isolated within the
waste-form matrix, and the only part of the repository
that is radioactive is the waste form. The successful
performance of the waste form results in near-field
containment. This is much preferred to geologic iso-
lation, which essentially relies on long travel times,
dilution and dispersion, and sorption on mineral surfaces.
These geologic processes implicitly imply the release
and movement of radionuclides.

(ii) The chemistry and physics of the corrosion and
alteration of a durable waste form, with the subsequent
limited release or retention of radionuclides over some
range of conditions, are inherently more simply modeled
and extrapolated over time than the use of coupled
hydrologic, geochemical, and geophysical models of the
movement of radionuclides through the far-field of a
geologic repository. That is, the extrapolation of the
corrosion behavior of material over long periods rests
on a firmer scientific foundation than the extrapolated
behavior of, as an example, hydrologic systems that are
site specific and highly dependent on assumed boundar
conditions (e.g., climate and recharge).

(iii) Naturally occurring phases, mineral “ana-
logues,” provide fundamental data for the “confirmation”
of extrapolated or interpolated behavior of the waste
forms over long periods of time. This approach holds
great potential for the confirmation of performance
assessments related to radiation effects27 and corrosion
mechanisms28 in the near-field.

All of these features are characteristic of durable
crystalline ceramics that are potential candidates as nu
clear waste forms. Fortunately, there is already a long
history of research and development on crystalline ce-
ramics as nuclear waste forms.11,29 Further research and
development has been initiated in both the USA20 and
Russia30 in efforts to develop immobilization matrices
for the disposition of excess weapons plutonium and in
Europe31–35 to develop nonfertile fuels (to burn up excess
actinides) that are also suitable waste-form phases. In
all of these applications,one of the critical concerns
has been to evaluate the effects of radiation on these
crystalline phases,because the effects of radiation can
impact the performance of waste forms containing HLW
and Pu. The most prominent effect in crystalline waste
phases is the radiation-induced transformation from a
crystalline to an amorphous state, mainly as a result of
the self-radiation damage associated with thea-decay
of incorporated actinides.36,37 This transformation results
IP address: 130.203.205.122
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in significant changes in the structure and properties
the waste form, as discussed in detail below (Sec. V.
Although there is already a substantial body of r
search available on radiation effects in crystalline phas
(simple oxides, semiconductors, intermetallics, and m
als), waste-form phases are, in general, more comp
in their structures and compositions, because these
phases that must be able to incorporate a rather w
variety of chemically diverse radionuclides into the
structures at the atomic scale.

These “complex” ceramics include materials that a
generally strongly bonded (mixed ionic and covalen
refractory, and frequently good insulators. They a
distinguished from simple, compact ceramics (e.g., Mg
and UO2) by atomic-scale features that include: (
open network structures that are best characterized
a consideration of the shape, size, and connectivity
the coordination polyhedra; (ii) generally complex com
positions that characteristically lead to multiple catio
sites and lower symmetry; (iii) directional bonding; an
(iv) bond-type variations, from bond-to-bond, within th
structures. Additionally, some of these structures m
contain structural (OH) and molecular (H2O) water. The
response of these materials to radiation is comple
as discussed in detail below (Sec. V), and is strong
dependent not only on the total dose but also on t
rate of damage (radionuclide decay) and the temperat
of the waste form, both of which decrease over lon
time periods.

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 ceramic phases relevant to the immobilizati
of high-level waste and plutonium, a panel was conven
on January 13–17, 1997, under the auspices of
Department of Energy, Council on Materials Scienc
The primary objective of this twelve-member pane
which was chaired by W. J. Weber and R. C. Ewing, w
to identify the fundamental scientific issues that mu
be addressed in order to (i) advance the understa
ing of radiation effects in relevant crystalline ceram
oxides, (ii) perform accelerated irradiation studies a
computer simulations to doses corresponding to 104 to
106 years of storage, and (iii) provide the sound scienti
base needed in order to develop predictive strateg
and models for the performance of crystalline phas
used for the immobilization and disposition of HLW
Pu residue/scraps, weapons-useable Pu, and other h
actinide or high-fission-product waste streams. In
deliberations, this panel drew heavily on the rece
report of a similar DOE panel on radiation effects i
glass nuclear waste forms38 and on previous workshop
reports39,40 and reviews11,37,41–44related to this topic. This
review summarizes the deliberations and conclusions
the panel.
http://journals.cambridge.org Downloaded: 06 Aug 2012
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II. RADIONUCLIDE IMMOBILIZATION
IN CRYSTALLINE PHASES

In contrast to glass waste forms in which the radio-
nuclides are, in principle, homogeneously distributed
throughout the waste solid, ceramic or vitreous-ceramic
waste forms may incorporate radionuclides in two ways:

(i) Radionuclides may occupy specific atomic posi-
tions in the periodic structures of constituent crystalline
phases, that is, as a dilute solid solution. The coordi
nation polyhedra in each phase impose specific size
charge, and bonding constraints on the radionuclides tha
can be incorporated into the structure. This means tha
ideal waste-form phases usually have relatively complex
structure types with a number of different coordina-
tion polyhedra of various sizes and shapes and with
multiple substitutional schemes to allow for charge bal-
ance with radionuclide substitutions. Extensive nuclide
substitution can result in cation and anion vacancies
interstitial defects, and changes in structure type. The
formation of polytypes and twinning on a fine scale
is common. The point defects can themselves becom
sites for the radionuclides. Generally, the complexity
of the high-level waste composition usually results in
the formation of a polyphase assemblage (e.g., vitreou
ceramics contain multiple ceramic phases in a glas
matrix, and Synroc consists of phases such as zircono
lite, CaZrTi2O7; perovskite, CaTiO3; and “hollandite,”
BaAl2Ti6O16), with unequal partitioning of radionuclides
between the phases. In vitreous ceramics, the actinide
preferentially partition to rare-earth or zirconium-based
phases; while in Synroc, the actinides partition prefer-
entially into the zirconolite and perovskite. In general,
the polyphase assemblages are sensitive to waste-strea
compositions and waste loadings, which affect the varia
tions and abundance of the constituent phases. Howeve
if certain elements are present that are not incorporate
into existing phases, minor phases will form, includ-
ing glass segregated along grain boundaries. Ideally
all waste stream elements, both radioactive and non
radioactive, are important components, or at least in
solid solution, in the phases formed. In some cases
a single phase (e.g., zirconolite, monazite, apatite, o
sodium zirconium phosphate) can incorporate nearly al
of the radionuclides into a single structure, especially if
the radionuclides have been partitioned into chemically
similar groups, such as actinides.

(ii) Radioactive phases, perhaps resulting from
simply drying the waste sludges, can be encapsulate
within nonradioactive phases. The most common
approach has been to encapsulate individual grains o
radioactive phases in a matrix of TiO2 or Al2O3, mainly
because of their extremely low solubilities.45 This ap-
proach requires major modifications to the waste-stream
composition and special processing considerations t
IP address: 130.203.205.122
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keep temperatures low enough to avoid volatilization o
radionuclides and any reaction of the radioactive phas
with the matrix phase. A similar approach may be take
with low-temperature assemblages (e.g., mixing wit
concrete), but again, there is the possibility of reactio
between the encapsulating phase and the radioact
phases.

Both of the above types of waste forms are specifi
cally formulated for the incorporation or encapsulatio
of radionuclides.

Spent fuel (a metal-clad, UO2 ceramic) results from
the use of reactor fuel that has traditionally been d
signed without consideration of its waste form prope
ties, but in order to avoid reprocessing, spent fuel h
become an important waste form. The properties of spe
fuel as a waste form are determined primarily by th
irradiation and thermal history of the UO2 in the reactor
and the disposal conditions (e.g., nearly insoluble und
reducing conditions and easily corroded under oxidizin
conditions). Radionuclides are distributed throughout th
fuel matrix in solution, as exsolved/precipitated phase
along grain boundaries, or in voids, cracks, and the fue
cladding gap. There are considerable data on the effe
of neutron irradiation,46–49a-particle irradiation,50–52and
ion-beam irradiation53,54 on UO2, as well as radiation
damage in naturally occurring UO21x .55 Radiation effects
in UO2 as a nuclear waste form are not reviewe
here; however, radiation damage froma-decay events at
repository temperatures, as opposed to reactor operat
temperatures, could further affect the microstructure
the spent fuel.

III. PRINCIPLES OF RADIATION EFFECTS

Many of the principles of radiation effects in waste
forms for HLW and Pu disposition have been discusse
in great detail previously.37–44 Key principles that are
specific to crystalline ceramic phases are highlighte
here, and some specific scientific issues are identifi
and discussed.

A. Radiation sources

The principal sources of radiation in HLW are
b-decay of the fission products (e.g.,137Cs and90Sr) and
a-decay of the actinide elements (e.g., U, Np, Pu, Am
and Cm). Beta-decay produces energeticb-particles,
very low energy recoil nuclei, andg-rays, whereas,
a-decay produces energetica-particles (4.5 to
5.5 MeV), energetic recoil nuclei (70 to 100 keV),
and someg-rays. There are also minor contributions
to the radiation field from spontaneous fission of som
of the actinides and from (a, n) reactions. The rates of
spontaneous fission and (a, n) reactions are very low
and do not significantly contribute to the overall effect
of radiation. In general,b-decay is the primary source
http://journals.cambridge.org Downloaded: 06 Aug 2012
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of radiation during the first 500 years of storage, as
originates from the shorter-lived fission products. D
to the long half-lives of the actinides and their daugh
products,a-decay is generally dominant at longer time
Figure 1 shows the cumulativeb-decay anda-decay
dose (events per gram) as a function of storage ti
that might be expected for multiphase ceramics
glass-ceramics containing DOE high-level tank was
Ceramics containing non-USA commercial HLW wou
experience doses of at least a factor of 10 higher th
for the DOE tank wastes.38 Also shown in Fig. 1 is
the cumulativea-decay dose for a ceramic containin
10 wt. %239Pu, which reaches significantly larger value
relative to DOE tank wastes or non-USA commerci
HLW. The cumulativea-decay dose in ceramics fo
239Pu immobilization reaches a temporary plateau af
100,000 years, but increases over much longer ti
periods due to the235U decay series, as shown in Fig.
for several239Pu concentrations in a ceramic host phas

B. Interaction of radiation with solids

Beta and alpha decay affect crystalline materia
through the interactions of theb-particles,a-particles,
recoil nuclei, andg-rays with the ceramic phases. Thes
interactions fall into two broad categories: the transfer
energy to electrons (ionization and electronic excitation
and the transfer of energy to atomic nuclei, primari
by ballistic processes involving elastic (billiard-ball-like
collisions. The partitioning of the energy transferred in
electronic excitations and into elastic nuclear collisions
an important process controlling the effects of radiatio
For b-particles andg-radiation, the energy transfer i
dominated by ionization processes. For ions, such

FIG. 1. Cumulative number ofb-decay anda-decay events per
gram for a multiphase ceramics or glass-ceramics containing D
high-level tank waste. Also shown is the cumulative number
a-decay events per gram for a ceramic containing 10 wt. %239Pu.
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t
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FIG. 2. Cumulativea-decay dose in ceramics as a function of239Pu
loading and waste storage time.

a-particles and recoil nuclei, interactions involve ioniz
tion processes and elastic collisions. Ana-particle will
predominantly deposit its energy by ionization process
while an a-recoil ion will lose most of its energy
in elastic collisions with the nuclei of atoms in th
solid. In addition to the transfer of energy, the particl
emitted through radioactive decay can themselves
some cases, have a significant chemical effect on
nuclear waste material as a result of their deposition a
accommodation in the structure.

1. Ionization and electronic excitation

The bulk average energy absorbed by ionization a
electronic excitations in ceramic waste forms for DO
tank wastes and for Pu disposition is similar to that f
glass waste forms,37,38 and the relative absorbed dose
for different types of nuclear wastes are illustrated
Fig. 3. For non-USA commercial HLW applications, th
absorbed doses will be at least a factor of 20 higher th
those indicated for DOE tank wastes (Fig. 3). In mul
phase waste forms, partitioning of radionuclides in
different phases will affect the local absorbed energy. E
ergy loss byb-particles anda-particles is predominantly
through Coulombic interactions. The interaction
g-rays with matter is primarily through the photoelectr
effect, Compton scattering, and electron-positron p
production. The high rate of energy absorption throu
ionization and electronic excitation fromb-decay in
HLW ceramics, and to a lesser extent froma-decay
in Pu ceramics, can result in self-heating. In additi
to self-heating, ionization and electronic excitatio
produce a large number of electron-hole pairs th
can result in covalent and ionic bond rupture, charg
defects, enhanced self-ion and defect diffusion, localiz
http://journals.cambridge.org Downloaded: 06 Aug 2012
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FIG. 3. Cumulative absorbed dose in ceramics containing DOE
high-level tank waste or containing 10 wt. %239Pu.

electronic excitations, and, in some ceramics, permanen
defects from radiolysis.

2. Ballistic processes

Ballistic processes cause direct atomic displace-
ments through elastic scattering collisions and are re-
sponsible for the atomic-scale rearrangement of the
structure. Beta particles, because of their low mass,
do not efficiently transfer kinetic energy to atomic nu-
clei and only induce well-separated single displacement
events at high energies (. several hundred keV). The
recoil nuclei (b-recoils) produced inb-decay events
are almost never energetic enough to be permanently
displaced. Similarly, the emission ofg-rays results in
the recoil of nuclei (g-recoils), which also are gener-
ally not sufficiently energetic to be permanently dis-
placed. Likewise, the electrons emitted by the interaction
of g-rays with the structure are generally not suffi-
ciently energetic to produce displaced atoms. In general
b-decay of the fission products in HLW produces on the
order of 0.1 atomic displacements perb-decay event.41

The primary sources of atomic displacements by ballistic
processes in ceramics for HLW and Pu disposition are
the a-particle and a-recoil nucleus produced in an
a-decay event. Thea-particles emitted by actinide de-
cay in HLW ceramics have energies of 4.5 to 5.8 MeV,
and the recoil nuclei (a-recoils) have energies of 70 to
100 keV. In the case of Pu ceramics, a 5.2 MeVa-
particle and an 86 keV235U recoil are released by the
decay of the239Pu (a-particles anda-recoils of similar
energies are released during the decay of the235U series).

The a-particles dissipate most of their energy by
ionization processes over a range of 16 to 22mm, but
undergo enough elastic collisions along their path to
IP address: 130.203.205.122

13, No. 6, Jun 1998 1439

http://journals.cambridge.org


W. J. Weber et al.: Radiation effects in crystalline ceramics for the immobilization of high-level nuclear waste

n
t

s
a

-

c

0
t

t
n
e

e
a
y

n
n

e

e

b

p

t

ic
f

nd

-
re
s

ns

ius

f
u

in
g-

o
st
e
b-
W,
s
uld
h
ic

n-
-

er
produce several hundred isolated atomic displaceme
The largest number of displacements occurs near
end of thea-particle range. Both the partitioning of
the energy loss bya-particles between ionization and
elastic collisions and the distribution of displaced atom
if the threshold displacement energies are known, c
be determined by computational approaches based
the binary collision approximation (BCA). These com
putational approaches generally involve using the BC
computer codes,TRIM56 and MARLOWE,57,58 which are
also used for charged-particle irradiations.

The more massive but lower energya-recoil particle
accounts for most of the total number of displacemen
produced by ballistic processes in HLW and Pu cerami
The a-recoil loses nearly all of its energy in elastic
collisions over a very short range (30 to 40 nm), pro
ducing a highly localized displacement cascade of 10
to 2000 displacements. The density of energy deposi
into the crystal structure by ana-recoil cascade is very
high (up to 1 eVyatom) and occurs over a very shor
time (,10212 s). The distribution of displacements in a
a-recoil cascade can also be calculated by BCA cod
but the binary collision approximation is generally no
as quantitative for such cascades, as discussed be
(Sec. III. D), and does not account for any simultan
ous recombination events that may occur. Molecul
dynamic simulations (Sec. VI. B) may provide the onl
means of calculating the primary damage state in su
cascades.

In an a-decay event, thea-particle anda-recoil
particle are released in opposite directions and produ
distinct damage regions separated by several micro
Based on full cascade Monte Carlo calculations usi
TRIM-96 (assuming a threshold displacement energy
25 eV), the average number of atomic displacemen
generated in a ceramic, such as zircon, by the 5.2 M
a-particle and the 86 keV235U recoil released in the
decay of 239Pu are 220 and 1180, respectively. Th
average number of displacements generated pera-decay
event by the decay of the actinides in HLW ceram
ics is expected to be similar and is estimated to
1400 displacements pera-decay event. This is signifi-
cantly more than the 0.1 displacements generated
b-decay event (see above). The relative numbers
displacements per atom (dpa) generated byb-decay and
a-decay in typical ceramics containing DOE tank was
or 10 wt. % 239Pu are shown in Fig. 4. The results in
Fig. 4 clearly show the dominance ofa-decay events
(a-particles anda-recoils) in producing ballistic-type
collision damage in ceramic waste forms.

3. Transmutations and gas production

In addition to the energy transferred to the ceram
b-decay anda-decay also lead to transmutation o
http://journals.cambridge.org Downloaded: 06 Aug 2012
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FIG. 4. Relative number of displacements generated byb-decay and
a-decay events in typical ceramics containing DOE tank waste a
by a-decay events in typical ceramics containing 10 wt. %239Pu.

radioactive parent nuclei into different chemical ele
ments that must be accommodated into the structu
and may significantly impact the chemical propertie
of the ceramic. The principal source of transmutatio
in HLW is b-decay of the relatively abundant fission
products,137Cs and90Sr. Transmutation of these two
elements is accompanied by changes in both ionic rad
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 o
29%.59 In ceramics for Pu immobilization, where the P
concentration is high, the transmutation of239Pu to235U
(both of which are fissile) may also result in changes
valence state and ionic radius, which could impact lon
term performance and safety [e.g., U61 as the uranyl ion
(UO2)21 in solid phases is much more soluble than U41].

Helium atoms, which result from the capture of tw
electrons bya-particles, are also produced and mu
(i) be accommodated in the ceramic interstitially, (ii) b
trapped at internal defects, (iii) aggregate to form bu
bles, or (iv) be released at the ceramic surface. For HL
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), whic
should be easily accommodated. In the case of ceram
waste forms for Pu immobilization and disposal, He co
centrations can become quite high and difficult to accom
modate within the structure, exceeding 2 atom % aft
100,000 years for ceramics containing 20 wt. %239Pu.
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C. Irradiation techniques

The effects of radiation from the decay of radionu
clides will accumulate over very long time periods
consequently, a broad range of accelerated irradiati
techniques must be utilized to study radiation effec
in ceramics for HLW and Pu disposition. The relative
damage rates in natural minerals, HLW forms, ceram
ics for Pu disposition, and for accelerated irradiatio
methods are shown in Table I. These irradiation tec
niques and procedures have been described in de
previously,37,38,41 and are briefly reviewed here.

1. Actinide-incorporation

The long-term effects ofa-decay events can be
simulated by incorporating short-lived actinides, such a
238Pu (half-life of 87.7 years60) or 244Cm (half life of
18.1 years60) in sufficient concentrations (0.2 to 3 wt. %)
to achieve 1018 to 3 3 1019 a-decay eventsyg in labora-
tory time periods of up to several years. This techniqu
has been utilized in studies of several HLW ceramic
and single-phase ceramics, as discussed below, a
effectively simulates, at accelerated dose rates, the sim
taneousa-particle anda-recoil effects that are expected
over long periods of time in ceramic phases for HLW
or Pu immobilization.

2. Actinides in natural minerals

Unlike natural glasses, which do not contain enoug
uranium and thorium (,100 ppm) to serve as natural
analogues for radiation effects in waste form glasse
natural minerals can contain large concentrations
U and Th impurities (up to 30 wt. %) and, therefore
can serve as natural analogues27 for radiation effects
in analogous waste form structures, as discussed
more detail below. For example, the enhanced chemic
reactivity (differential etching) ofa-recoil tracks is well
documented in naturally occurring minerals.61

3. Charged-particle irradiation

Charged-particle irradiation using electrons, proton
a-particles, and heavy ions can be used to simula
and study radiation effects in ceramic phase relevant
HLW and Pu disposition, particularly over a wide rang
of temperatures. These irradiation techniques genera

TABLE I. Relative damage rates.

Material Damage rate (dpays)

HLW forms 10216210211

10 wt. % Pu waste form 10211

Natural minerals ,10217

Actinide doping 1021021028

Neutron irradiation 102721026

Ion-beam irradiation 102521022
http://journals.cambridge.org Downloaded: 06 Aug 2012
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employ particle accelerators and high dose rates; co
sequently, very significant doses are reached in sh
periods of time (e.g., minutes). Interpretation of th
results from such experiments can be difficult becau
the irradiated areas are thin surface layers of restrict
lateral extent. The high surface area can act as a s
for migrating defects, and electric field gradients ma
be generated along the electron or ion paths. Implant
ions also can change the properties of the target mate
as a result of compositional changes. Still,a-particle
irradiation, using either sealed actinidea-sources (e.g.,
238Pu) or particle accelerators, is an effective tool fo
understandinga-particle effects; similarly, heavy-ion
(e.g., Xe, Pb) irradiation is an effective method to stud
a-recoil effects. In fact, the two techniques can be use
simultaneously to study the effects of botha-particles
anda-recoils on ceramics. Similarly, electron irradiation
can be used to study the effects of ionization an
electronic excitations fromb-particles andg-rays on
ceramics. One minor disadvantage of charged-partic
irradiation, particularly for simulating the damage from
a-decay events over a large area in a multiphase spe
men, is that it cannot selectively irradiate (i.e., damag
only the actinide host phases as would occur in an actu
multiphase waste form; instead all phases are irradiate
This is not a disadvantage in studies of single pha
materials, and homogeneously damaged surface lay
can be produced using multiple energy beams. In order
compare the results of charged-particle irradiations wi
those from actinide-decay studies, the comparable do
in displacements per atom (dpa) can be calculated, bas
on the binary collision approximation, using compute
codes, such asTRIM56 and MARLOWE,57,58 and known or
assumed values for the displacement threshold energ

4. Gamma irradiation

Gamma irradiation, utilizing60Co or 137Cs sources,
has been used to simulate the effects ofb-particles
and g-rays on glass.37,41,42 Very little of this work
has been done on ceramics because of the relat
insensitivity of many oxides to permanent damage fro
ionization processes. However, some host phases
fission products could be susceptible to ionization dam
age. The advantage of this technique is thatg-rays are
so penetrating that samples can be irradiated in bu
and while sealed in containers; furthermore, theg-rays
provide a realistic simulation since they interact with
the ceramic primarily through ejected photoelectron
Dose rates on the order of2.5 3 104 Gyyh are easily
achieved.41

5. Neutron irradiation

Irradiation with neutrons can also be used to simu
late and study radiation effects in multiphase and sing
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phase waste ceramics. The main advantage of irradia
with neutrons, which dissipate their energy by ballis
processes, is that significant numbers of atomic displa
ments can be produced in bulk specimens, makin
easier to measure physical property changes assoc
with ballistic damage. Neutron irradiation, however, on
moderately simulates the ballistic damage froma-par-
ticles anda-recoils.41 In addition, fast-neutron irradia
tion of ceramics provides only limited simulation of H
buildup froma-decay through the generation ofa-par-
ticles by (n, a) reactions, which is different than th
case for borosilicate glasses where the B(n, a)Li reaction
can generate significant He.38,41 Another technique62

involves fission of fissile nuclides (e.g.,235U) in the
ceramic by irradiation in a fast and/or thermal neutr
flux; the fission event results in very high-energy fissi
fragments that produce extensive regions of damage (
fission tracks) that may or may not simulate ballis
damage from thea-recoil particles. Such fission even
provide an excellent simulation of spontaneous fiss
events in HLW and Pu ceramics; however, as mentio
above, these events are so infrequent in actual HLW
they are unimportant as damage mechanisms. Simila
charged-particle irradiation, neutron irradiation genera
damages all phases in a multiphase ceramic to some
tent, although fission-track damage may be localized
phases containing fissile nuclides; consequently, neu
irradiation does not provide an accurate simulation of
heterogeneous damage that may occur due to acti
partitioning.

D. Damage production

The production of radiation damage effects in
wide-range of ceramics has been studied for many ye
and the current state of knowledge is summarized
several reviews.37,40,63–69 One of the most importan
fundamental parameters affecting radiation damage
a material is the threshold displacement energy,Ed,
which is the minimum kinetic energy necessary to d
place an atom from its normal site. As noted abo
and discussed below, this parameter is essential
quantifying the number of displaced atoms produc
in irradiated materials using computational approach
and provides primary damage information for modeli
radiation effects. Since ceramics generally consist
multiple sublattices,Ed must be separately measure
(or calculated) for each sublattice. Table II summariz
the recommended values of the threshold displacem
energies for several ceramics, as determined from
recent evaluation of the literature.69 Typical values range
from 20 to 60 eV. There are no known measurements
the displacement energies in the ceramic phases tha
under consideration as matrices for radionuclides. U
fortunately, there are vanishingly few electron irradiati
http://journals.cambridge.org Downloaded: 06 Aug 2012
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facilities still available in the USA where the threshold
displacement energies of materials can be determined.

The recommended method for measuringEd is to
irradiate the sample with electrons while monitoring the
induced-defect concentration as a function of electron
energy to determine the minimum electron energy a
which defects are produced. Preferred techniques fo
monitoring the defect concentration are optical spec
troscopy or electron paramagnetic resonance (EPR) spe
troscopy, since they are capable of uniquely monitoring
the behavior of specific defects, such as anion vacancie
However, in some cases, the EPR or optical signal ma
not be detectable unless displacement damage occurs
both sublattices.70,71 Other techniques (e.g., high voltage
electron microscopy) have been successfully used t
determineEd .69 Measurements are typically performed
at cryogenic temperatures to minimize defect recovery
processes. The relationship betweenEd and the threshold
(minimum) electron energy,Ee, is given by72,73

Ed ­ 2EesEe 1 2mec2dyMc2, (1)

whereme is the electron mass,c is the velocity of light,
and M is the mass of the displaced ion. Some studies
have estimatedEd by performing electron irradiations
at energies above the threshold value and comparin
the measured point defect concentration with the con
centration predicted by theory; this method typically
overestimatesEd.69 Measurements on Al2O3 and MgO
indicate thatEd is approximately constant over the tem-
perature range from 78 to 400 K.74,75 The temperature
dependence ofEd in ceramics relevant for HLW or Pu
disposition is unknown and needs to be investigated.

Computer simulation techniques, as discussed in
Sec. VI, can be used to confirm experimental values fo
Ed or to calculate values ofEd when experimental values
are unavailable, as is the case for most of the cerami
phases of interest for nuclear waste applications. Re
cently, values ofEd calculated by computer simulation
techniques have been shown to be in good agreeme
with many of the oxide values76 and SiC values77 in
Table II. In the case of zircon (ZrSiO4), computer simu-
lation results,76 which are given in Table III, provide the
only available estimates forEd values.

Given the threshold displacement energies, the
production of displacements in these polyatomic mate
rials by ballistic processes can be determined by com
putational approaches based on the binary collision
approximation (BCA). As already mentioned, these
computational approaches generally involve using
computer codes, such asTRIM56 andMARLOWE.57,58 TRIM

assumes a structureless medium (i.e., it takes no accou
of crystallinity) and uses a Monte Carlo approach to
determine the scattering angle and energy transfer tha
results from each binary elastic collision.MARLOWE is
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TABLE II. Recommended threshold displacement energies for s
eral simple ceramics.69(* indicates less reliable data.)

Material Threshold displacement energy

Al2O3 Ed sAl d ­ 20 eV, EdsOd ­ 50 eV
MgO EdsMgd ­ 55 eV, EdsOd ­ 55 eV
CaO EdsOd ­ 50 eV
MgAl2O4 EdsOd ­ 60 eV
ZnO EdsZnd ­ 50 eV,p EdsOd ­ 55 eV
BeO EdsBed ­ 25 eV,p EdsOd ­ 70 eVp

UO2 EdsUd ­ 40 eV,p EdsOd ­ 20 eV
SiC EdsSid ­ 40 eV,p EdsCd ­ 20 eV
Graphite EdsCd ­ 30 eV
Diamond EdsCd ­ 40 eV

TABLE III. Minimum threshold displacement energies,Ed , calcu-
lated for zircon.76

Specific ion Ed (eV)

Zr 79
Si 23
O 47

a BCA code that does take into account crystallini
by assigning all atoms to well-defined initial position
in a crystal lattice. The net number of displacemen
can also be determined directly by numerical solutio
to the integro-differential equations of Parkin an
Coulter,78 which also assume a structureless mediu
If the same scattering cross sections and electro
stopping powers are used, the results ofTRIM simulations
are in agreement with numerical solutions to th
integro-differential equations.79 The binary collision
approximation, however, is a high-energy approximati
that is appropriate for high-energy collisions and m
be reasonable for light ions, such asa-particles. At
low energies, where the trajectories of recoils are n
easily described by discrete collisions, such as in aa-
recoil cascade, the binary collision approximation is le
useful; it also fails to take into account the simultaneo
recombination events that can occur. Molecular dynam
simulations, as discussed in Sec. VI. B, may provide t
only means of calculating the nature of the prima
damage state in such cascades. Nonetheless, in o
to semiquantitatively compare the results of irradiatio
with ion beams of different masses and energies w
each other and with the results of self-radiation due
a-decay, the BCA codes often must be used beca
molecular dynamic simulations cannot be performed
all the materials of interest due to the lack of adequ
interatomic potentials.

Radiolysis can also result in defect production as
consequence of localized electronic excitations produ
by ionization.63,65,66,68 This mechanism is important in
some ceramic systems, such as alkali halides, a
http://journals.cambridge.org Downloaded: 06 Aug 2012
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line earth fluorides, and silica,63,65,68 but is generally
concluded to be insignificant in many other ceram
materials. Under the irradiation environments antic
pated for nuclear waste materials, the production
displaced atoms from radiolysis is expected to be min
in most crystalline ceramics of interest. Some silica
and phosphate systems, however, may be sensitive
this mechanism. Table IV summarizes the sensitivity
candidate nuclear waste ceramics to radiolysis at hi
dose rates. A wide range of chemical composition
is possible for most of these structure types, and th
may affect their sensitivity to radiolysis. This can b
important for some structure types, such as the apa
structure, where both silicate and phosphate systems
of interest. The sensitivity of potential fission-produc
host phases (e.g., apatite, monazite, NZP, and silico
tanate structures) to radiolysis under expected reposito
conditions is unknown.

Obviously, threshold displacement energies fo
elastic collisions cannot be measured by electro
irradiation methods in materials that are sensitive
radiolysis because the ratio of electronic-to-nucle
stopping powers for electrons with energies,1 MeV is
greater than 104 and increases with decreasing electro
energy. Therefore, the radiolytic production of defec
in much higher than that due to elastic collisions
making any determination ofEd impossible. Estimates
of Ed in radiolysis-sensitive materials may be bes
obtained by theoretical or semi-empirical comparison
with other ceramics. AdditionalEd data on a wide
range of ceramic materials are needed in order
allow accurate estimates of displacement energies
radiolysis-sensitive materials.

Due to the low average knock-on energies associa
with a-particle and b-particle interactions with the
host ceramic, most of the knock-on energies associa
with these processes will be close to the thresho
energies for atomic displacements. It is, therefore, like

TABLE IV. Sensitivity of candidate nuclear waste ceramics t
radiolysis.

Ceramic phases Radiolysis sensitive

Actinide hosts:
zircon no
zirconolite no
silicate apatite no
fluoroapatite yes
monazite yes
NZP unknown
ZrO2 no

Fission product hosts:
CsCl, SrF2 yes

Hydroxylated ceramics:
clays, zeolites, etc. yes

Silicotitanates unknown
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that nonstoichiometric fractions of displacement da
age will be produced on the different sublattices, d
to differences inEd and atomic mass. Although the
total number of displacements associated witha-particle
collisions is less than 20% of the nearly stoichiometr
displacements calculated for thea-recoil cascade, these
isolated displacements have higher survival rates (l
in-cascade recombination), and it is possible that th
displacements may play a major role in the evoluti
of microstructure in irradiated nuclear waste cerami
Further work is needed to determine if there is a
significant effect associated with nonstoichiometric d
placements and the role of thea-particle displacements
on damage accumulation processes.

E. Radiation damage kinetics

Because equilibrium thermodynamics are not stric
applicable under irradiation conditions, the accumulati
of point defects, evolution of microstructures, and fo
mation of metastable phases (e.g., amorphization) un
irradiation are controlled by the nucleation and kine
properties of the system.80–83 The kinetics of radiation
damage accumulation are controlled by the competit
between the rate of damage production and the r
of various simultaneous recovery processes (e.g., clo
pair recombination, defect migration, defect aggregatio
epitaxial recrystallization). The kinetics of simultaneou
recovery processes can be expected to vary dependin
the irradiating ion mass and energy, the bulk temperat
of the sample, and the melting temperature or cohes
energy of the irradiated material. Experiments in ceram
materials have shown that light ions are less efficie
with increasing temperature, at irradiation-induced am
phization than heavy ions.84–89 These observations are
consistent with metal irradiation studies that show th
light ions will have a larger fraction of the initially
produced Frenkel defects remaining at the end of
cascade event as compared with the fraction remain
in cascades produced by heavier ions.90 In ceramics,
ionization-induced diffusion can also affect recove
kinetics.67,69,91,92

Accelerated irradiation methods (Sec. III. C) must
used to achieve dose levels, in laboratory time fram
that are relevant to long-term repository performanc
Consequently, a detailed understanding of the depe
ence of radiation-damage accumulation on time, te
perature, and damage rate is important to predict
the long-term behavior of ceramic waste forms und
expected geologic repository conditions. For examp
because the high damage rates overwhelm the simu
neous thermal recovery processes, the effects of elec
and ion irradiation generally occur at much higher tem
peratures than the effects from self-radiation damage
significantly lower damage rates) in actual nuclear wa
http://journals.cambridge.org Downloaded: 06 Aug 2012
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ceramics, in ceramics doped with short-lived actinides
or in mineral analogues. This effect is mitigated to some
extent by the irradiation-assisted recovery processes th
are also observed under high-dose electron and io
irradiation. A systematic, integrated understanding o
dose-rate effects is necessary to extrapolate data obtain
using accelerated methods, under high dose rates, to t
long-term low-dose-rate behavior of actual nuclear wast
ceramics. This dose-rate difference ranges from 106 to
1014 (Table I). Comparisons to natural mineral data can
involve even larger dose-rate differences. Some data o
dose-rate effects will be presented below (Sec. V. E).

IV. RADIATION EFFECTS IN MULTIPHASE
CERAMIC WASTE FORMS

Waste forms for the immobilization of HLW at
DOE sites in the USA, HLW worldwide, plutonium, and
other special nuclear waste streams represent compl
multicomponent systems, and the clean-up campaig
will proceed for several decades. Thus, there is tim
to identify and address fundamental scientific issues, i
particular those related to the effect of radiation on wast
form properties, which may have a bearing on the cos
optimization of processing technologies, the integrity of
the waste forms during interim storage/operations, an
long-term performance.

Multiphase ceramic waste forms are tailored to pro
duce specific crystalline phases as hosts for the differe
radionuclides. Generally, fission products (such as C
and Sr) are confined to one or more glass or crystallin
phases, while the actinides (U, Np, Pu, Am, and Cm
generally partition into other crystalline phases. Synroc
and other related titanate-based ceramic waste form
have received the most attention.93–97 There have been
more limited studies of supercalcine,98,99 a silicate-based
tailored ceramic, and of glass-ceramics,11,100–102 which
are prepared by controlled crystallization of suitable
glasses. In general, the cumulative radiation effects in a
the component phases will contribute to the actual effect
of radiation on the performance of these and other poten
tial multiphase waste forms. However, due to differentia
effects, such as radiation-induced volume changes th
can lead to differential stresses and even microcrackin
radiation effects in multiphase waste forms may be mor
than the sum of the effects in individual phases, which
are described in more detail below (Sec. V). The studie
of radiation effects in several multiphase ceramic wast
forms are summarized below.

A. Synroc

Synroc is a dense, multiphase titanate-based was
form designed for the immobilization of HLW, with
phases based on mineral analogues. The attraction
this multiphase ceramic is that the phase assemblage
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insensitive to the HLW/precursor ratio; in most cases, th
ratios of the phases vary as the waste loading chang
from 0 to 35 wt. %. The Synroc phases, in approx
mately equal abundance, are zirconolite (CaZrTi2O7),
which incorporates rare earths (RE) and actinides (An
perovskite (CaTiO3), which incorporates RE, An, and
Sr, hollandite (BaAl2Ti6O16), which incorporates Cs,
Rb, and Ba, and rutile (TiO2). In some formulations,
pyrochlore, A2B2O7, which is structurally closely related
to zirconolite, may become an important actinide ho
phase. Some fission and corrosion products (Fe, N
Cr, Pd, Rh, Ru, Tc, Mo, etc.) will form metal alloys.
In general, the composition of the precursor can b
readily adjusted for different types of HLW. Possible
near-term applications of Synroc are immobilization o
Tc (technetium) and other elements separated duri
cleanup of U.S. DOE tank waste liquids, Synroc/glas
composites aimed at HLW sludges from U.S. DOE
tank wastes, and zirconolite/pyrochlore-rich ceramics fo
immobilization of Pu-rich materials. There has bee
interest in France and more particularly in Russia sinc
1994 in producing Synroc and Synroc/glass composit
by induction melting.

Ringwoodet al.103 have argued that Synroc is stable
with respect toa-decay damage, based on an assessm
of natural minerals of uranium and/or thorium-bearin
perovskite and zirconolite, which are the actinide ho
phases of Syntoc. Such data, however, can provide on
qualitative results, as both zirconolite and perovskit
are susceptible to irradiation-induced amorphization.37

In the early 1980s, a limited amount of accelerate
radiation-damage testing was performed on sintere
coarse-grained Synroc and its constituent phases
irradiation with fast neutrons to fluences of up to2.7 3

1026 nym2 (E . 1 MeV), which is equivalent in damage
to about8 3 1018 a-decaysyg.104–106Microcracking was
observed in the neutron-irradiated samples and co
tributed to the large volume expansions (up to 8.5%) th
were observed. Accelerated testing of238Pu-doped Syn-
roc (and its constituent phases) has also been comple
on hot-pressed materials.107,108The macroscopic swelling
in the Pu-doped Synroc increases with dose, as sho
in Fig. 5, and exceeds 6%, with only a slight indication
of approaching a steady-state (saturation) value. Stud
of ion-irradiated Synroc indicate significant increases
the leach rate at high damage levels.109,110

For the multiphase Synroc ceramic, the hollandit
phase will be subject only toa-particle andbyg irra-
diation, while the zirconolite and perovskite phases wi
be subject toa-decay damage processes, involving bot
a-particles anda-recoils, as well asbyg irradiation.
Since byg irradiation damage is generally assumed t
be negligible in these phases, studies of radiation effec
in the major constituent phases of Synroc (i.e., hollan
dite, perovskite, and zirconolite) have been carried o
http://journals.cambridge.org Downloaded: 06 Aug 2012
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FIG. 5. Macroscopic swelling in the Pu-doped Synroc,107 Cm-doped
supercalcine,123 and Cm-doped123 and Pu-doped126 glass-ceramics.

using actinide-doping,a-particle irradiation, neutron-
irradiation, and ion-beam irradiation techniques. Detail
from the studies of these specific crystalline phase
are reviewed elsewhere37 and are briefly described in
the following section on relevant crystalline phases
The essential conclusions are thata-particles induce a
large unit-cell volume expansion (up to 2.5%) and a
displacive transformation from the tetragonal to a lower
symmetry monoclinic structure in hollandite.111 In ad-
dition, the zirconolite107,112–116and perovskite107 phases
will undergo a-decay-induced amorphization with vol-
ume changes in the range of 6 to 8%.

B. Synroc-related ceramics

Japanese researchers have investigated self-radiat
effects in a244Cm-doped Synroc-related titanate ceramic
consisting of perovskite, zirconolite, hollandite, freuden
bergite, and loveringite that is intended for encapsulatio
of sodium-rich high-level waste.117,118 The density of
this material decreased linearly with dose to a valu
corresponding to a volume expansion of 1.0% after
dose of0.7 3 1018 a-decaysyg; above this dose, the rate
of density change increased to a new constant valu
and this phenomenon is attributed to microcracking
The maximum volume expansion approaches 4%
1.8 3 1018 a-decaysyg, with no indication of saturation.
The leach rates for Na and Cs increased by a factor of 1
while the leach rates for Sr and Ca increased by a fact
of 100.118 These increases were attributed to increase
surface area from microcracking and decreased durab
ity due to radiation damage. A Synroc-related titanat
ceramic containing sodium-free simulated waste has al
been studied by doping with 0.91 wt. %244Cm.119 Both
the perovskite and zirconolite phases exhibited uni
cell expansions on the order of 2.6%. The macroscop
IP address: 130.203.205.122

3, No. 6, Jun 1998 1445

http://journals.cambridge.org


W. J. Weber et al.: Radiation effects in crystalline ceramics for the immobilization of high-level nuclear waste

lu

iz

n

h

r
r

e
a

r
e

t
s

s

a
T

s
o

e
m
t
n

t
s,

l

e
o-
%
a

se

y
s

red

d,
l

s

e

d
e

b-

s

he

il

t
-
al
n
.

volume expansion increased linearly with dose to a va
of 1.7% after a dose of1.2 3 1018 a-decaysyg.

Researchers at Sandia National Laboratories120 have
investigated a multiphase titanate ceramic to immobil
acidic high-level nuclear waste. This titanate waste c
ramic consisted of rutile (TiO2), an amorphous silicate
phase, perovskite, zirconolite, hollandite, and a U-Z
rich phase that was believed to have the pyrochlo
structure. Radiation effects froma-decay in this titanate
ceramic were simulated by irradiating TEM specime
with Pb1 ions.121 Multiple energies (40 to 250 keV) were
used to produce a uniform damage profile. Irradiation
single energies of 240 to 250 keV were also performe
Examination by transmission electron microscopy of t
irradiated specimens indicated considerable damage
all phases after a dose equivalent to2 3 1018 a-decay
eventsyg. All phases remained crystalline, except th
phase with a chemistry typical of a pyrochlore, and
became amorphous.

C. Supercalcine

Radiation effects in this multiphase waste form we
studied at the Pacific Northwest National Laborato
in the late 1970s by incorporating244Cm in a super-
calcine formulation consisting of three major phas
with the fluorite structure, the apatite structure, and
unresolved tetragonal structure type.122,123 Subsequent
analysis suggested that the Cm predominantly partition
into the apatite phase and the tetragonal phase. X-
diffraction indicated a gradual transformation of th
apatite from a crystalline to an amorphous state,
agreement with the results124 on the amorphization of
similar apatite crystals in a devitrified nuclear was
glass. There also was a slight increase in the inten
of the diffraction maxima associated with the tetragon
phase. The stored energy reached a maximum va
of 42 Jyg at a dose of0.5 3 1018 a-decay eventsyg
and decreased slightly with further increases in do
The energy release was not complete at 600±C (the
upper limit of the calorimeter used); therefore, addition
energy release may occur at higher temperatures.
density decreased exponentially with dose, resulting
a volume expansion of 1.4% at a dose of1.2 3 1018

a-decay eventsyg (Fig. 5).

D. Glass-ceramics

A glass-ceramic is a fine-grained mixture of gla
and ceramic phase ideally derived from a homogene
glass through a heat-treatment at the temperature of m
imum nucleation rate for the ceramic phases, follow
by a high-temperature treatment to yield a maximu
growth rate. The celsian glass-ceramic, developed at
Hahn-Meitner Institut and named for the predomina
crystalline phase, is easy to fabricate, is homogeneou
http://journals.cambridge.org Downloaded: 06 Aug 2012
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crystallized, and contains a variety of leach-resistan
host phases for the radionuclides. In the late 1970
radiation effects in a244Cm-doped celsian glass-ceramic
were investigated at the Pacific Northwest Nationa
Laboratory.123 At the same time, similar studies were
being performed on both a244Cm-doped celsian glass-
ceramic125 and a 238Pu-doped celsian glass-ceramic126

within the European Community. In these studies, th
density decreased exponentially with dose, and the ass
ciated volume change was projected to saturate at 0.5
(Fig. 5). The stored energy increased with dose to
saturation value of 80 Jyg,123 and the fracture toughness
increased by 25%.125 Data from the x-ray diffraction
analysis revealed that a Cm-rich, rare-earth titanate pha
with the pyrochlore structure underwent a small vol-
ume expansion with dose and eventually became x-ra
diffraction amorphous. The fractional helium release wa
determined to be 3% in samples stored at 170±C to a
cumulative dose of 1.13 1018 a-decay eventsyg.

In the study of a devitrified Cm-doped waste
glass,124 the Cm partitioned into two crystalline
phases: Ca3(Gd, Cm)7(SiO4)5(PO4)O2 (apatite structure)
and (Gd, Cm)2Ti2O7 (pyrochlore structure). The volume
expansion of the glass saturated at 1%, and the measu
stored energy was 90 Jyg. Both of these crystalline
phases were observed to undergo a radiation-induce
crystalline-to-amorphous transformation. The differentia
expansion (estimated to be 5 to 8%37) associated with the
crystalline-to-amorphous transformation of these phase
resulted in significant microfracturing (Fig. 6), which
can greatly increase the surface area for radionuclid
release.

Vanceet al.127 used 3 MeV Ar1 ions to study ra-
diation effects in a sphene glass-ceramic. They reporte
that complete amorphization of the crystalline sphen
phase occurred at an ion fluence equivalent to 73

1018 a-decaysyg. No significant enhancement in the
leaching of the irradiated sphene glass-ceramic was o
served. A sphene glass-ceramic containing 2 wt. %238Pu
was reportedly prepared to studya-decay effects128; no
results have been reported to date.

E. Scientific issues for multiphase waste forms

Radiation effects in multiphase ceramic waste form
concern both behavior of the individual crystalline
phases and behavior due to the multiphase nature t
waste form. Key issues regarding radiation effects in
individual crystalline phases are discussed in deta
in the following section, such as the nature of the
point defects produced by radiation, the displacemen
energies for ions on different sublattices, and radiation
induced amorphization and volume changes. For actu
multiphase ceramic waste forms, the behavior at grai
boundaries and interfaces will become important
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FIG. 6. Effect of a-decay in crystalline phases on microstructure in a partially devitrified glass: (a)6 3 1015 a-decaysyg and (b)
2.4 3 1017 a-decaysyg.124
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Consequently, studies should (i) measure and mo
the microfracturing that occurs in polyphase and pol
crystalline ceramics due to radiation-induced different
and anisotropic volume expansions, (ii) determine t
influence of grain size on the tendency of such ceram
to microcrack, and (iii) determine the influence o
intergranular or interfacial stresses on properties a
behavior. Clearly, additional characterization techniqu
must be employed in investigations ofa-decay effects in
these nuclear waste ceramics. Point defects in many
these ceramics can be investigated by EPR and opt
spectroscopies. In principle, changes in the valen
states of actinides, rare-earth, and transition elements
be addressed by Auger, x-ray photoelectron/absorpt
spectroscopy, electron energy loss spectroscopy,
(possibly) diffuse UV-near IR reflection spectroscop
Nearly all the ceramics under consideration for nucle
waste immobilization are oxide-based, and neutr
diffraction enjoys advantages over x-ray diffraction fo
the study of radiation-induced oxygen defects.

V. RADIATION EFFECTS IN
CRYSTALLINE PHASES

There have been a number of studies of individu
synthetic phases and minerals that are structurally and
chemically analogous to the phases found in mul
phase ceramic waste forms or to proposed single ph
waste forms. These studies contribute significantly to t
understanding of radiation effects in the multipha
ceramic waste forms by providing a detailed unde
standing of the behavior of each component pha
The current state of understanding regarding radiat
effects and radiation damage processes in crystall
http://journals.cambridge.org Downloaded: 06 Aug 2012
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phases proposed as host matrices for radionuclides
briefly summarized below and critical scientific issue
are identified and discussed. More detailed informatio
and data are available in the original references and
a recent review.37

A. Phases and structures

1. Actinide-bearing phases

The most prominent of the potential actinide-bearin
phases are listed in Table V. In these structures, actinid
are generally accommodated by substitution for Zr o
the rare-earth (RE) elements. Phases with the fluor
structure (PuO2 and UO2) or modified fluorite structure
(ZrO2) are also important. The low solubility of PuO2

in many materials can result in the formation of PuO2

in both glass and ceramic waste forms. Uranium dioxid
(UO2) is the main constituent of spent fuel and ma
also form in U-rich wastes. Zirconia (ZrO2) is a very
stable material under a wide range of oxidation/reductio
environments and may be very radiation resistant. Sin
Pu and other actinides can be accommodated on the
site, ZrO2 is a candidate material for Pu disposition an
for use as an inert matrix for Pu burn-up in a reactor o
accelerator-based neutron source.31,32

Pyrochlore (A2B2O7) is a derivative of the fluorite
structure type129,130 in which the A-site contains large
cations (Na, Ca, U, Th, Y, and lanthanides) and the B-si
consists of smaller, higher valence cations (Nb, Ta, T
Zr, Fe31). Actinides may be accommodated in the A-site
and charge balance is maintained by cation deficienc
in the A-site and substitutions on the A- or B-sites.131

Rare-earth titanates with the pyrochlore structure ha
IP address: 130.203.205.122

3, No. 6, Jun 1998 1447

http://journals.cambridge.org


W. J. Weber et al.: Radiation effects in crystalline ceramics for the immobilization of high-level nuclear waste

a
t

for

y
r
ct

-
d
-
e
as
in
of

l

ific
s
s-

e
as

on

rth

si-

ily
al

ily
al
th

-
ge

for

-

ble
TABLE V. Potential actinide-bearing phases.

Structure type Composition

Oxides
fluorite PuO2; UO2

pyrochlore A2B2X6Y; RE2Ti2O7; CaPuTi2O7

zirconolite CaZrTi2O7

perovskite CaTiO3
zirconia, ceria ZrO2; CeO2

Silicates
zircon ZrSiO4

apatite Ca42xRE61x(SiO4)62y (PO4)yO2

sphene (titanite) CaTi(SiO4)O
Phosphates

monazite CePO4
apatite Ca42xRE61x(SiO4)62y (PO4)yO2

NZP NaZr2(PO4)3

been observed as actinide-host phases in some nuc
waste glasses,124 in titanate ceramic waste forms,120 and
in a glass-ceramic waste form.123,126 The synthesis of
Pu2Ti2O7 and several other Pu-containing titanates wi
the pyrochlore structure has also been reported.132 As
noted above, zirconolite (monoclinic CaZrTi2O7) is a
fluorite-derivative structure closely related to pyrochlo
and is the primary actinide-host phase in Synroc. Ra
ation effects in Pu- and Cm-containing pyrochlores a
zirconolite have been studied.36,107,112–116,133In addition,
studies of metamictization (i.e., amorphization induce
geologically bya-decay of U and Th impurities) in min-
eral analogues for pyrochlore134–137and zirconolite138–141

provide data on radiation effects over geologic time pe
ods. There have also been ion-beam142,143and neutron144

irradiation studies of pyrochlores and zirconolite. I
addition to extensive studies of radiation effects
naturally occurring pyrochlores, systematic studies ha
been completed of the alteration patterns of the natura
occurring compositional end-members of this isomet
phase: microlites,145 pyrochlores,146 and betafites.137 It
has been shown that the increased degree of metam
tization (i.e., highera-decay event doses) increases th
susceptibility of these phases to alteration under natu
conditions.

Perovskite, CaTiO3, is a mineral that may assume
wide range of compositions as stable solid solutions a
is a major constituent phase in Synroc and other titan
ceramic waste forms. Perovskite is orthorhombic a
consists of a 3-dimensional network of corner-shari
TiO6 octahedra with Ca occupying the large void spa
between the octahedra (the corner-sharing octahe
are located on the eight corners of a slightly distort
cube). The actinides, rare-earths, and other large cati
readily replace Ca in the structure, while smaller-siz
cations replace titanium. Natural perovskites containi
U and Th impurities that have received doses of
to 2.6 3 1018 a-decaysyg show a high degree of
http://journals.cambridge.org Downloaded: 06 Aug 2012
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atomic periodicity, no evidence of amorphization, and
unit-cell volume expansion of 1.8% due to defec
accumulation.147 However, perovskites do amorphize
under ion-beam irradiation.148–152

Zircon (ZrSiO4) forms as one of several crystalline
phases in glass-ceramic waste forms.24–26,153,154Because
Pu can readily substitute for Zr in this structure,155,156

zircon has been proposed as a durable ceramic phase
the immobilization and disposition of Pu in the USA19,20

and high-actinide wastes in Russia.157,158 Additionally,
zircon is a prominent actinide-bearing phase formed b
crystallization in the core-melt at the Chernobyl Nuclea
Power Plant,157 has been observed as a corrosion produ
on HLW glass,159 and is a phase extensively used in
UyPb radiometric age-dating, as it may contain ura
nium in concentrations up to 20,000 ppm. Holland an
Gottfried160 investigated radiation effects and metamic
tization in natural zircons in an effort to use the degre
of damage as a measure of the zircon’s age. This w
the first study to quantitatively correlate the decrease
density, decrease in refractive index, and expansion
the unit cell parameters with increasinga-decay dose.
The effects ofa-decay in both Pu-containing and natura
zircons,84,155,156,161–163as well as ion-beam irradiation
effects in zircon,84 have been extensively studied and
modeled. These studies have resulted in a model (spec
to zircon) for describing the kinetics of radiation effect
over geologic time periods in zircon containing weapon
grade Pu or other actinides.164,165

Several rare-earth silicate-phosphates with th
apatite structure have been observed or proposed
actinide-host phases in HLW glass.124 supercalcine,98,99

glass-ceramics,100,101,166 and cement.167 Apatite phases
have also been observed as recrystallized alterati
products on the leached surfaces of simulated HLW
glasses,168,169 indicating their inherent stability relative
to HLW glasses. These apatite phases are rare-ea
silicate-phosphate isomorphs of natural apatite, Ca10-
(PO4)6(F, OH)2, which is the most abundant of the
phosphate minerals, and generally have the compo
tion: Ca42xRE61x(SiO4)62y(PO4)yO2 (where RE­ La,
Ce, Pr, Nd, Pm, Sm, Eu, and Gd). The actinides read
substitute for the rare-earth elements in this hexagon
crystal structure, and fission products are also read
incorporated. Some apatites from the Oklo natur
reactor site in the Republic of Gabon have retained bo
a significant235U enrichment (due to the decay of239Pu
incorporated during crystallization) and a high fission
product concentration in their structures, despite an a
of nearly 2 billion years.170 Not surprisingly, the apatite
structure has been proposed as a potential host phase
Pu and high-actinide wastes.20,170–172Natural apatites can
contain U and Th, but are generally found in highly crys
talline states173; however, partial metamictization has
been observed in natural apatites containing apprecia
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rare earths, silica, and Th.174 Radiation effects in
apatite phases have been extensively studied by C
doping162,163,175–178and ion irradiation.85–87,179,180These
studies have resulted in another model, specific
apatites, describing the kinetics of radiation effec
over geologic time periods in apatite phases contain
weapons-grade Pu or other actinides.164

Sphene, CaTi(SiO4)O (the proper mineral name is ti-
tanite), is a prominent phase in the sphene-glass-ceram
Sphene is an actinide-host (the structure will not acco
modate Cs but will accommodate minor concentratio
of Sr); thus radiation damage due toa-decay of actinides
is an issue of primary concern. In irradiation studie
employingg-radiation and 200 keV electrons to simulat
irradiation effects from fission product decay elsewhe
in the waste form,181 sphene has been shown to b
relatively resistant to ionization damage. In studies
natural sphenes containing U and Th,182,183 the meta-
mict state is reached after a cumulative dose of 53

1018 a-decaysyg, which is similar to that observed in
ion-irradiation studies.127

Monazite has been proposed as a single-phase
ramic to incorporate a wide variety of nuclear waste
particularly those rich in actinides.184,185Monazite is also
a potential host phase for excess weapons Pu,20 but its
relatively low thermal conductivity may preclude its us
as a potential inert matrix to incinerate actinides.186 The
mineral monazite is a mixed lanthanide orthophospha
LnPO4 (Ln ­ La, Ce, Nd, Gd etc.), that often contain
significant amounts of Th and U (up to 27 wt. % com
bined). As a result, many natural monazites have be
subjected to significanta-decay doses over geologic
time (up to two billion years of age). In spite of the larg
radiation doses received by monazite minerals, they
generally found in a highly crystalline state.88,165,187,188

The apparent resistance of natural monazites to radiati
induced amorphization is an important factor in th
proposed use of monazite for the immobilization o
nuclear wastes and the disposition of excess weap
Pu. Monatize is, however, readily amorphized under io
beam irradiation,88,89,189but it recrystallizes at relatively
low temperatures.190 The irradiation-induced swelling in
monazite may be on the order of 20%.186

Crystalline phosphates of the NaZr2(PO4)3 (NZP)
family continue to be of interest as alternative was
forms for HLW and Pu disposition because the uniq
NZP structure can incorporate a complex variety
cations, including fission products and actinides.191–194

The NZP structure is a three-dimensional network
corner-sharing ZrO6 octahedra and PO4 tetrahedra in
which Cs and Sr can be accommodated in the intersti
cavities occupied by Na. The rare-earth elements a
actinides can substitute for Zr, and other radionuclid
can substitute for either Na, Zr, or P. Thus, the NZ
structure can accommodate nearly all the ions pres
http://journals.cambridge.org Downloaded: 06 Aug 2012
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in HLW, as well as Pu. In a study of NaPu2(PO4)3

prepared with either239Pu or an isotopic Pu mixture that
was predominantly238Pu, the samples with238Pu became
amorphous after a dose of 9.33 1018 a-decaysyg.195

Irradiation of NZP compounds withg-rays up to doses
of 3 to 5 3 108 Gy to simulatebyg damage does not
produce significant structural changes.195,196

2. Cs and Sr-bearing phases

Barium hollandite, BaAl2Ti6O16, is a major phase in
Synroc that is intended to accommodate fission product
such as Cs and Sr.93–97The structure of barium hollandite
consists of a framework of TiO6 octahedra that are
linked (edge-sharing and corner-sharing) to form squar
channels parallel to thec-axis. These channels can
accommodate a wide variety of large cations, including
fission products. Although barium hollandite will not
contain actinides, it will experience irradiation from
a-particles emitted in adjacent actinide-containing
phases. In barium hollandite, thea-particles cause a
unit-cell expansion and a displacive transformation from
the tetragonal structure to a lower symmetry monoclinic
structure.111

Several phases have been proposed as hosts for t
selective removal and solidification of fission products
from defense waste streams presently held in large sto
age tanks. The removal of the fission products can great
simplify the vitrification process for the remainder of
the waste. These phases include the mineral analcim
NaAlSi2O6 ? 2H2O, which forms a solid-solution series
with pollucite, (Cs, Na)2 (Al2Si4)O12 ? H2O, and a Cs-
bearing sodium zirconium phosphate, NZP.192 Recently,
much work has also focused on the crystalline silicoti-
tanates (CST) that are a class of “zeolite-like” framework
structures consisting of titanium in octahedral (6-fold)
and silicon in tetrahedral (4-fold) coordination with
oxygens or hydroxyls. The framework structures have
large “zeolite-like” columns or voids (.0.5 nm) that
are generally occupied by alkali elements and molecula
water; hydroxyl groups substitute for oxygen in order to
maintain charge balance. The resulting stoichiometrie
can be quite complex, and in principle a wide variety
of structure types with voids of a variety of sizes can
be synthesized.197 Despite the apparent complexity of
these structures, each framework with its characteristi
voids is uniquely described by its molecular units and
the characteristics of the chains that incorporate thes
units. One of the potentially useful aspects of the crys
talline silicotitanates is the very selective ion exchange
capacities of these structure types. Recently, sever
crystalline silicotitanates with high affinities for Cs1 and
Sr21 in the presence of Na1 have been developed198–200;
these materials have important potential for separatin
Cs1 from the Na-rich solutions in the Hanford Tank
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Wastes.201 The cumulative ionization dose from Cs deca
in such materials can be quite large, reaching 109 Gy in
30 years.

Continuing radiation damage from solid-statebyg

radiolysis may be occurring in the 15 metric tons o
radioactive Cs and Sr that are currently stored as C
and SrF2 in capsules at the Hanford site.2 Solid-state
radiolysis can lead to the formation of dislocation loop
and metal colloids in alkali halides and alkaline-ear
fluorides.68 Studies202–205 have shown that metal colloid
formation in NaCl, CaF2, SrF2, and BaF2 is sensitive to
both temperature and dose rate.

In addition to the potential for metal colloid
formation, radiolysis may induce other defects an
microstructural changes in phases specific for Cs a
Sr immobilization. For example, radiolysis in quart
(SiO2) can lead to amorphization and large volum
changes.206 In alkali silicate, alkali-borosilicate, and
HLW glasses, radiolysis can result in the formatio
of point defects, free alkali, alkali peroxides, molecula
oxygen, and bubbles.38 The accumulation of such defect
may induce volume changes, produce stored energy,
affect other properties. In addition, transmutations of t
Cs and Sr can affect phase stability due to changes
ionic radii and charge. Consequently, the radiation a
transmutation stability of any phases proposed for
and Sr immobilization should be investigated.

B. Defects and defect interactions

Almost nothing is known about the nature of th
defects and their interactions in the ceramic phases
interest for nuclear waste immobilization. The migratio
enthalpies of interstitials and vacancies, the recom
nation volume for Frenkel pairs, and the displaceme
threshold energies for cations and anions are import
to understanding radiation effects in these materia
The stable configurations of defects and defect clust
should also be known in order to describe microstructu
evolution under irradiation. Although little is known
about specific ceramic waste phases, there is a la
body of literature on oxides, such as MgO, Al2O3,
and MgAl2O4 that suggests that both stoichiometric an
nonstoichiometric interstitial clusters can form, depen
ing on irradiation conditions. In addition, it is wel
known that structural vacancies can suppress the f
mation of defects and defect clusters in such materi
as in TiC12x

207,208 and MgO.209 The incorporation of
radionuclides could very well affect the concentratio
of structural vacancies on both the cation and ani
sublattices and ultimately the accumulation of radi
tion damage. Experiments have shown that dama
recovery kinetics are well correlated with certain m
terials properties. Research on the radiation resista
of magnesia spinel suggests that crystalline ceram
http://journals.cambridge.org Downloaded: 06 Aug 2012
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will be more radiation resistant when the concentration
of equilibrium structural vacancies is high, barriers to
interstitial-structural vacancy recombination are low, the
defect energies of compositional disorder are small, an
the critical nucleus for the formation of stable interstitial
loops is large.210–212

A number of scientific issues regarding defects and
defect interactions need to be resolved. These includ
(i) the nature of the atomic defects produced by irradi-
ation; (ii) fundamental properties of the atomic defects
such as the atomic configuration and the recombinatio
volume of a Frenkel pair for both cations and anions, the
displacement threshold energies, and the migration en
ergies of point defects; (iii) nucleation and growth proc-
esses of defect clusters in different radiation fields, in
terms of the fundamental properties of the materials; an
(iv) the effects of deposition energy density, electronic
excitation, and/or low energy knock-ons on the structure
and the stability of microstructures. Many of these issue
regarding defects can be investigated by EPR and optic
spectroscopies of electron-irradiated single crystals.

1. Role in damage accumulation

Natural minerals provide clear evidence for defect-
recovery processes affecting radiation damage accum
lation over geologic time under ambient conditions. The
recovery of point defects over 570 million years in
natural zircons suppresses unit-cell expansions155–160,161

and has been shown to correlate with the decrease
rate of amorphization (i.e., a phase transformation) in
natural zircons relative to Pu-doped zircon.155 In natural
pyrochlores, the critical dose for complete amorphization
increases with the geologic age,213 clear evidence for
the recovery ofa-recoil damage over geologic time.
This recovery behavior has been modeled by assumin
“fading” of the a-recoil “tracks” similar to that used
to describe fission track fading. From this model, the
mean life of a-recoil tracks at ambient temperature
in pyrochlore has been estimated to be 100 million
years.213 Similar modeling of data for zirconolite and
zircon yields mean lives for thea-recoil tracks of
700 million and 400 million years, respectively.213 Such
studies to determine meana-recoil track lives, however,
are of limited value in predicting behavior at elevated
temperatures without details of the kinetics of the various
recovery processes (i.e., characteristic activation energie
and frequency factors).

The standard approach to modeling microstructura
evolution under irradiation is to find the defect concen-
trations from a mathematical rate theory approach.214,215

Self-radiation from radionuclide decay creates vacancies
interstitials, and He atoms that can migrate through
the structure and either recombine or be absorbed a
defect sinks, thereby providing the driving force for
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processes such as defect clustering, bubble formatio
and amorphization. This theory, however, was develope
for use with isotropic materials, notably metals, an
includes several approximations that are of consequen
when modeling microstructural evolution in general
and amorphization, in particular, in complex ceramics
Several issues of concern for application to comple
ceramics are as follows:

(i) There are more types of point defects (vacancie
interstitials and possibly antisite defects in each sub
lattice) in complex ceramics, including variable charg
states; hence, it is necessary to solve a much grea
number of coupled equations, since these defects re
with each other.

(ii) The assumption of a homogeneous medium
is clearly not valid when dealing with both multiple
cations, which may be ordered, and more than on
sublattice, as the production, migration, annihilation
and defect reaction rates are all orientation and chemic
species dependent.

(iii) Depending on their migration mode, different
defects can have different annealing efficiencies.

(iv) Defect migration kinetics could also be affected
by ionization, as in the Bourgoin–Corbett mechanism.91

(v) As damage accumulates and disorder progress
the defect migration and formation energies (and po
sibly migration modes) may change. At the limit, the
periodic structure itself may disappear.

It is, thus, a formidable task to solve the general rat
equations for ceramic structures. Furthermore, the resu
obtained for one structure will not necessarily be vali
for others because of the different topological propertie
of the structures.

2. Enhanced diffusion

The dynamics of chemical diffusion are sensitive to
the structural state of a material.216 As is well known
from the study of ionic diffusion in aluminosilicates
of feldspar composition (e.g., CaAl2Si2O8, NaAlSi3O8),
the diffusion coefficients of cations in the glass stat
are orders of magnitude faster than in the crystallin
form.217 Thus, radiation-induced amorphization in
crystalline phases can be expected to result in simil
increases in ionic diffusion. Indeed, both theory an
experiments have demonstrated that diffusion ca
be significantly influenced in ionic solids by both
microstructure and particle irradiation. Cation diffusion
in both UO2 and (U, Pu)O2 is enhanced during reactor
irradiation.218 In Al2O3, the thermal diffusion of Fe
has an activation energy of 3.09 eV for the crystallin
state219 and an activation energy of only 1.77 eV for
the amorphous state; furthermore, the diffusion o
Fe in amorphous Al2O3 is greatly enhanced under
ion irradiation, with the activation energy decreasing
http://journals.cambridge.org Downloaded: 06 Aug 2012
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to 0.69 eV.220 Similar results have been reported for
irradiation-enhanced diffusion of an Fe2O3 marker
into crystalline Al2O3 relative to that of amorphous
Al2O3.221–223

Several studies performed on irradiated ceramics
have concluded that ionization-induced diffusion can
significantly affect microstructural evolution.67,69,91 The
sensitivity of different materials to ionization-induced
diffusion can vary considerably; unfortunately, little
quantitative information is available on fundamental
properties, such as ionization-induced changes in poin
defect migration energies. Recent work67,69,92,224 has
shown that dislocation loop formation is suppressed in
high-ionization environments for several ion-irradiated
oxide ceramics and that the electronic-to-nuclear
stopping power ratio is an important parameter. Conse
quently, ceramics that exhibit good radiation resistance
during light-ion or neutron irradiation (high electronic-
to-nuclear stopping power ratio) may not be radiation
resistant to thea-recoil cascade (low electronic-to-
nuclear stopping power ratio). Such behavior has
been observed in a silicate apatite that exhibited good
resistance to amorphization undera-particle irradiation,
but readily amorphized due to244Cm decay.175,179

In a similar silicate apatite, as illustrated in Fig. 7,
simultaneous irradiation with 300 keV electrons during
1.5 MeV Xe1 irradiation is observed to decrease the
rate of amorphization as compared to irradiation with
1.5 MeV Xe1 alone225; this effect is due to enhanced
recovery processes associated with ionization-induce
diffusion or subthreshold collision events. Additional
experimental studies are needed on relevant ceramics
order to determine their sensitivity to both the irradiation
spectrum (ion mass and energy) and simultaneou
ionization. Such studies will allow the assessment
of the relative importance of ionizing radiation on

FIG. 7. Decreased rate of amorphization due to simultaneous irradi
ation with 300 keV electrons.225
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both amorphization and microstructural evolution a
will also provide valuable information on the relativ
efficiency of displacement damage produced by li
and heavy ions. Finally, although ionization-induc
diffusion generally improves radiation resistance
enhancing point defect recombination, it is also poss
that the enhanced diffusion might lead to segregation
solute atoms and possible phase decomposition. W
the exception of colloid formation,68,202–204 there has
been relatively little attention given to radiation-induc
solute segregation in ceramic materials.

3. Defect kinetics

The kinetics of defect accumulation and microstru
tural evolution under irradiation are controlled by t
damage rate and rate of recovery processes as
ated with point defect migration. With the exceptio
of some of the fluorite structures, such as UO2

51–54 and
PuO2,52,226studies of point defect annealing kinetics ha
not been carried out on relevant phases of interest
Ca2Nd8(SiO4)6O2 irradiated with 3 MeV Ar1 ions,179

the damaged crystalline state exhibited an exother
defect recovery stage at 350±C with an activation energy
of 1.3 6 0.1 eV; however, the nature of the defect
recovery process was not determined. Activation en
gies for defect migration in other relevant materials
unavailable. It is important to determine the migrati
paths in order to assess the effect of defect migra
on recover processes. Simple defect kinetics (interst
and vacancy recombination/migration kinetics) can
investigated by annealing studies of materials contain
significant defect concentrations introduced by irrad
tion, as, for example, in previous studies of UO2,51,52

PuO2,52 CeO2,52 SrF2,227 and BaF2.227 The effects of
defect kinetics on the amorphization process can
determined by annealing studies of partially amorphi
materials.

C. Volume changes

Radiation-induced volume changes in crystall
phases can result from the accumulation of po
defects in the crystalline structure, solid-state ph
transformations (e.g., amorphization), and the evolu
of microstructural defects (e.g., gas bubbles, voids,
locations, and microcracks). The macroscopic swel
is the overall sum of these effects. In general,
main concern with volume changes, particularly la
differential changes, is that it may lead to high intern
stresses that could cause microcracking, segregation
increased dissolution rates. In addition, the large volu
changes associated with amorphization significa
affect atomic bonding, local coordination, and t
pathways for ion exchange, all of which can impa
the release rates of radionuclides.
http://journals.cambridge.org Downloaded: 06 Aug 2012

1452 J. Mater. Res., Vol.
nd
e
ht

ed
by
ible

of
ith

ed

c-
e

soci-
n

ve
. In

mic

or
er-
re

on
tion
itial
be
ing
ia-

be
ed

ne
int
ase
ion
is-

ing
the
ge
al

, and
me
tly

he
ct

1. Unit-cell volume

In many crystalline ceramics, barriers to recomb
nation and aggregation can lead to the accumulation
significant point defect concentrations. The accumulatio
of these point defects in the crystalline structure resu
in an increase in unit-cell volume with cumulative dose
The magnitude of the unit-cell volume expansion ofte
is dependent on the irradiation species due to changes
the primary recoil-energy spectra, as illustrated in Fig.
for polycrystalline Ca2Nd8(SiO4)6O2 under irradiation
conditions (a-particles and 3 MeV Ar1) where amor-
phization does not occur179 and where it does (244Cm-
decay).175 The higher displacement doses required fo
expansion under 3 MeV Ar1 irradiation illustrates the
decrease of the in-cascade survival of defects relati
to a-particle irradiation. For the case of Cm-decay
the in-cascade amorphization process results in exc
interstitials (ejected from the cascade) in the crystallin
matrix relative toa-particle irradiation. Similar recoil
spectra effects have also been observed for the sta
structures UO2,50,52 PuO2,52 and BaAl2Ti6O16.111 In
general, the unit-cell volume expansion,DVucyV0,
follows the characteristic exponential behavior predicte
by models50,228for the accumulation of isolated structura
defects and is given by the expression:

DVucyV0 ­ Aucf1 2 exps2BucDdg , (2)

whereAuc is the relative unit-cell volume expansion a
saturation,Buc is the rate constant (per unit dose) fo
the simultaneous recombination of structural defec
during irradiation, andD is the dose. Unit-cell expan-
sions due toa-particle irradiation have been deter
mined for a number of ceramics, including barium

FIG. 8. Unit-cell volume expansion in polycrystalline Ca2Nd8-
(SiO4)6O2 due to244Cm-decay,175 where amorphization occurs, and
irradiated with a-particles (emitted from a238PuO2 source) and
3 MeV Ar1 ions,179 where amorphization does not occur.
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hollandite,111 a Synroc phase subject only toa-par-
ticle (and byg) irradiation. As already noted above
a-particle irradiation of barium hollandite results in
a large unit-cell expansion (up to 2.5%) and a di
placive transformation from the tetragonal structure
a lower symmetry monoclinic structure. Unit-cell ex
pansions due toa-decay have also been determine
for actinide dioxides,228,229 actinide-doped ceramics37

(e.g., zircon,155,156 apatite,162,163,175pyrochlore,112,116 and
zirconolite115,116), and natural minerals.27,37,160 Some of
these unit-cell expansions due toa-decay are sum-
marized in Fig. 9. The unit-cell volume expansion p
a-decay event for Pu-doped zircon is much larger th
for natural zircon (Fig. 9), which indicates that annealin
of point defects in natural zircon occurs under geolog
conditions, as previously suggested.155,156 Holland and
Gottfried160 also noted evidence for defect annealing
natural zircons. In general, the unit-cell expansion
isotropic in cubic structures; while in noncubic struc
tures, the unit-cell expansion is anisotropic and has be
shown to be consistent with topological constraints
the changes in the polyhedral connectivity within th
structure.179

2. Macroscopic swelling

The macroscopic swelling is usually determine
experimentally by the relative change in macroscop
density, Dryr0. If the density changes are small, th
swelling can be reasonably approximated as2Dryr0.
However, in cases where the changes in density and c
responding swelling are large, as can occur in ceram
the actual relationship betweenDVmyV0 andDryr0 that
is given by the expression

DVmyV0 ­ 2sDryr0dys1 1 Dryr0d (3)

FIG. 9. Unit-cell volume expansions due toa-decay in Ca2-
(Nd, Cm)8(SiO4)6O2,162,163,175 (Zr, Pu)SiO4,155,156 natural zircon,160

and PuO2.229
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should be used.155,163

The available data on macroscopic swelling due to
a-decay in ceramics are extensive37 and include results
from PuyCm-containing ceramics for doses up to3 3

1019 a-decaysyg and from mineral analogues for much
higher doses (up to4 3 1020 a-decaysyg). The macro-
scopic swelling in these ceramics and minerals increases
with dose and at saturation ranges from about 1% to
nearly 20%, as summarized in Fig. 10. In general, stable
structures, such as the actinide dioxides, exhibit only
about 1% swelling, while larger values of swelling are
associated with radiation-induced amorphization. Satu-
ration swelling values reported for some of the ceramic
phases of interest are summarized in Table VI, which in-
cludes the value for neutron-irradiated quartz determined
from reported density changes.230,231These large volume
expansions raise important questions: (i) what is the
physical basis for the large volume change in ceramics
(e.g., quartz and zircon) due to amorphization, and (ii)
can the magnitude of the volume change be predicted
or modeled, particularly as a function of temperature.
Answers will require detailed structural analysis of the
amorphous states of these ceramics and application of
computer simulation methods, as discussed in Secs. V. E
and VI. C, respectively.

If amorphization does not occur and there are no
significant contributions to macroscopic swelling from
extended defects, such as dislocation loops/networks,
voids, bubbles, or microcracks, then the macroscopic
swelling is dominated by the unit-cell expansion induced
by the accumulation of point defects. In many of the
relevant phases of interest, however, amorphization does
occur, and the formation of helium bubbles at very high

FIG. 10. Summary of extensive data37 on macroscopic swelling be-
havior in PuyCm-containing ceramics and natural minerals.
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TABLE VI. Saturation macroscopic swelling observed in sever
ceramic phases.

Phase Swelling References

SiO2 (quartz) 17.5% 230, 231
ZrSiO4 (natural) 18.4 155, 160, 163
(Zr, Pu)SiO4 16.6 155, 163
Ca2Nd8(SiO4)6O2 9.4 163
CaPuTi2O7 5.5 112, 113
Ca(Zr, Pu, Cm)Ti2O7 6.0–7.1 115, 116
(Gd, Cm)2Ti2O7 5.1–6.5 116, 133
PuO2 0.97 52, 228, 229

doses is possible. Under these conditions, the unit-c
expansions, amorphous regions, and extended defect
contribute to macroscopic swelling. Due to the compo
ite nature of the radiation-induced microstructure, th
total macroscopic swelling,DVmyV0, in these materials
can be expressed as:

DVmyV0 ­ fcDVucyV0 1 faDVayV0 1 Fex , (4)

wherefc is the mass fraction of crystalline phase,fa is
the mass fraction of amorphous phase,DVucyV0 is the
unit-cell volume change of the crystalline phase,DVayV0

is the volume change associated with the amorphiz
state, andFex is the volume fraction of extended mi
crostructures (e.g., bubbles, voids, microcracks). In m
studies ofa-decay effects,Fex is negligible, and Eq. (4)
reduces to that proposed by Weber.163 As noted above,
the unit-cell volume changes,DVucyV0, have been meas-
ured for a number of relevant materials. In most cas
it can be inferred163 that the volume change associate
with amorphization,DVayV0, is constant for a given
composition and structure (at any given temperatu
and is equal to the saturation value of the macrosco
swelling for the amorphized structure (Table VI).

If Fex is negligible and the amorphous fractio
fa, is known, thenfc ­ 1 2 fa, and the total macro-
scopic swelling,DVmyV0, can be calculated, as ha
been done for apatite, Pu-zircon, and natural zircon.163

The calculated total macroscopic swelling is shown
Fig. 11 for Pu-zircon, along with the experimental da
for macroscopic swelling and the calculated crystallin
fc DVucyV0, and amorphous,fa DVayV0, components.
The calculated macroscopic swelling, based on Eq. (
provides an excellent fit to the experimental data, a
the dominant contribution of the amorphization proce
to macroscopic swelling at high doses is clearly evide

3. Temperature dependence

Of the candidate ceramic waste materials, the te
perature dependence of volume changes accompan
a-decay has been measured only in238Pu-containing
CaPuTi2O7 (pyrochlore structure).113,114 In this material,
storage at ambient temperature (approximately 350
http://journals.cambridge.org Downloaded: 06 Aug 2012
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FIG. 11. Experimental data for macroscopic swelling in Pu-zircon,
along with the calculated crystalline and amorphous components an
the total swelling based on Eq. (4).84,163

due to self-heating) resulted in macroscopic swelling
that saturated at a value of approximately 5.5 vol %
after a cumulative dose of,5 3 1018 a-decaysyg (for
200 days of storage time). Storage of this material a
575 K resulted in less swelling and required a longe
time (300 days) to reach saturation due to the increase
rate of simultaneous damage recovery. When this ma
terial was held at 875 K, swelling was minimal. The
macroscopic saturation swelling as a function of tem
perature in this material is summarized in Fig. 12.

D. Stored energy

The defects and structural changes introduced b
radiation increase the energy of materials above th
minimum energy configuration. Since these defects an

FIG. 12. Temperature dependence of macroscopic swelling at satur
tion in CaPuTi2O7.113,114
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structural changes are metastable, radiation-dama
materials tend to react to reduce their energy content
the amount of stored energy is large and rapidly releas
significant temperature excursions may occur, as in t
case of neutron-irradiated graphite232 where the stored
energy can exceed 2400 Jyg and cause temperature
increases of 1000±C. Consequently, an important issu
for waste forms is the amount of energy stored
the structure due to radiation damage. Temperatu
excursions due to the release of stored energy c
affect the physical and chemical properties of ceram
waste phases. In addition, the stored energy provides
excellent measure of the relative damage accumulat
and stability of the radiation-damaged state. In gener
both the total stored energy due to accumulated radiat
damage and the distribution of the stored energy relea
as a function of temperature are of interest. Measuri
stored energy release is also useful in studying dama
recovery, since prominent recovery processes produ
peaks in the stored energy release spectrum.

Sources of stored energy in radiation-damag
ceramics are: (1) point defects in the crystal structu
(2) the significant atomic disorder associated wi
amorphization, and (3) the high strains from formatio
of amorphous domains. The maximum contribution fro
strain to the total stored energy has been estimated
the case of CaPuTi2O7 to be 18%.233 Although only
limited data113,234,236exist on the accumulation of stored
energy as a function of dose in the ceramic phases
interest, it is generally observed that the stored ener
increases with dose until the fully amorphous state
reached, as shown in Fig. 13 for natural zircons.236

The accumulated stored energy in zircon occurs mu
faster than the rate of amorphization, which sugge
a significant contribution to the stored energy from
defect accumulation in the crystalline structure. Th

FIG. 13. Accumulation of stored energy in natural zircon.236
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total stored energy released during recrystallization
the amorphous state has been measured for (i) actini
doped apatite176 and zirconolite/pyrochlore116,234,235

phases; (ii) natural metamict zircon,236 zirconolite,237 and
pyrochlores238; and (iii) ion-beam amorphized phase
such as monazite.239 The total stored energy measure
for each of these materials is summarized in Table V
The stored energy released during recrystallization
the amorphous state occurs over a narrow temperat
range in these materials, as shown in Fig. 14 fo
Ca2(Nd, Cm)8(SiO4)6O2.176 The release of stored energy
due to defect recovery in Ca2Nd8(SiO4)6O2 occurs
in a lower temperature peak.179 In most cases, the
largest contribution to stored energy is associated w
the atomic disorder of the amorphous state; howev
comparable energy may be stored by the accumula
point defects in the crystalline structure.

In a study of CaPuTi2O7, differential scanning
calorimetry measurements showed that the amount
stored energy released increased with increasing d
and peaked at 100 Jyg after a dose of5.5 3 1018

a-decaysyg.234 Beyond this dose, the stored energ
decreased exponentially to a value of 50 Jyg after a

TABLE VII. Total stored energy released in several ceramic phas
during recrystallization of amorphous state.

Material Stored energy (Jyg) Reference

Ca2(Nd, Cm)8(SiO4)6O2 130 176
Ca(Zr, Cm)Ti2O7 127 116
CaPuTi2O7 100 234, 235
CePO4 (ion-irradiated) 31 239
Natural ZrSiO4 318 236
Natural CaZrTi2O7 48 237
Natural pyrochlores 125–210 238

FIG. 14. Stored energy release in amorphized Ca2(Nd, Cm)8-
(SiO4)6O2 during heating at 20±Cymin.176
IP address: 130.203.205.122

3, No. 6, Jun 1998 1455

http://journals.cambridge.org


W. J. Weber et al.: Radiation effects in crystalline ceramics for the immobilization of high-level nuclear waste

n
a

e
s

V

e

t
t

h

l
s

c
e

e

o
o
e

g

r
u

e

o

a

s

i-

o-

ic

.

s
-

S

s;

lts
dose of3.6 3 1019 a-decaysyg. These data suggest tha
continued self-radiation damage in this material beyo
the dose for complete amorphization produces a dam
state of lower energy. Based on these results, Cogh
and Clinard240 estimated that the local stored energ
produced in a single (nonoverlapped)a-recoil cascade is
on the order of 200 Jyg in CaPuTi2O7. A peak in internal
strain at intermediate doses is a common observation
irradiated ceramics. This effect may explain the low
stored energy (48 Jyg) measured in natural zirconolite
damaged to high doses (2 3 1019 a-decaysyg).237

E. Amorphization

Self-radiation damage froma-decay events and
ion-irradiation damage results in a crystalline-to
amorphous transformation in most of the crystallin
ceramics of interest as actinide-host phases (Table
Only the fluorite-related structures (ZrO2, PuO2 and
UO2) appear to be not susceptible to radiation-induc
amorphization (at least for temperatures above 20
for ZrO2 and 5 K for UO2); however, they may be
susceptible to polygonization.241 Although susceptible
to ion-irradiation-induced amorphization,86,88 natural
monazite88,165,187,188 and apatite173,174 minerals are
generally found in highly crystalline states despi
experiencing higha-decay event doses, which sugges
that for these two minerals the rate of damag
recovery may exceed the damage-production rate
the geologic environment. This is consistent wit
the low critical temperatures for ion-beam-induce
amorphization86,88,89,189and low temperatures for therma
recrystallization180,190,239 measured for these phase
Silicate apatites, zircon, zirconolite, pyrochlores, an
perovskite have all been shown to be susceptible
a-decay induced amorphization. Although the exa
nature of the amorphization process is not well defin
for most of these phases, amorphization appears
occur heterogeneously in these phases by sev
possible mechanisms: (i) directly in thea-recoil
displacement cascade, (ii) from the local accumulati
of high defect concentrations due to the overlap
a-recoil cascades, or (iii) by composite or collectiv
phenomena involving more than one process. Th
radiation-induced amorphization leads to decreases
atomic density and changes in local and long-ran
structure, which can have a profound effect on th
performance and properties of the materials. In gene
amorphization in these ceramic phases is more diffic
with increasing temperature and occurs only below
critical temperature; the amorphized state, once form
is stable under further irradiation. In this section, th
current state of knowledge regarding amorphizati
of ceramic phases, structure of the amorphous sta
amorphization processes, and amorphization kinetics
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reviewed, and fundamental scientific issues regarding
amorphization are identified.

1. Structure of the amorphous state

Radiation-induced amorphization of crystalline com-
pounds leads to aperiodic structures with large change
in volume. In the geological literature, such aperiodic
structures, which form in (U, Th)-containing minerals as
a result ofa-decay, are referred to as metamict.242–244

These radiation-induced amorphous states lack both or
entational and long-range translational correlations and
are, therefore, more properly referred to astopologically
disordered; however, in this paper, the simpler term
amorphous is used synonymously with topologically
disordered.

Although various techniques have been used to
elicit structural information, a coherent overall descrip-
tion of such amorphous structures, integrating the in-
dividual pieces of information available, has yet to
emerge. Consequently, the large volume changes ass
ciated with amorphization cannot be explained quantita-
tively. It is possible, however, to obtain information on
structure from a variety of techniques, including (i) high-
resolution electron microscopy and the allied technique
of spatially resolved energy-loss spectroscopy; (ii) x-ray
absorption spectroscopies (XAS); (iii) x-ray, electron,
and neutron diffraction; (iv) measurement of changes
in macroscopic parameters such as density and elast
moduli; (v) vibrational spectroscopies, such as FTIR and
Raman methods; and (vi) liquid-phase chromatography
It is important to stress, however, that for each phase
there may be nouniqueamorphous structure; the final
atomic structure will be dependent on initial structure
and chemistry, temperature, and irradiation parameter
(e.g., dose rate and ion mass/energy). Computer simu
lation techniques, as described in Sec. VI. C, can be
powerful tools in modeling the amorphous structures and
interpreting experimental structure data.

There have been few studies of the structure of the
amorphous state in these ceramic phases. Based on XA
studies of partially and fully metamict minerals,27,245

fully metamict zirconolite,237,246,247and fully amorphized
CaPuTi2O7,248 a reasonable model of the structure of the
amorphous state is one that entails37 (i) a slight distortion
of the nearest-neighbor coordination polyhedra; (ii) a
decrease in the coordination number and bond length
in the primary coordination polyhedra; (iii) a slight
increase in the mean second nearest neighbor distance
and (iv) a loss of second-nearest-neighbor periodicity,
probably due to the rotation of coordination polyhedra
across shared corners and shared-edges. Recent resu
indicate that in metamict zirconolite Ti41 is predomi-
nantly fivefold-coordinated,247 as compared to mainly
6-coordinated in highly crystalline zirconolite. It has also
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been reported183 that amorphization in natural sphenes
accompanied by the reduction of Fe31 to Fe21. Valence
changes of this type can have significant effects on
solubility of radionuclides in the aperiodic structure.

2. Susceptibility of amorphization

Several models64,252,249,250 describe amorphization
susceptibility in ceramics and may be useful for com
paring different ceramics. As already noted, howeve
all the ceramic nuclear waste phases of interest, w
the exception of the fluorite structures, are suscepti
to irradiation-induced amorphization. Most models o
susceptibility to amorphization ignore kinetics and ar
therefore, only applicable at very low temperature
where point defects are immobile; also some models
best suited for electron irradiation conditions (i.e., simp
point defect generation without complications associat
with cascade quenching). Some of the principles
material susceptibility to amorphization are discuss
below. The more important aspects of amorphizati
processes and kinetics, which control the rate a
temperature range of amorphization, are discussed
the following sections.

Different crystalline structures exhibit a range o
susceptibility to amorphization. The variation in sus
ceptibility can be explained, at least in broad outlin
by structural connectivity, which is a measure of th
topological freedom251,252 available to each structure
and the corresponding redundancy of structural co
straints that must be destroyed upon amorphizatio
Structures such as MgO, comprising edge-sharing
tahedra, are seriously overconstrained and difficult
amorphize, although they may polygonize.253 Corner-
connected tetrahedral structures, however, like SiO2,
silicates, and phosphates are only marginally constrain
and amorphize easily. One pertinent observation is t
complex oxide structures that amorphize easily are a
more difficult to recrystallize and hence exhibit a high
critical temperature for amorphization.254 Another obser-
vation is the apparent anomaly of SiC, which amorphiz
almost as readily as SiO2 (two [SiO4] tetrahedra per
vertex) yet is considerably more highly connected (fo
[SiC4] tetrahedra connected at each vertex) than ev
Si3N4 (three [SiN4] tetrahedra per vertex), which is
almost unamorphizable. One explanation is that antis
disorder, which is more possible with SiC than wit
Si3N4, is required for amorphization of SiC; random
ization of site populations rendersb –SiC topologically
equivalent to Si, which has the same structural fre
dom as SiO2 and amorphizes with equivalent eas
There is evidence for the existence of antisite defects
SiC255 and for radiation-induced antisite disorder from
molecular dynamics simulations,256,257 which suggest
that antisite defects may be the most common def
http://journals.cambridge.org Downloaded: 06 Aug 2012
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produced in the cascade; such antisite disorder has b
implicated in electron irradiation-induced amorphizatio
of SiC.258–261 Short-range chemical disorder may als
play a role in amorphization of ionic crystalline phase
with otherwise ordered multiple cations.143,262,263In ad-
dition, compositional changes within a given structu
type can affect the susceptibility to amorphization.189

Amorphization of ceramic phases induced by ene
getic heavy-ion irradiation can also be compared to t
process of glass formation.264,265 The main mechanism
of radiation-induced amorphization is proposed to b
fast quenching of a “molten” cascade. The cascade
visualized as a thermal spike, in which atoms are high
mobile. The susceptibility of a phase to irradiation
induced amorphization is then inversely related to th
crystallization tendency during the cooling of the molte
cascade. In an irradiation study of the phases in t
MgO–Al2O3–SiO2 system,266 the activation energy of
annealing during irradiation was correlated to the ac
vation energy of viscous flow. Both activation energie
showed the same trend in response to systematic chan
in chemical composition. The viscosity of the melt at th
liquidus temperature is inversely related to the susce
tibility to amorphization. These correlations suggest
parallel between ion irradiation-induced amorphizatio
and the glass formation process.266–268

In order to describe the tendency of a melt t
crystallize, Wanget al.269 have proposed an empirica
parameter, S, which allows an evaluation of the
susceptibility of a melt to glass formation and a ceram
to irradiation-induced amorphization. The calculatedS
parameter gives a good relative ranking of the susce
tibility to radiation-induced amorphization of phases i
the MgO–Al2O3–SiO2 system. This parameter has als
been successfully applied to the description of radiatio
induced amorphization in other complex ceramic
such as monazite-structure types, zircon-structure typ
perovskites, calcium aluminates, and micas.

3. Amorphization processes

Four different types of amorphous accumulatio
behavior have been observed in materials that a
susceptible to amorphization: (i) progressive (hom
geneous) amorphization due to point defect accum
lation (e.g., quartz,206 coesite,270 silicon carbide,271,272

intermetallics273,274), (ii) interface-controlled amor-
phization (e.g., intermetallics275 and ceramics276), (iii)
cascade-overlap (heterogeneous) amorphization (e
zircon84,155,162,163), and (iv) in-cascade (heterogeneou
amorphization (e.g., apatite162,163). These different
amorphization processes are illustrated schematica
in Fig. 15. Curve “A” represents amorphization tha
occurs nearly spontaneously after a critical concentrati
of defects has accumulated. The linear dependen
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FIG. 15. Amorphous fraction as a function of dose for several pro
esses: (A) defect accumulation, (B) interface control, (C) casca
overlap, (D) direct impact, and (E) direct impact, with cascade twic
as large as in (D).

of the amorphous fraction on dose illustrated b
curve “B” indicates an interface-controlled process
as in amorphization induced by ballistic mixing in
intermetallics.275,277 When amorphization occurs by
cascade overlap, then a curve of type “C” is obtained.278

The curvature near the end of the irradiation time
caused by the decreasing probability of cascade impa
on the remanent crystalline regions,279 and the curvature
at the beginning is caused by the necessity to crea
damaged zones so that cascade superposition beco
more probable. The curves “D” and “E” represent th
cases of direct impact amorphization in a cascade f
different cascade sizes. Therefore, if the crystalline
amorphous fraction can be determined experimenta
as a function of cumulative dose for different types o
irradiation (e.g., by careful measure of the intensity o
diffracted electrons or x-rays), then it may be possib
to discern the amorphization mechanism.

For amorphization directly in a displacement cas
cade, the rapid quenching of a melt-like region may lea
to the amorphous state. For cascade overlap and def
accumulation processes, a critical damage level may
necessary to trigger amorphization, heterogeneously
homogeneously. If the difference in free energy betwee
the crystal and the amorphous state is associated wit
critical level of damage, then the change in free energ
determines phase stability,273,280,281 and amorphization
occurs when

DGirr . DGca , (5)

where DGca is the difference in free energy between
the crystalline and amorphous phases andDGirr is the
difference in free energy (local or global) between th
irradiated and unirradiated solid due to all the possib
http://journals.cambridge.org Downloaded: 06 Aug 2012
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mechanisms of energy storage in the solid (e.g., point
defects, chemical disorder, defect clusters). Another cri-
terion for the critical damage level is the modified
Lindemann criterion,282 which states that amorphization
occurs when

kx2l . kx2lcrit , (6)

where kx2l is the mean square static displacement of
the atoms in the solid from their equilibrium lattice
positions andkx2lcrit is the critical mean square displace-
ment at melting. According to this model, amorphization
can be seen as solid-state melting, in which a high
defect concentration softens the lattice and reduces the
melting temperature. The advantage of this approach is
that it reduces the different damage contributions (e.g.,
point defects, chemical disorder) to a single parame-
ter. Molecular dynamics simulations of intermetallics
show that amorphization always occurs at a fixed value
of kx2l, whether the origin of the increase in mean-
square displacements is point defects, antisite defects
or thermal motion.275 This type of behavior has been
observed experimentally in coesite.270 For amorphization
processes where a critical damage level must be reached
the accumulation of damage and defect concentrations
can be modeled by rate theory,214,215 as discussed above
(Sec. V. B. 1).

Homogeneous amorphization is an important
process for intermetallics and some ceramics; however
in nearly all the ceramics of interest as actinide host
phases, amorphization due toa-decay and heavy-ion
irradiation is known to occur heterogeneously.This
has been confirmed in apatite, zircon, pyrochlore,
and zirconolite structure types by electron microscopy
and diffraction studies that characterized the amor-
phization process as a function of increasing dose in
actinide-containing ceramics of interest,36,113–116,133,178

in their mineral analogues,84,140,161 and under heavy-
ion irradiation.84–87,254 The heterogeneous nature of the
amorphization process in these phases is illustrated in
the high-resolution electron microscopy (HREM) images
in Fig. 16 for ion-irradiated apatite.86 In general, the
amorphization process due toa-decay in these materials
can be described as follows: (i) at low dose levels
(,1018 a-decaysyg), the materials generally exhibit a
strongly crystalline electron diffraction pattern, clearly
resolvable individual damaged regions (observable
by their strain contrast), and nearly perfect lattice
images under higher resolution; (ii) at increasing dose
levels (.1 3 1018 a-decaysyg), the density of damaged
regions increases to the point that individual regions are
no longer readily distinguished, a radial ring of diffuse
intensity associated with the presence of amorphous
material is observed in the electron diffraction pattern,
and amorphous domains that exhibit mottled contrast
are clearly observable in high-resolution images; and
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a.
FIG. 16. HREM images of Ca2La8(SiO4)6O2 irradiated with 1.5 MeV Kr1 ions: (a) unirradiated, (b) 0.03 dpa, (c) 0.06 dpa, and (d) 0.24 dp86
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(iii) at higher doses (on the order of 5 to10 3 1018

a-decaysyg, depending on the phase), the materia
becomes fully amorphous with no evidence of an
residual crystallinity in the electron diffraction patterns

Although amorphization occurs predominantly by
heterogeneous processes in these ceramic phases,
dominant process (direct-in-cascade or overlap) has n
been identified, except in two cases. In244Cm-doped
Ca2(Nd)8(SiO4)6O2,162,163 it has been shown that amor-
phization primarily occurs directly in the cascades o
the recoil nuclei emitted duringa-decay of Cm. For this
material, the increase in amorphous fraction,fa, with
dose,D, generally follows the direct impact model278 for
amorphization that is given by the following expression

fa ­ 1 2 exps2BaDd , (7)

whereBa is the amount of amorphous material produce
pera-recoil andD is the dose. The change in amorphou
fraction with dose for Ca2Nd8(SiO4)6O2 is shown in
Fig. 17. At the higher doses,fa for Ca2Nd8(SiO4)6O2

deviates somewhat from the behavior predicted by th
direct impact model, suggesting that additional mech
anisms (e.g., defect accumulation processes, casca
overlap processes, strain-induced amorphization, and
instability of crystalline “islands” below a critical size)
may be contributing in a collective manner to the over
all amorphization process. Amorphization in Pu-dope
and natural zircons has been shown84,155,161–163 to be
consistent with the double cascade-overlap model f
amorphization,278 which is given by the expression:

fa ­ 1 2 fs1 1 BdD 1 Bd
2D2y2d exps2BdDdg , (8)
http://journals.cambridge.org Downloaded: 06 Aug 2012
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where Bd is the amount of material damaged per
a-recoil. The amorphous fractions for Pu-doped and
natural zircons (Fig. 17) exhibit very similar behaviors
as functions of cumulative displacement dose, excep
for an offset at low dose in natural zircons due to defec
recovery processes over geologic time.155,163

The above results and models represent idealization
of the amorphization process as caused by single mec
anisms, without any consideration for temperature an
annealing effects. Under actual irradiation conditions
there may be a mixture of different processes causin
amorphization, such as a combination of direct-impact
cascade-overlap, and defect accumulation processe

FIG. 17. Amorphous fraction as a function of dose Ca2(Nd, Cm)8-
(SiO4)6O2, (Zr, Pu)SiO4, and natural zircon.163
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There are also the influences of temperature a
annealing, which can affect the amorphization proces
and relative kinetics in a complex manner. Consequen
the dominant amorphization process may change w
temperature. The effects of temperature and annea
on amorphization processes are discussed in the n
section.

4. Amorphization kinetics

During irradiation, the production of radiation
damage is mitigated by simultaneous damage recov
processes, and the rate of damage evolution (e.g., am
phization) will depend on the relative magnitude of the
two processes under the irradiation conditions at a
given time. For irradiation-induced amorphization, the
recovery processes may be associated with point de
migration and annealing in the crystalline state, defe
and ion migration in the amorphous state, or epitax
recrystallization at the crystalline/amorphous boundari
Obviously, if the rate of amorphization is less than th
rate of the recovery processes, amorphization can
proceed. Since most available data on amorphizat
kinetics in relevant ceramics have been obtain
using greatly accelerated ion-irradiation techniques,
important goal of understanding amorphization kineti
for nuclear waste ceramics is to be able to pred
whether or not amorphization will occur under the actu
radiation conditions (damage rate and temperatu
expected in a geologic repository, and if amorphizatio
occurs, what the rate of amorphization will be und
the repository conditions. Such understanding can
gained only through detailed studies of the dependen
of amorphization on time, temperature, dose rate, a
ion mass/energy.

a. Summary of available data.There have been only
limited studies on the kinetics of amorphization in ce
ramic nuclear waste phases. As noted above, am
phization in natural zircons has been observed to oc
at slightly higher doses than those measured for P
containing and ion-irradiated zircons.84 This behavior
has been determined to be due to defect recovery pr
esses over geologic time.155,163Similar recovery behavior
over geologic time periods is postulated for natur
zirconolite, since the dose required for complete amo
phization in natural zirconolite is six times higher tha
that measured for both actinide-doped and ion-irradia
zirconolites.283

The detailed temperature dependence ofa-decay-
induced amorphization has not been studied in a
materials; however, there is some limited informatio
available from a study of the temperature dependen
of a-decay damage in CaPuTi2O7.113,114 In this study,
the critical dose for complete amorphization is appa
ently slightly higher at 575 K than at 350 K, and at
http://journals.cambridge.org Downloaded: 06 Aug 2012
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temperature of 875 K, no loss of crystallinity is eviden
even at1 3 1019 a-decaysyg. Consequently, at the dose
rate in this material (1029 dpays), the critical temperature
above which amorphization does not occur is betwee
575 and 875 K.

More recently, ion irradiation has been used t
study the temperature dependence of amorphization
a number of relevant crystalline phases,84–89 as illus-
trated in Fig. 18 for several phases and in Fig. 19 fo
different compositions within the same zircon structur
type.88,164,189 A detailed study84 of radiation-induced
amorphization in zircon at room temperature showe
that the amorphization dose for heavy-ion irradiatio
(1024 to 1023 dpays) is nearly identical to that from
a-decay in238Pu-doped zircon (3 3 1029 dpays). Thus,
at 300 K, the amorphization process in zircon is near

FIG. 18. The temperature dependence of amorphization in seve
potential actinide host phases under 1.5 MeV Kr1 irradiation.84–86,89

FIG. 19. The temperature dependence of amorphization in the zirc
structure type.88,164,189
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independent of the damage source and damage rate,
high-resolution electron microscopy results84 confirm
that the damage ingrowth processes for ion-irradiat
and natural zircons are similar. Since amorphizati
of zircon does not exhibit a significant dependen
on temperature (i.e., mobile defects) at 300 K,84 these
results are consistent with rate theory models that pred
no dose-rate dependence at temperatures where de
are immobile. In apatite,85 the critical dose at 300 K
for amorphization from heavy ions (5 3 1024 dpays) is
slightly higher (40%) than that measured due to244Cm
decay (3 3 1029 dpays); this behavior, however, may
be due to the effects of irradiation spectrum rather th
dose-rate effects. At elevated temperatures, the effect
dose rate in both zircon and apatite are expected to
more pronounced.

There have been several studies of the influence
ion species on amorphization in ceramics.85,271,272,284–286

In general, heavy ions increase the temperature ra
over which amorphization is possible relative t
electron (or very light ion) irradiation. In the cas
of Ca2La8(SiO4)6O2

85 (Fig. 20) and SiC,271,272,284 the
difference in critical temperature due to particl
mass/energy can amount to several hundred±C. This
may be due to differences in the distributions an
types of defects formed and an ionization effect d
to differences in the ratios of the electronic to nucle
stopping powers. As noted above (Fig. 6), simultaneo
irradiation of Ca2La8(SiO4)6O2 with 300 keV electrons
during 1.5 MeV Xe1 irradiation significantly suppresse
the rate of amorphization as compared to irradiati
with Xe1 alone.225

b. Existing models.Several models have been use
to describe the temperature dependence of ion-bea
induced amorphization in ceramics and semicondu

FIG. 20. Temperature dependence of amorphization in ion-irradia
Ca2La8(SiO4)6O2.85
http://journals.cambridge.org Downloaded: 06 Aug 2012
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tors.84,85,287–289In general, the effects of temperature o
amorphization can be described by simultaneous reco
ery processes with activation energies,Ea, associated
with defect migration/recombination in the crystal struc
ture, defect and ion diffusion in the amorphous stat
or epitaxial recrystallization at the crystalline/amorphou
interface. In many of the existing models, rather simp
relationships are derived between temperature and
dose required for complete amorphization. These re
tionships are generally given by an expression of th
form:

lnf1 2 sD0yDd1/mg ­ C 2 EaynkT , (9)

where D0 is the dose for complete amorphization a
0 K, C is a constant dependent on ion flux and casca
size, and bothm and n are model dependent constant
[Morehead and Crowder287 derived m ­ 2 (or 3) and
n ­ 2, Dennis and Hale288 derivedm ­ 2 and n ­ 1,
and Weber84,85 derived m ­ 1 and n ­ 1]. Although
these models have been adequate in describing
observed temperature dependence of amorphization
both semiconductors and ceramics, it is recognized th
the kinetic processes controlling amorphization may b
more complex than the single activated process that th
models represent.

Recently, the approach of single defect kinetic
has been used to modify the direct impact and doub
overlap models for amorphization [Eqs. (7) and (8
of apatite and zircon, respectively.164 Using activation
energies and other parameters from the literature, the
modified kinetic expressions have been used to mod
the time, temperature, and dose rate of amorphizati
in both apatite and zircon under expected reposito
conditions. Although these are relatively simple mode
that certainly require further refinement (if data are ev
available), they predict that zircon will amorphize unde
conditions typical of a near-surface repository, such
Yucca Mountain, while apatite will remain crystalline
due to the kinetics of the recovery processes.

In the field of irradiation-induced amorphization in
intermetallic compounds, where amorphization occu
homogeneously by the accumulation of defects, oth
models have been used to describe amorphizati
kinetics.273,281,290 Although such homogeneous amor
phization is not generally observed in the ceram
phases of interest for nuclear waste immobilizatio
these intermetallic approaches may be applicable, w
some modifications, to the heterogeneous amorphizat
processes that have been observed in most of th
ceramics. For example, using rate theory,214,215 the
concentration of accumulated defects can be calcula
as a function of dose rate, time, and temperature, a
the corresponding change in free energy (or static d
placement) determined. Such an approach could be u
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to model the amorphization kinetics. In order to app
such models, however, it will be necessary to determ
experimentally the critical valuesDGca or kx2lcrit for the
relevant ceramics. It will also be necessary to gener
reliable experimental data on amorphization kinetics
functions of different ion species and dose rates.

c. Modeling considerations.Comprehensive models
of amorphization kinetics are clearly needed and sho
take into account damage rate, PKA spectrum,
cascade amorphization, and ionization-induced diffusi
The standard approach to modeling evolutionary chan
in microstructure controlled by defect kinetics, such
some amorphization processes, is to use rate theory.
creation of vacancies and interstitials that can migr
through the lattice and either recombine or be absorbe
defect sinks, including amorphous domains, provides
driving force controlling the kinetics of amorphization
As noted, the application of rate theory to ceram
is in itself a formidable task, and the results obtain
for one structure type will not necessarily be valid f
others because of the different topological properti
It is nevertheless necessary to solve the equations
predict amorphization kinetics, as has been done
a few cases in intermetallics273,281,290 and anisotropic
materials.291 The use of kinetic Monte Carlo technique
also has potential applications in this area; howev
it will be necessary to obtain reliable values of th
defect properties from theory, computer simulations,
experimental methods.

Other approaches may be required in the case
heterogeneous amorphization. In the case of amorph
tion directly in thea-recoil displacement cascade, th
recovery processes may be associated with epita
recrystallization at the crystalline-amorphous interfa
of the amorphous domains and less dependent on
migration enthalpies of interstitials and vacancies. F
such epitaxial recovery processes, there will in gene
be no unique activation energy, as it will depend
the size of the amorphous domain. Since heterogene
amorphization is apparently the dominant mechani
induced bya-decay in nuclear waste ceramics, there
a great need for additional studies in this area.

Ionization-induced diffusion67,69,91,92 might inhibit
amorphization for both the homogeneous (point d
fect accumulation) and heterogeneous (in-cascade) ca
since both defect and recrystallization kinetics wou
be enhanced. The effect of ionization-induced diffusi
would be expected to be more pronounced for the hom
geneous amorphization process, since large change
the interstitial migration enthalpies may occur (includin
possibly athermal interstitial migration). Data for seve
oxides189,225 suggest that ionization-induced diffusio
can retard or inhibit amorphization under high-dos
rate electron and ion irradiation conditions where t
electronic to nuclear stopping power ratios are lar
http://journals.cambridge.org Downloaded: 06 Aug 2012
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However, ionization-induced diffusion may be less ef-
fective in retarding amorphization froma-recoil nuclei
under repository conditions, where both the electronic
to nuclear stopping power ratios and the dose rate
are significantly smaller. Consequently, the effects o
dose rate on ionization-induced diffusion processes an
kinetics must be investigated in order to interpret ion-
irradiation data and predict behavior under repository
conditions.

Many crystalline ceramics exist in a narrow range
of stoichiometry, since any departure from exact stoi-
chiometry has to be accommodated by interstitials, va
cancies, or antisite defects at great energy cost. Thu
it is important to understand the influence of departure
from stoichiometry (caused, for example, by the recoil-
induced transfer of atoms from the crystalline phase into
the glassy phase in glass-ceramics or by transmutation
on the amorphization susceptibility. In addition, the pres-
ence of extended defects, such as dislocations, stackin
faults and antiphase boundaries, have been shown
facilitate amorphization in some materials. Preferentia
grain-boundary amorphization under electron irradiation
has been observed in quartz292 and recently observed
in spinel and coesite.293 It is particularly important
to understand the amorphization susceptibility in grain
boundaries, as leaching often occurs preferentially a
those sites.

5. Recrystallization

a. Epitaxial recrystallization.Solid-state epitaxial re-
crystallization at the crystalline/amorphous interface in
many of these ceramic phases could control the kinetic
of the amorphization process. Annealing of ion-beam
amorphized layers, such as has been studied in th
perovskite phases, CaTiO3

148,149 and SrTiO3,150,151 can
provide activation energies for solid-state epitaxial re-
crystallization at an effectively semi-infinite interface.
Similar studies have not been performed for other rele
vant phases, but such studies would provide an uppe
limit to the activation energy for annealing discrete
amorphous zones in each phase. Fission track anneali
in natural minerals and reactor-irradiated phases or th
annealing of tracks produced by high-energy (GeV)
heavy ions also can provide information on solid-state
epitaxial recrystallization at finite surfaces if the tracks
are amorphous. Unfortunately, in many of the studies
of relevant phases, the nature of the track damag
(i.e., whether disordered-crystalline or amorphous) ha
not been determined. In zircon, such heavy-ion track
have been shown to be amorphous,294 and annealing
studies295–297 of such tracks in zircon yield activation
energies for solid-state epitaxial recrystallization. It has
been shown that fission track annealing in zircon ex
hibits anisotropy, and the activation energies for track
IP address: 130.203.205.122

13, No. 6, Jun 1998

http://journals.cambridge.org


W. J. Weber et al.: Radiation effects in crystalline ceramics for the immobilization of high-level nuclear waste

1

io

e

a
r

a

r
e

t

n

z
l

e

-

s

,
s

ld

s

t

s

annealing in the (001), (011), and (100) planes are 2.
2.87, and 3.60 eV, respectively.297 Heavy-ion track an-
nealing in fluoroapatite is reported to have an activat
energy of 0.76 0.1 eV296,297; however, the nature of the
damage track (crystalline or amorphous) has not b
reported.

b. Recrystallization of fully amorphous state.Recrys-
tallization of the fully amorphous state in ceramics is
exothermic reaction that results in the release of sto
energy. Isochronal annealing studies of fully amorpho
specimens of (Gd, Cm)2Ti2O7,116 Ca(Zr, Cm)Ti2O7,116

Ca2(Nd, Cm)8(SiO4)6O2,163,176(Zr, Pu)SiO4,155,156,163and
natural zircon298 have been performed. The isochron
(12 h) recovery results for several materials are su
marized in Fig. 21. For both (Gd, Cm)2Ti2O7 (Fig. 21)
and Ca(Zr, Cm)Ti2O7 (not shown), there is a linea
recovery of density with temperature prior to singl
stage recrystallization,116 which suggests the amorphou
state for these materials has a range of densities
vary with temperature, consistent with the observatio
of Clinard and co-workers.113 There is little recovery
in density prior to the onset of recrystallization i
Ca2(Nd, Cm)8(SiO4)6O2, (Zr, Pu)SiO4, and natural zircon
(not shown), suggesting a narrower range of densities
the amorphous state in these two structures. Amorphi
Ca2(Nd, Cm)8(SiO4)6O2 recrystallizes to the origina
apatite structure in a single recovery stage,163,176 while
recrystallization of amorphized (Zr, Pu)SiO4 occurs in
two stages involving the initial crystallization of som
pseudo-cubic ZrO2 nuclei prior to full recrystallization
back to the original zircon structure.155,156,163Recrystal-
lization of amorphized Ca2(Nd, Cm)8(SiO4)6O2, which
has been studied in some detail,176 releases 130 Jyg of
stored energy and occurs with an activation energy
3.1 6 0.2 eV. Although rigorous determinations of th

FIG. 21. Recovery of density during recrystallization of Ca2(Nd,
Cm)8(SiO4)6O2,163,176 (Gd, Cm)2Ti2O7,116 and (Zr, Pu)SiO4.155,156,163
http://journals.cambridge.org Downloaded: 06 Aug 2012
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recrystallization kinetics are not available for other
relevant ceramics, the activation energies for recrystal
lization in zirconolite/pyrochlore,116,235,238 zircon,155,156

and monazite239 structures have been estimated.

F. Helium accumulation, trapping,
and bubble formation

Helium has a limited solubility in most ceramics. At
increased concentrations, it may form bubbles, which can
cause swelling and affect many of the physical properties
of the solid. The consequences of high gas concentration
are well known for nuclear fuels and the heavy fission
gases Kr and Xe. Although the effects for the smaller
He atoms may be less pronounced, the effects of He
accumulation need to be studied and understood. Few
data exist on the behavior of He in potential actinide-
host phases. Consequently, studies of He solubility
diffusion, trapping, and release in these ceramic phase
are needed. In addition, the evolution of He bubbles,
including the temperature and dose dependence, shou
be investigated. Such studies of bubble formation will
require careful characterization by transmission electron
microscopy and small angle x-ray scattering, such as ha
been done recently for a nuclear waste glass.299

In order to understand the potential effects of He
accumulation, it is instructive to consider the mecha-
nisms of a damage effect of great importance for UO2

fuel, which is the grain subdivision or polygonization
of high burnup UO2 fuel (the so-called rim-effect).
Recent work310 on ion-implanted UO2 indicates that
this effect may be gas-driven. The threshold conditions
for polygonization in UO2 correspond to about 1 wt. %
Xe, a displacement dose of 2000 dpa, and,9 cm3

Xe(NTP)ycm3 fuel. Most experiments with actinide-
containing ceramics have not exceeded 1 dpa or 0.1 cm3

Heycm3 ceramic. In the case of Pu-containing ceramic
waste forms, however, the He concentration after long
storage times will be much larger (a factor of 100) than
the threshold Xe concentration for polygonization.

In some natural minerals, most notably natural UO2

(uraninite) or (U, Th)O2 (thorianite) with ages ranging
from 200 to 500 million years, high damage levels
(100 to 200 dpa) and high He concentrations (on the
order of 0.5 wt. % He), corresponding to some 300 cm3

He(NTP)ycm3 mineral, are found. Similar He concentra-
tions will only be reached in waste matrices with high
actinide loading over long time periods that correspond
to many half-lives. Transmission electron microscopy
studies of such minerals with high damage levels and
high He concentrations show evidence for polygoniza-
tion, and these minerals “explode” when heated to abou
800 ±C.300 This phenomenon is accompanied by a burst
release of He and extensive bubble formation, which
strongly supports the need to study the consequence
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of He buildup in waste ceramics. Bubbles that a
assumed to contain He have been observed in high-d
metamict minerals301; however, little is known on the
effect of the He bubbles on materials properties. It
possible that the crystalline-to-amorphous phase cha
could sweep the He out of the matrix. Furthermore,
diffusion may be faster in the amorphous state, ca
ing more He release during storage; this could redu
the overall He concentration and associated effects
the matrix but could possibly cause canister failu
Valuable exploratory investigations could be complet
using natural analogue phases containing high U and
concentrations (i.e., high damage levels).

Several studies140,237 have reported the presence
near-spherical microvoids or bubbles ranging in diam
ter from 100 to 400 nm in highly damaged natur
zirconolites. These bubbles have been attributed to
accumulation of He from thea-decay of U and Th
impurities, and their daughter products. Bubbles ha
also been observed in metamict Nb–Ta–Ti oxides,301 as
well as in annealed uraninite, UO21x .302 There are also
extensive data and models303,304of fission gas bubble for-
mation in UO2 that may be relevant to bubble formatio
from He accumulation in nuclear waste ceramics.

G. Mechanical properties

Ion implantation is widely used to change the m
chanical behavior of ceramic surfaces. It is thus n
surprising that similar radiation-induced changes in m
chanical properties are observed in actinide-host pha
due toa-decay. The effects ofa-decay induced amor-
phization on hardness, elastic modulus, and fract
toughness have been investigated as a function of d
(up to 5 3 1018 a-decaysyg) in several ceramic phase
containing238Pu or 244Cm and in some natural minera
analogues. Additional data have been obtained fr
studies utilizing heavy-ion irradiation.

The hardness and elastic moduli of Cm-dop
Gd2Ti2O7 and CaZrTi2O7 have been shown to decreas
steadily with increasinga-decay dose116; a similar
decrease in hardness with increasinga-decay dose has
been reported in CaPuTi2O7.305 Decreases in hardnes
and elastic moduli with increasing dose have also be
observed in natural zircons306–308and in synthetic zircon
irradiated with 540 keV Pb ions.309 In general, the
decreases in hardness range from 25 to 50%, and
decreases in elastic moduli are in the range of 50
70%. The softening of these materials with increas
dose is due to the radiation-induced amorphization t
results in a lower density structure.

The fracture toughness in Cm-doped Gd2Ti2O7,116

CaZrTi2O7,116 and Ca2Nd8(SiO4)6O2,178 as well as in
CaPuTi2O7,305 has been shown to increase by up 100
with increasinga-decay dose to a broad maximum an
http://journals.cambridge.org Downloaded: 06 Aug 2012
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then decrease slightly as the materials approach t
fully amorphous state. The increase in fracture toughne
is attributed to the composite (two-phase) nature
the microstructure, which consists of mixed crystallin
and amorphous domains. At low to intermediate dose
the microstructure consists of amorphous tracks in
crystalline matrix, and this composite microstructur
can inhibit crack propagation and increase the fractu
toughness. At high doses where the amorphous pha
becomes the dominant matrix with remnant crystallite
the fracture toughness decreases slightly as some of
internal stresses are relieved. This is supported by t
observed decrease in stored energy in CaPuTi2O7 at
high doses,234 which suggests a relaxation of disorder
and by the analysis of strain accumulation in natur
pyrochlores.213

Additional helpful information has recently become
available from indentation tests in the high burnup, so
called rim zone of LWR UO2 fuel.310 In this zone,
the burnup is very high due to a high production o
239Pu by resonance neutron capture in238U, and a grain-
subdivision process (polygonization) occurs. A Vicker
indentation study along radial directions of the UO2

fuel showed a decrease in hardnessH (by ,30%) and
an increase in fracture toughnessKIc (by ,100%) that
follow the radial burnup profile. It is worth noting that
the concentration of actinides, and hence thea-decay
rate, increases with the increasing burnup as does
rare-gas (Xe and He) content. Since these measureme
are made 2–3 years after removal from the reactor, t
contribution of thea-decay damage may be important
Therefore, these results can be taken as a first indicat
of the behavior that might be expected in a Pu-containin
phase that has been stored for a long time, has underg
polygonization, and contains helium bubbles.

The net result of the decreases in hardness a
elastic modulus and increases in fracture toughness
a reduced brittleness and enhanced resistance aga
crack propagation in these ceramic phases as a resul
a-decay damage. The extensive experience with
many materials of different structures and the simila
nature of the radiation-induced changes in mechanic
properties strongly suggest that the expected behav
for other potential waste ceramic phases will not b
significantly different.

H. Thermal properties

The thermal conductivity of actinide compounds i
known to decrease significantly due toa-decay damage,
mainly by phonon scattering at point defects. As a
example, the thermal conductivity of239PuO2, which
does not become amorphous, decreases by a fac
of 3 at 60±C within one year due to point defect
accumulation.311 Depending on actinide loading and
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dimensions of the ceramic waste form, the original
existing temperature gradient will increase and m
significantly affect microstructural evolution and dura
bility. Thermal diffusivity (laser flash) and heat capacit
measurements on both as-produced and self-dama
actinide waste forms are, therefore, needed.

I. Chemical durability

The principal mechanism for the release of radi
nuclides from the emplaced waste forms is by corrosi
of the waste forms in the presence of water. There ha
been surprisingly few systematic studies designed
evaluate the change in leach rate of a crystalline ceram
as a function of radiation damage, whether due to io
ization or ballistic processes. Proper studies will requ
carefully controlled irradiations, over a range of dos
and temperatures, combined with systematic studies
both the corrosion rates and mechanisms as functi
of temperature, solution pH, oxidation potential (Eh
and flow rate. No satisfactory experiments have y
been completed; however, increases in leach rates h
been noted for actinide-doped phases, naturally occurr
phases containing U and Th, and in some ion-irradiat
ceramics, as discussed below. In general, the increa
in leach rates range from a factor of 10 to 100. It must
noted that the leach rates of the amorphous (damag
state in the ceramics studied to date are still lower th
those of glass waste forms.

1. Summary of available data

The radiation-induced changes in the leach rates
Cm-doped Gd2Ti2O7, CaZrTi2O7, and Ca2Nd8(SiO4)6O2

have been determined from leach tests of both fu
damaged (amorphized) specimens and a second se
specimens that had been fully recrystallized to the ori
nal structure by appropriate annealing.177 The results of
these studies indicate that radiation-induced amorphi
tion increased the leach rate by a factor of 20–50 f
Gd2Ti2O7, and by a factor of 10 for both CaZrTi2O7 and
Ca2Nd8(SiO4)6O2. The leaching of Gd2Ti2O7 appeared
to occur incongruently, with the non-TiO6 network ions
being selectively leached.

Because of the important implications in determin
ing the UyPb systematics of zircons for geologic ag
dating, there are data on the increased loss of nucli
as a function of increasing degree of damage.312–316 In a
study of a suite of natural zircons with varying conten
of uranium and thorium, Ewinget al.313 found that
over a dose range of 1017 to 1019 a-decay eventsyg,
there was a one order of magnitude increase in
leach rate. For completely metamict zircons (dose>1019

a-decay eventsyg), the increase in leach rate was near
two orders of magnitude. These results are consist
with the observation that loss of nuclides and increas
http://journals.cambridge.org Downloaded: 06 Aug 2012

J. Mater. Res., Vol. 1
y
y
-

ged

-
n
ve
to
ic

n-
e
s
of
ns
,
et
ve

ng
d

ses
e

ed)
n

of

ly
t of
i-

a-
r

-
e
es

s

he

y
nt

ed

solubility are, at least in part, related to the increasi
level of radiation damage in zircon.312,314,316 As early
as the 1970s, it was recognized that the discordan
in UyPb age determinations of zircon crystals could
reduced by mechanically (i.e., abrasion) or chemica
(i.e., etching with hydrofluoric acid) removing the altere
(metamict) areas of the zircons.317,318These altered areas
often have higher U concentrations and occur in the ou
zones of single crystals; thus, these altered zones h
experienced morea-decay event damage.319,320

Results by Saleset al.321 suggest that the leach
rate of a synthetic monazite, LaPO4, containing simu-
lated waste remains low even after the material h
been transformed to an amorphous state by irradiat
with 250 keV Bi1 ions. However, work by Eyal and
Kaufmann322 on natural monazite indicates that there
a preferential dissolution of the radionuclide daughte
products,234U, 230Th, and228Th, by factors of between
1.1 and 10 relative to the structurally incorporated pare
isotopes 238U and 232Th, respectively. This isotopic
fractionation is attributed to radiation damage in th
tracks of the recoiling daughter nuclei emitted durin
a-decay of the parent isotopes. While there have be
some concerns regarding the interpretation of the
results,185 the increases in dissolution rates are simil
to those observed in other actinide-host phases, s
as naturally occurring thorianite (ThO2) and uraninite
(UO2).323 Leaching experiments of these phases a
measurements of the Th and U isotopes show that ther
a strongly enhanced release of short-lived228Th relative
to 232Th, but only slight enhancement of long-lived234U
and 230Th relative to238U and 232Th. These results can
be interpreted as due to natural annealing of the dam
cascade over periods of tens of thousands of years. T
chemical etching technique is a powerful method f
probing the thermal stability ofa-recoil damage tracks
in a wide variety of crystalline materials, as well a
glasses.324,325 These results are consistent with the ov
an order of magnitude increase in leach rate observ
in heavy-ion irradiated UO2.326 Increased leaching of up
to a factor of 10 also has been reported in sphene a
sphene-ceramics irradiated with 280 keV Bi21 ions.327

2. Mechanisms and needs

Depending on the type of solid, there are a numb
of different corrosion mechanisms, and in fact, th
mechanism may change as a function of temperatu
Eh, pH, solution composition, and flow rate. Each
these parameters, particularly temperature and pH,
affect the leach rate by many orders of magnitude. T
microstructure of a solid can also affect the corrosio
rate. Thus, radiation damage to a ceramic waste fo
as the results above demonstrate, can affect the le
rate as a result of (i) an increase in surface area d
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to microfractures created because of differential
anisotropic radiation-induced volume expansions, (
the reduced thermodynamic stability of the radiatio
induced aperiodic domains, (iii) the higher chemic
reactivity due to strain fields around amorphous doma
(e.g., an a-recoil track), (iv) the higher chemical
reactivity due to decreased cation coordination in t
amorphous state, (v) an increase in ionic diffusivitie
in the damage state that provides a convenient medi
for ion exchange reactions that initiate corrosion, a
(vi) solute segregation that leads to enhanced remo
of radionuclides. In addition, actinides released duri
aqueous corrosion of glass and ceramic waste forms u
ally have a relatively low solubility and precipitate in th
leached gel layer as actinide-bearing phases.159,168,169,328

However, radiation damage to these actinide-bear
precipitates may lead to the formation of amorpho
colloids that are mobile, thus, enhancing actinide tran
port and increasing the concentrations of radionuclid
in solution. All of these possibilities are expected t
contribute to an increase in the release (and poss
transport) of radionuclides depending on the nature a
extent of the radiation damage. The microstructur
changes in the radiation-damaged solid will depe
most critically on the cumulative dose and the therm
history of the waste form over extended periods of tim

The radiation-induced changes in microstructu
evolve over long time periods and are of critica
importance to the long-term radionuclide release duri
corrosion. Thus, the evaluation of radiation effects o
chemical durability requires a substantial database
the development of microstructure as a function
radiation dose in host phases for both fission produ
and actinides. These data must be understood in term
damage-accumulation models that can then be combi
with models that describe the alteration and corrosi
of the waste form. The models of both phenomena m
be extrapolated over long periods (104 to 106 years),
but at least in the case of radiation effects, the mod
of damage accumulation can be confirmed by stud
of naturally occurring phases of similar structure an
composition that have accumulated damage for tim
periods up to 109 years.

VI. APPLICATIONS OF COMPUTER
SIMULATION METHODS

Atomic-level simulation of radiation effects in met
als, intermetallics, and semiconductors is an area
active research.329 Quantum mechanical and empiri
cal models of atomic bonding, energy minimization
molecular dynamics (MD), and Monte Carlo (MD) meth
ods can be used in atomic-level calculations of rad
tion damage processes in crystalline (and amorpho
materials.330 Energy minimization is widely used to
http://journals.cambridge.org Downloaded: 06 Aug 2012
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study structures, stable defect configurations, and energ
minima for defect motion. Static defect properties as well
as dynamic processes on the order of picoseconds ca
be modeled by MD simulations. Molecular dynamics
can be used to study defect formation and migration
energies, damage mechanisms, and defect productio
processes in cascades. Monte Carlo techniques, whic
predict behavior from a random sampling of initial
states, are useful for calculating damage distributions
thermodynamic equilibrium structures and properties,
and long-range diffusion.

The prospect of using computer simulations to cal-
culate irradiation-induced defect production and amor-
phization in ceramic waste forms, and to follow the
evolution of the defect structures, has been a beckoning
yet elusive goal. However, progress achieved in com-
putational physics for developing reliable yet tractable
interatomic potentials, coupled with vast improvements
in computational power, have created the possibility
of computing microstructure evolution during prolonged
irradiation. The aim of such simulation work on radiation
effects in ceramics should be to develop an effective
modeling technology for predicting radiation-induced
structural and chemical stability and the long-term per-
formance of nuclear waste form ceramics.The ultimate
result of this work should be a physically based model
of the effect of radiation damage on defect accumula-
tion, phase transformations, and the evolution of the
microstructure over geological time scales.Develop-
ment of a predictive simulation and modeling hier-
archy for radiation effects in nuclear waste forms would
enable (i) detailed understanding of defect energetics
(ii) atomic-scale understanding of the mechanisms and
dose dependence of phase transformations (e.g., amo
phization), (iii) accurate interpretation of experimental
results in terms of underlying atomistic mechanisms, and
(iv) evaluation of behavior of new waste forms under
irradiation as needed.

A. Structure and defects

Owing to the pivotal role played by defects in in-
fluencing the physical and chemical properties of solids,
there is a long history of the characterization of impurity
and defect states in ceramics using theoretical and com
putational techniques. The earlier achievements in this
field have been described in detail by Stoneham,331 while
the more recent developments have been summarize
by others.332–334 Considerable success has been enjoyed
in many applications, especially for closed-shell de-
fects in strongly ionic materials; indeed, in many cases
quantitative agreement with experiment can now be
achieved, and the computational methods have evolve
into straightforward and generally applicable tools that
may be used routinely together with experiments in char-
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acterizing defect and impurity states. In other cases, m
notably open-shell defects in covalent materials, the
still remain substantial problems in achieving a hig
level of quantitative accuracy, although computation
techniques with present methodologies can still ma
a substantial contribution to characterizing energies a
the structures of defects and impurities.

With the constant growth in computer power, th
range and accuracy of modeling techniques continue
expand. Computer simulation methods have a subs
tial and growing role in examining the structures an
stability of complex inorganic materials, including soli
solutions, in modeling defect formation and migratio
processes, in investigating radiolysis processes, and
modeling surface and interfacial phenomena, includi
surface segregation.

1. Modeling techniques

Defects may be modeled either by embedding t
defect (or defect aggregate) in an infinite perfect latti
or by employing an infinite periodic array of defec
embedded in a supercell. The latter approach has
advantage of being able to employ the wide range
computational solid state tools available for the pe
odic infinite solid; however, these methods must
adapted for charged defects. Moreover, the meth
automatically include interactions between defects in
different supercells, which may require the use of larg
cells, hence increasing the computational expense of
calculation. The use of isolated embedded defects avo
these problems, but these methods inevitably invo
describing the regions close to the defect using meth
that are different from those employed for more dista
regions of the structure; interfacing the different regio
invariably presents problems, and indeed, the embedd
problems remain amongst the most enduring and ch
lenging problems in computational solid-state physics

Within the context of the strategies outlined abov
the whole range of current computational solid-sta
tools—quantum mechanical (QM) methods emplo
ing ab initio Hartree–Fock, local density functiona
(LDF), and semi-empirical methodologies—may b
implemented. Methods based on interatomic potenti
may also be employed, such as those based on the wi
and successfully used approach of Mott and Littleton335

that involves embedding an atomistically modele
region containing several hundred ions surrounded
a quasi-continuum description of the remaining lattic
With the growth of the applicability of explicit QM
methods, the core of the region (including the defe
and one or two shells of immediate neighbors)
described using such techniques; although as no
there are difficulties in interfacing this core (QM) regio
with the region described more approximately by
http://journals.cambridge.org Downloaded: 06 Aug 2012
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interatomic potential. Nonetheless, explicit QM method
are essential for accurate modeling of open shell defec

One key aspect of all defect modeling approache
is the necessity of including full and explicitrelaxa-
tion of the lattice around the defect. Omission of this
crucial effect will inevitably lead to overestimation of
defect formation energies and may result in qualitativel
incorrect results. The majority of defect calculations
have used static lattice, energy minimization technique
which may be extended by lattice dynamical technique
to include entropy calculations.332 There also have been
fruitful applications of molecular dynamics methods
in modeling highly mobile defects and Monte Carlo
methods in treating heavily disordered systems. Furth
discussion can be found elsewhere.332–334

Although it is possible to use computational tech
niques to model the structures of amorphous solids,332

such as those produced by radiation-induced amorphiz
tion, it must be emphasized that modeling of impuritie
and defects in these states represents a major challen
The extension of modeling techniques to include sur
faces and surface defects is, however, relatively straigh
forward, as reviewed elsewhere334 and the references
cited therein.

2. Modeling achievements

Computer modeling is now a well-established tool in
ceramic science. Crystal structures can be accurately a
increasingly predictively modeled. Moreover, modeling
of the properties of crystalline ceramics, including elas
tic, dielectric, and lattice dynamical properties, has bee
increasingly successful. Defect modeling has enjoye
notable success in the last 20 years. Accurate formatio
energies may be routinely calculated for closed she
defects in ionic and semi-ionic oxides.332–334 Similar
success is enjoyed in the calculation of migration ene
gies. A good illustration is provided by the recent work
of Cherry et al.336 who successfully modeled vacancy
migration mechanisms in perovskite structured oxide
and predicted the A/B cation radius ratio required to
give optimal oxygen ion mobility.

Other notable achievements that are relevant an
possibly applicable to studies of radiation effects in
ceramic waste phases are:

(i) Defect interactions and clusteringhave long been
a successful field for modeling studies; such studie
have made a major contribution to the understandin
of the complex structures of heavily defective doped o
nonstoichiometric solids.337

(ii) Defect processes and reactionsin solids may be
investigated, as in the detailed studies on the radiolys
of NaCl338 and CaF2.339 The energetics of formation of
solid state solutions may be calculated, as in releva
studies of fission product solution in UO2

340 or following
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the recent work of Grimeset al.341 who have calculated
the solution energies of a variety of dopants in Y2O3.

(iii) Modeling of surfaces and surface defectsis
a long-standing field of growing importance.334,342 As
noted, modeling has made a particularly useful cont
bution to understanding the key processes of impur
and defect segregation. Modeling of molecule-surfa
interactions, which is of major importance in catalys
and sensor studies, is developing rapidly.

3. Challenges for ceramics modeling

Despite these successes, there remain problem
and difficult areas for computer simulation efforts i
ceramic science. Those of greatest relevance to radia
effects concern the following:

(i) Modeling of the energies (and free energies)
phase transitions in ceramics, where the widely us
shell model potentials often give inaccurate and som
times qualitatively incorrect results.

(ii) Modeling of open shell defects and of interstitia
defects in dense structures. Models based on interato
potential methods are intrinsically unsuitable for th
former, while in the latter, it is difficult to obtain an
interatomic potential of the necessary quality.

(iii) Modeling of reaction mechanisms involving
bond-breaking processes in solids and on surfaces.

(iv) Predictive modeling of the structures of amo
phous materials (for comparison to data from x-ra
spectroscopies or neutron scattering).

All of these challenging problems are considere
solvable given the appropriate methodological dev
opment and access to the appropriate computatio
resources.

4. Modeling opportunities and priorities

With the ongoing developments in computer har
ware and software, there is now a real opportun
to develop detailed models of the structure and def
chemistry of both crystalline and amorphous ceramic
The following areas should be given high priority:

(i) Development of detailed models for the structu
and energies of pure and doped forms of all relevant
ramic phases (including zircon, zirconolite, pyrochlor
zirconia, monazite, apatite, and perovskite). The comp
tational predictions should be validated and refined
comparison with experimental structural data.

(ii) Calculation of formation, migration, and
interaction energies (and free energies) of all releva
defects including metal and oxygen interstitials an
vacancies and their aggregates as well as defect-dop
complexes. A principal objective of this work will be
to provide the data necessary for implementation in
kinetic Monte Carlo schemes of the damage evoluti
process. In particular, it is strongly recommended tha
http://journals.cambridge.org Downloaded: 06 Aug 2012
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pilot study be made on zirconia in view of the conside
able existing knowledge of defect structures and of inte
atomic potentials in this system.

(iii) Development of improved models of the struc
ture of amorphous (and amorphized) ceramics both
refinement of conventional melt/quench molecular d
namics (MD) techniques and by coupling of topologica
modeling with MD and energy minimization methods
Again, the modeling should be closely coupled wit
improved experimental data on amorphous systems.

(iv) Modeling of segregation processes. Segregati
of impurities to surfaces or grain boundaries is a ke
aspect of the materials chemistry of ceramics, and t
effects may be enhanced in irradiated materials. Mo
eling of both the energetics and the kinetics of the
processes is needed.

(v) Modeling of solution processes at ceramic su
faces. Such studies, which are ambitious but feasib
would require the development of models of the ceram
water interface, of the reaction of water with the surfac
of the material, and of the solution mechanisms
surface ions. The work could build on, for example
earlier studies343 of the mechanisms of reactions of wate
with silicate solids and eventually expand to reaction
with calculated structures of the radiation-damage sta

All these developments are feasible; however, the
will be substantial requirements related to methodologi
and hardware. Methodologies are needed for improv
interatomic potentials (where there is a need to g
beyond the traditional shell model approach) and
further develop the procedures for embedded quantu
mechanical cluster techniques. Further refinement a
automation of procedures for vibrational entropy calc
lations are also needed. The use of the new genera
of massively parallel processing (MPP) platforms will b
essential, in particular for large scale MD calculations f
generating improved models of amorphous systems a
for certain electronic structure calculations on defects

B. Primary damage production

A complete description of the initial damage stat
(i.e., the source term for all subsequent microstructu
and property changes) can best be ascertained thro
the use of computer simulation methods in conjunctio
with experimental methods. In addition, the evolution o
the damage and its effect on structural properties a
performance can be evaluated by the use of kinetic a
force-bias Monte Carlo (MC) methods. The combinatio
of these techniques enables a complete atomistic desc
tion of irradiation damage and microstructure evolutio
over all the relevant length and time scales. For examp
radiation-induced amorphization can occur either hete
geneously in the cores of the displacement cascades
homogeneously as the result of the accumulation of po
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defects and small defect clusters. The actual mechanis
for amorphization are complex, and experimental resu
are difficult to interpret because little is known about th
defect kinetics that may control the processes. MD a
MC simulations have the advantage that the importa
parameters controlling amorphization, such as dama
zone stability and defect migration and recombinatio
can be studied in isolation; therefore, their relativ
importance can be evaluated.

Model potential molecular dynamics, by virtue o
its simplicity and the appropriateness of the leng
scale (e.g., a cube of2 3 105 nm3 contains 107 atoms),
is an extremely powerful tool to obtain atomic-sca
information and physical insight into the mechanisms
irradiation-induced displacements. In a MD simulatio
the phase-space trajectories of a collection of degree
freedom (atoms) in a box are obtained from integrati
of the classical equations of motion.344 The forces are
obtained from the interatomic potential between th
atoms in the system.

To investigate radiation effects in oxide ceramic
the interactions between atoms can be described with
teratomic potentials that have both long-range Coulom
interaction terms and short-range interactions betwe
pairs of ions. These types of potentials have been u
extensively345,346 to model the behavior of ionic solids
and minerals in molecular dynamics simulations a
have been shown to be successful in modeling t
structure and thermodynamic properties of silicates.347

In fact, according to Wright and Catlow348 there is good
evidence that these potentials, which perform well on t
calculations of structure and thermodynamic propertie
also work well in defect simulations. The parameters
such potentials for many binary and ternary oxides ha
been derived from first principles by Bushet al.,345 and
the parameters for Zr–O, Zr–Si, Si–O, and O–O pa
in various valence states are available in the literature349

These parameters can be used in initial calculations
the primary damage state in phases such as zirco
(ZrO2) and zircon (ZrSiO4). The results of first principle
calculations can be used to optimize and validate t
existing empirical interatomic potentials for zirconia an
zircon. First principles calculations can also be used
develop parametrizations for the interatomic potentia
required for pyrochlore and its monoclinic derivative
zirconolite. These new potentials can in turn be used
investigate the radiation stability of these ceramics.

1. Threshold displacement energy

As noted in Sec. III. D, there are only very limited
data on the threshold displacement energies for ions
the different sublattices of ceramics.69 Such data are
crucial for estimating the irradiation dose (number
displacements per atom, or dpa) to achieve a cert
http://journals.cambridge.org Downloaded: 06 Aug 2012
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damage state, such as amorphization, under a given
of irradiation conditions and also for correlating accel
erated test data, based on ion-beam experiments, w
results due to longer-term damage from actinide deca
or other radiation sources (e.g., neutrons). Molecula
dynamics simulations can be used to explore the valu
of the threshold energy for stable defect production, th
length of replacement collision sequences along differe
crystallographic directions, and the spontaneous recom
bination volumes of various Frenkel pair configurations
in complex crystalline ceramics. The threshold energ
is defined as the minimum recoil energy required to
form a stable (i.e., separated beyond its spontaneo
recombination volume) Frenkel defect and is typically
in the range of 30 to 50 eV. Such defects are formed a
the result of replacement collision sequences (RCS’
along low index crystallographic directions that were
first predicted by Vineyard and co-workers350 on the
basis of MD simulations of low energy recoils in copper
RCS’s are the critical mechanism whereby an interstitia
can be efficiently separated from its own vacancy. Suc
MD simulations have not yet been applied to any of th
ceramic phases of interest (Table V), but their usefulne
and application to ceramics have been demonstrated f
SiC.77 Static energy minimization techniques can also
be used to calculate the minimum energy barrier t
displacing an ion to a stable or metastable site an
thus, to estimate the threshold displacement energy,
has been recently done for several oxides.76 However,
such static lattice calculations must be used with som
caution, since the neglect of quantum chemical effec
could lead to errors.

Knowledge of the threshold displacement energie
Ed, is necessary in order to accurately describe th
production of nearly isolated point defects bya-particles
on the different sublattices. The rather large number o
isolated defects produced bya-particles can have a sig-
nificant effect on the kinetics of microstructure evolution
Values forEd are also needed in order to estimate th
damage rates fora-recoils, charged particles, and neu-
trons through the modified Kinchin–Pease expression351

or through use of the binary collision codes56–58that were
discussed above (Sec. III). Therefore, knowledge ofEd

for both the cation and anion sublattices is critical fo
accurate predictions of damage production and defe
accumulation during prolonged exposure to irradiatio
and for comparison of data obtained using differen
irradiation techniques. Significant differences inEd for
cations and anions can result in nonstoichiometric dam
age production.

2. Displacement cascade simulations

Ultimately, the study of radiation effects in nuclear
waste form ceramics requires that the displacement ca
IP address: 130.203.205.122
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cades generated along the path of the energetic parti
produced bya-decay be well understood, particularl
that of thea-recoil. The nature of energetic cascades
materials has been the subject of intense study for m
years.352 However, the small volume (,4 3 103 nm3)
and short lifetime (,10211 s) of the cascades mak
their investigation by experimental means very difficu
The primary damage state that survives the casc
event (i.e., the source term for subsequent diffusion a
microstructure evolution) can only be inferred indirectl

Atomic-level computer simulation by MD is a valu
able technique for investigating the mechanism of da
age production in displacement cascades in ceram
because the lifetimes and volumes of the cascades, w
are too small for direct experimental study, are with
the realm of current computational power, such as
available on large parallel processing platforms. T
result of a typical MD simulation is illustrated in Fig. 22
which shows the primary damage state resulting fro
a 10 keV Si1 cascade inb –SiC.256 In this figure, the
distribution of interstitials and vacancies is shown 9.4
after the initiation of the Si primary knock-on atom
(PKA), and the energy deposited in the crystal by t
Si PKA has been dissipated by the damped perio
boundaries. The most striking features of this res
are that the number of surviving C defects is thr
times larger than the number of surviving Si defec
and no well-defined amorphous regions are produced
rectly in the cascade. The application of MD techniqu
to studies of displacement cascades in oxide ceram
has been primarily limited by the lack of funding
however, the availability of suitable potentials is als
an issue that must be addressed. Recently, empir
potentials of the Born–Mayer–Huggins type have be
used with some success in MD simulations of casca
in a SiO2–B2O3–Na2O–Al2O3–ZrO2 simulated waste
glass353,354 and in ZrSiO4.355

3. Damage evolution and amorphization

Although MD simulations can be used to stud
the structure and the initial evolution of the radiatio
damaged state, the computational time becomes proh
tive beyond the first few nanoseconds of the simulatio
even for state-of-the-art scaleable parallel machin
This is an important consideration when studying m
crostructural evolution and amorphization mechanis
during prolonged irradiation at elevated temperatur
One of the critical issues is the competition between t
irradiation-induced damage production and amorphi
tion and the tendency of the system to equilibrium driv
by the lower free energy of the crystalline state. A
noted in Sec. V. E, amorphization occurs either hetero
neously by the accumulation of discrete damage zone
http://journals.cambridge.org Downloaded: 06 Aug 2012
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FIG. 22. Interstitials (black) and vacancies (gray) of Si (large circles
and C (small circles) at the end of a 10 keV Si displacement casca
in SiC.256 The cell size shown is 8.72 nm3 8.72 nm3 13.08 nm,
which is half the size of the simulation cell that was used.

homogeneously by the accumulation of a critical defe
concentration. It is extremely difficult to predict the
mechanism of amorphization for a given system withou
a detailed knowledge of the damage morphology, stab
ity, and defect kinetics. From a simulation standpoin
the difficulty of simulating microstructural evolution
and amorphization arises as a result of the extreme
disparate time scales between damage production
the cascade (10211 s), the evolution of the damage
zones (1029 to 1023 s), defect diffusion between cascade
overlaps at a given dose rate (1023 to 102 s), and
microstructure evolution over geological time scales (107

to 1013 s).
In order to bridge the time scales between th

primary damage state creation and the subsequent
fect and microstructure evolution, kinetic Monte Carlo
(KMC) methods must be used. The input for the diffu
sion source term can be taken from the model-potent
MD simulations of the displacement cascade. The phys
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cal input parameters needed for the KMC simulatio
must be obtained from a combination of experiments a
calculations based on transferable interatomic potent
and/or more accurate electronic-structure-based meth

A hybrid model-potential MD/KMC simulation can
be performed by generating the displacement cascad
model-potential MD and passing the information on t
resulting defect distribution to the KMC code. In th
type of simulation, the vacancies and interstitials crea
in a displacement cascade are given random jumps
a rate derived from their diffusivities at temperatur
that allow for vacancy-interstitial recombination, clu
tering of like defects, re-emission from the clusters, a
trapping and de-trapping of interstitials at native trap
Annihilation occurs at internal sinks with a specified sin
efficiency, and periodic boundary conditions are appl
in the lateral directions. Diffusion proceeds until th
arrival of a new cascade from the model-potential M
as determined by the irradiation dose rate. Succes
cascades are generated and annealed until the irradi
dose or the geological time scale are reached. An imp
tant application of such an MD/KMC approach is to th
study of dose rate effects during damage accumulat
as has been done in Si.356

In addition to point defects and small cluster
the cascade damage simulated by the model-poten
MD code may contain large regions of highly diso
dered amorphous-like material, which are not eas
treatable by MC simulators currently in use. For th
reason, extensive MD calculations of the stability a
annealing kinetics of second-phase amorphous reg
in crystalline ceramic matrices should be performe
These studies can provide a tabulation of a set
recrystallization-kinetics data for amorphous pockets a
crystal-amorphous interface regions. These data can
be part of the input data set for the KMC simulato
Thus, the KMC simulator can treat the kinetics
recrystallization in a phenomenological way, albeit bas
on the atomistic results of the MD simulations.

The KMC codes require the following informatio
(obtained from a combination of experiments, MD sim
lations, and first principles calculations) to simulate d
fect diffusion in crystalline ceramics during irradiation

(1) Point defect (cation and anion vacancy a
interstitial) formation energies and diffusivities.

(2) Point defect-impurity interaction energy.
(3) Point defect cluster binding energies.
(4) Extended defect nucleation kinetics and the ro

of impurities.
(5) Bias effect of point defect clusters on point defe

diffusion.
(6) Bias effect of sink microstructure (dislocation

stacking faults, etc.) on point defect diffusion.
(7) Information on any possible vacancy-interstiti

recombination barrier.
http://journals.cambridge.org Downloaded: 06 Aug 2012
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C. Modeling amorphous structures

Two approaches to modeling amorphous structur
have been reported: molecular dynamics simulatio
and topological modeling. Starting with suitable
potentials, amorphous models of SiO2 and Si3N4 have
been generated by molecular dynamics simulations,357

with a full set of atom coordinates available. Similarly
collision cascades in SiC,256,257 Ge and Si,358 in
ZrSiO4,355 and in a SiO2–B2O3–Na2O–Al2O3–ZrO2

simulated waste glass353 have been modeled. Full
atomic coordinates can, in principle, be determine
at time intervals during the evolution or change of th
amorphous state within a cascade.

A second technique has involved hand- or compute
building of models using algorithms based on reprodu
ing experimentally observed bond-angle distributions, a
in a recent model of vitreous silica.359 A somewhat dif-
ferent approach is to investigate with modeling the rang
of topological possibilities for amorphous structures.
This approach was initially carried out using hand-bui
models of network silica,360,361 and characterization of
the assemblages was carried out using the concept of
local cluster,which is the set of all tetrahedra belonging
to the set of undecomposable rings passing through
given tetrahedron in the structure. The local cluster
an analogue in amorphous structures to the unit cell
crystals: an element of local structure that characteriz
the topological properties of the whole amorphous a
semblage. The local cluster assignments can be equa
applied to crystalline structures as has been done
silica polymorphs,360–362as well as for SiC and Si3N4.362

An efficient computer-based building approach that us
local rules based construction362 can quickly construct
crystalline structures with a compact set of local buildin
rules or can generate amorphous structures with modifi
rules. In this way, it is possible to construct fully
connected distinguishable models for amorphized silic
with topological properties close to those of crystallin
quartz or crystalline cristobalite or tridymite and with
credible bond-angle distributions. Using this topologica
approach, it has been shown that it is possible to simula
cascade disorder/damage by destroying the connectiv
within a designated region of a crystal (e.g., in quartz
and regrowing with a different set of rules (e.g., those fo
the higher-temperature polymorph cristobalite), whic
yields an amorphous structure.362

Approaches to developing models of the radiation
induced amorphous structure in ceramics used for imm
bilization of radionuclides should include: (i) refinemen
of conventional melt/quench MD techniques, (ii) cou
pling of topological modeling with MD and energy min-
imization methods, and (iii) determining the dependenc
of the amorphous structure (and its density) on tem
perature. Such modeling should be closely coupled wi
improved experimental data on amorphous structures
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VII. IRRADIATION FACILITIES

Irradiation facilities are needed to investigate t
effects of radiation on ceramics for HLW or Pu dis
posal, and these include actinide research laborato
g-irradiation facilities, and modern electron- and io
irradiation facilities. For actinide research, the radiati
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 and p
vide unique opportunities to systematically investiga
irradiation effects in ceramics. The techniques ran
from probes of the local atomic structure to bulk cha
acterization and make use of major user facilities, su
as accelerator-based photon sources, neutron scatt
facilities, and high-energy or high-resolution electro
microscopes. These techniques and facilities need to
made available for the study of radiation effects inra-
dioactive materials, including those containing actinide

A. Actinide research facilities

Modern laboratory facilities to perform research o
actinide-containing materials are limited. Many faci
ties with the capability to handle radioactive materia
including actinides, have been shut down at DOE si
because of the change in the DOE mission from weap
production to environmental remediation. The capab
ties to handle and study actinides are decreasing e
year. There are very few laboratories equipped w
modern analytical capabilities to handle radioactive m
terials. Many of the advanced characterization techniq
(e.g., ESR, neutron scattering, Raman spectroscopy,
NMR) can handle encapsulated radioactive materi
but these instruments are, unfortunately, often loca
in laboratories where radioactive materials are no lon
allowed. There is, regrettably, no central multi-us
facility in the USA for handling radioactive materials
particularly actinides, with all the necessary characte
zation facilities. Consequently, detailed characterizat
of specimens often requires shipping from site to s
and, in some cases, re-encapsulation for each techni

B. Gamma irradiation facilities

Several intense60Co gamma sources and irradiatio
facilities exist at DOE and other government site
these include the Pacific Northwest National Laborato
Sandia National Laboratories, Argonne National La
oratory, Savannah River Site, and the Naval Resea
Laboratory. Even using the most intense60Co sources,
http://journals.cambridge.org Downloaded: 06 Aug 2012
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irradiation experiments may take years.In situ optical
and electrical measurements in these facilities are fe
sible. In many of these60Co facilities, the gamma field
is nonisotropic. More isotropic gamma fields are possib
using spent nuclear fuel, particularly the cylindrical spen
fuel elements at HFIR (Oak Ridge National Laboratory
that are hollow along the cylindrical axis. Understandin
ionization effects fromb-particles andg-rays in ceramic
phases relevant to fission-product immobilization woul
benefit immensely from controlled temperature studie
and in situ measurements utilizing these facilities.

C. Ion-beam irradiation facilities

There are numerous ion-beam irradiation facilities a
government laboratories, universities, and industry lab
ratories. Some include dual and triple beam capabilitie
that allow simultaneous irradiation with several specie
in order to simulate both thea-particle and thea-recoil
nucleus that are produced duringa-decay. These multi-
beam facilities also allowin situ ion-beam characteriza-
tion (Sandia National Laboratories, Los Alamos Nationa
Laboratory,363 and Oak Ridge National Laboratory) or
electron-beam characterization (IVEM and HVEM fa
cilities at Argonne National Laboratory364). The ion-
beam analysis techniques, which are primarily used
measure changes in near-surface chemical compositio
include Rutherford backscattering (RBS), elastic reco
detection (ERD), nuclear reaction analysis (NRA), an
particle-induced x-ray emission (PIXE).365 Light ele-
ments that are usually difficult to detect with RBS ar
easily measured with ERD methods. These ion-bea
irradiation facilities also could be equipped within situ
optical characterization. Ion-beam irradiation facilitie
at universities include the University of Michigan, Uni-
versity of 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 high-ener
b-particle damage. Conventional electron microscop
that operate in the range of 100 to 400 kV can also b
used to simulateb-particle damage. Unfortunately, these
facilities have extremely high dose rates as compar
with the damage rates in ceramics containing HLW o
actinides, producing in seconds the damage equivale
to 1000 years of storage. Other useful facilities ma
be the electron accelerator facilities at Oklahoma Sta
University and Wright State University or the pulsed
electron-beam facilities at Argonne National Laborator
and Brookhaven National Laboratory.In situ charac-
terization capabilities include time-resolved EPR an
fluorescence, but other capabilities could be added.
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There is a continuing and urgent need for an ele
tron-accelerator facility with the capability to measur
in situ the threshold displacement energies in cerami
This is needed not only for ceramics for nuclear was
applications, but also for ceramics for fusion reactor a
plications, space applications, advanced electronics, a
ion-beam processing/modification. High-voltage electro
microscope (HVEM) facilities, such as the HVEM
facility at Argonne National Laboratory, have bee
utilized to indirectly determine threshold displaceme
energies through the measurement of the threshold e
tron energy required to produce an observable chan
in microstructure (e.g., amorphization or dislocatio
loop formation). As noted above (Sec. III. D), suc
an approach often overestimatesEd, and for complex
oxides, such as those for nuclear waste applicatio
can generally only determineEd for one sublattice.
Such microscopes are also limited in energy, and can
transfer sufficient energy to displace heavy ion speci
such as Zr and the rare-earths. Although some electr
accelerator facilities exist at several universities, no
is currently utilized or equipped to measure thresho
displacement energies. In general, a facility is need
that has variable electron energies (0.1 to 2.0 Me
and an end station capable ofin situ measurements
during irradiation at liquid helium temperature. Ideally
a facility capable of providing pulsed electron beam
is desirable, as it would allow direct measurements
the defects formed, during the pulse, by time-resolv
spectroscopy techniques between pulses, as has b
previously demonstrated for CaO,75 MgO,75,366 and
Al2O3.75,367

VIII. CHARACTERIZATION TECHNIQUES
AND FACILITIES

Detailed characterization of the defects, microstru
tural evolution, and structure of the amorphized stat
produced by irradiation is necessary to advance the u
derstanding of radiation effects in ceramics for HLW an
Pu immobilization. Two fundamental characterizatio
objectives are (i) the need for state-of-the-art facilitie
to characterize defects and structures in radioacti
primarily actinide-containing, materials; and (ii) the nee
to characterize defects and microstructures produced
charged-particle irradiation in small volumes, often as
function of depth. The techniques that are highlighted b
low should not be deemed as inclusive; other techniqu
must and should be utilized.

A. Electron microscopy

Transmission electron microscopes are curren
available with lateral spatial resolution under 0.15 nm
which encompasses interatomic bond distances of oxid
and phosphate compounds of interest as nuclear wa
http://journals.cambridge.org Downloaded: 06 Aug 2012
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forms. Such capabilities can be applied to specime
in situ during ion-beam irradiation using new facilities
at Argonne National Laboratory, and to cross sectio
of ion-beam irradiated specimens. High-resolution ele
tron microscopy (HREM) has and will continue to mak
significant contributions to the understanding of structu
and structural defects in nominally crystalline mate
rials.368 However, conventional HREM is of limited use
for directly determining atomic structure in amorphou
materials, even though a little information about atom
correlations does survive in such images.369,370 Never-
theless, HREM can be a useful technique for trackin
the progress and heterogeneity of amorphization,84,206

provided it is recognized that in projections throug
mixed crystalline and amorphized material, period
features will dominate the image.371,372

The projection problem for amorphous material
may be partially offset by limiting the local volume in
which atomic correlations are probed by controlled re
duction of the spatial coherence employed in imaging.373

Variable spatial coherence, which can be achieved w
hollow-cone illumination in conventional TEM and with
annular dark-field detector configurations in scannin
TEM (STEM), has been shown to be sensitive to
higher order than pair-correlations in imaging of amo
phous specimens.374 Information obtained this way about
pair-pair correlations in amorphous Ge specimens h
revealed evidence for greater intermediate-range ord
(IRO) that is consistent with continuous random ne
work models of the amorphous state. Hence, the u
of variable-coherence HREM imaging methods has th
potential to provide at least some information abou
amorphized structures and with greater spatial spe
ficity than diffraction methods, which is important for
ion-irradiated specimens. The greatest utility at prese
appears to be comparisons of real and model structu
or comparisons of ion-amorphized structures witha-
decay-induced (or other irradiation-induced) amorpho
structures.

An advantage of an electron beam is that it ca
readily be focused to small areas (,0.5 nm diameter
in some cases) and becomes a highly spatially r
solved spectroscopic probe. The electron energy lo
spectra contain information about the bonding and loc
environment,375 which can be used to establish densit
and local density variations.376 The densities of the small
volumes amorphized by ion beams or electron beams
otherwise difficult to establish. In addition, the behavio
of the energy loss spectrum immediately before an
after the higher-energy characteristic ionization edg
contains information about the local environment o
specific excited atom types, analogous to that supplied
EXAFS spectra but from substantially smaller volume
The method has been used to distinguish between
trigonal and tetrahedral coordination of boron by oxyge
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in borate minerals377 and to establish the oxygen coord
nation around aluminum at an Al2O3 grain boundary.378

Similar determinations should be possible in irradiat
nuclear waste ceramics.

B. Diffraction

X-ray, neutron, and electron diffraction technique
have all been used to explore the atomic structu
of crystalline and amorphous materials. In crystallin
ceramics, pair correlations are strong, leading to sh
Bragg diffraction peaks that depend on scattering fro
separate sublattices. As an example, studies of i
induced amorphization of spinel262,263have indicated that
disorder on the cation sublattice may be a precursor
overall amorphization.

In amorphous materials, the diffracted intensities c
yield radial density functions (RDF’s) that are relate
to the radial distribution and pair correlation function
through the local average density. In most cases, at le
some of the peaks in the RDF’s can be correlated
specific short-range correlations (e.g., the oxygen co
dination shell about Si or P in silicates or phosphate
and the integrated peak area can yield the coordi
tion number. Unfortunately, because pair correlatio
do not efficiently probe higher-order correlations, th
RDF’s are not enormously sensitive to differences
intermediate range order. A prominent feature of ma
diffraction patterns, however, is a first sharp diffractio
peak379 (FSDP), which represents the signature of som
characteristic intermediate-range structural feature, su
as the topologically dominant ring structure in silic
networks.380 A significant experimental difficulty in ap-
plying diffraction techniques to irradiation-amorphize
specimens is the small volumes rendered amorphous
charged-particle beams. Energy-filtered electron diffra
tion (EFED) provides a means to obtain structural da
from amorphized volumes significantly smaller than r
quired for x-ray or neutron diffraction, as in studies o
amorphized silicas381 and phosphates.382,383

The characterization of radiation damage in cera
ics requires the simultaneous observation of crystalli
and amorphous material and the analysis of the
terfacial behavior of these two structural states. T
crystalline material will generally have a periodic atom
arrangement with a substantial amount of point defe
and other extended defect aggregates present. Th
defect aggregations will also have an approximate
periodic atomic arrangement. In order to observe t
various structural features (periodic, quasiperiodic a
aperiodic regions in the material) with statistical sig
nificance, advanced x-ray diffraction (XRD) technique
must be employed. Recently, a novel seven-circle x-r
diffractometer has been developed and optimized for
simultaneous observation of the diffraction signals fro
http://journals.cambridge.org Downloaded: 06 Aug 2012
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crystalline regions (i.e., the Bragg diffraction maxima
and the diffuse scattering from less-ordered regions o
sample.384,385 This unique diffractometer has been use
in ongoing characterization studies of radiation dama
and annealing behavior in natural zircons.386 Such a
capability in the USA would be useful in studies o
a-decay-induced amorphization in actinide-containi
phases, and a diffractometer of this type could be inc
porated in a target chamber forin situ analysis during
ion irradiation.

C. X-ray absorption spectroscopies

X-ray absorption spectroscopies (XAS), such
extended x-ray absorption fine structure (EXAFS) a
x-ray absorption near-edge structure (XANES) spectr
copies, can be utilized to evaluate the first and seco
coordination geometries (nearest neighbor environme
around selected elements, including the actinides a
rare earths, in nuclear waste ceramics. As noted abo
these XAS techniques have been applied to structu
studies of both Pu-containing ceramics248 and natural
minerals.27,237,245–247It is even possible to investigate th
local structure of the energetically inserteda-recoil
nuclei, as has been done recently for the234U daugh-
ter product in238Pu-containing zircon.387 At the present
time, these techniques can be applied to actinid
containing compounds at the Stanford Synchrotr
Radiation Laboratory. With the much higher intensitie
of the new synchrotron light facilities, it may be possib
to probe small volumes of materials, which is a
advantage for radioactive materials and critical for io
irradiated materials. Understanding the local structu
environments of the actinides and their daughter produ
(a-recoil particles) in ceramic phases can provi
atomic-level information on changes in bonding fro
the a-recoil cascade.

D. Phonon spectroscopies

Measurements of phonon spectra by infrared a
Raman spectroscopy have infrequently been applied
irradiation damage studies. These techniques are ea
adapted for application to radioactive materials and, w
new micro-beam techniques, can be used to probe
small damaged volumes produced under charged-par
irradiation. The characterization of vibrational mode
would provide valuable information on local structur
changes, and the results would complement and as
in the interpretation of other structural data, such
from XAS. For example, Raman spectra of neutro
irradiated vitreous silica376 show additional vibrational
modes characteristic of threefold rings in the silic
network topology, in agreement with neutron diffractio
results.388 In addition, Raman spectra of ion-irradiate
Gd2Ti2O7 indicate the appearance of a normally fo
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bidden Raman mode due to disorder on the cat
sublattice.143

E. Hyperfine techniques

Hyperfine techniques that use nuclear probes
study point defects in crystalline solids can be us
in studies of some ceramic phase for nuclear wa
immobilization. These techniques include: perturbed a
gular correlation spectroscopy (PACS), nuclear magne
resonance (NMR), and M¨ossbauer spectroscopy (MS
Both NMR and MS are limited to phases containin
one of several nuclei as major constituents (e.g., Fe
Sn for Mössbauer). The PACS technique, which h
been used to study defects and phase transitions
ceramics,389 involves substituting trace concentrations
radioactive probe atoms, such as181Hf or 111In, into the
crystal structure. One limitation is, therefore, the ne
to fabricate ceramics with radioactive probes or ha
the probes activated in a nuclear reactor. Since ma
waste ceramic phases contain Zr and rare-earths,181Hf
is an ideal candidate to study these phases. In fact, PA
has been applied, in nonradiation damage studies
several structures of interest, such as perovskite,390–392

pyrochlore,393 and zirconia.394 Using PACS, it is possible
to obtain information on defect migration and bindin
energies. In addition, PACS exhibits no line-broadeni
with increasing temperature, which makes it a sensit
tool to obtain data on defect kinetics.

F. Liquid-phase chromatography

The degree of polymerization of network structur
can be monitored by dissolution followed by solutio
chromatography in which polymerized units (e.g
corner-sharing [SiO4] tetrahedra in silicates, corner
sharing [PO4] tetrahedra in phosphates) retained
solution can be separated by mass. Phosphates
more amenable to this technique than silicates a
have been shown to polymerize significantly upo
amorphization.395,396

IX. RESEARCH NEEDS AND OPPORTUNITIES

Both single-phase and multiphase crystalline cera
ics can be used as durable hosts for the immobilization
radionuclides. Radiation damage (ionizing and ballist
from incorporated radionuclides affects the physical a
chemical properties of the ceramics and the release r
of the radionuclides during corrosion.

Because of the many applications for ceramics
radiation environments and the development of io
beam processing technologies for ceramics, there alre
exists a substantial database and some understandin
radiation-solid interactions in ceramics. However, th
present understanding of radiation effects in comp
ceramics is insufficient in detail and scope to pred
http://journals.cambridge.org Downloaded: 06 Aug 2012
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the effects of radiation on the various radionuclide-ho
phases under expected repository conditions over lo
time periods. The cumulative macroscopic responses
differential radiation effects (e.g., swelling) in differen
phases within multiphase waste forms are even less w
understood. In many cases, the scientific issues are
limited to only ceramics for the immobilization of HLW
and Pu; these issues are also critical for other applic
tions, such as fusion technology, ion-beam modificatio
of ceramics, and ion-beam processing of wide-band-g
semiconductor devices. Recommendations for resea
priorities are summarized below. The primary objectiv
of these recommendations is to develop a fundamen
knowledge and models of radiation effects at the atom
microscopic, and macroscopic levels in order to provid
for the evaluation and performance assessment of in
vidual crystalline phases and multiphase ceramics us
for the immobilization of HLW, Pu, and other specia
nuclear waste streams.

A. Research

The development of predictive models of radia
tion effects in nuclear waste forms under repositor
conditions will require a fundamental understanding o
the effects of dose, dose-rate, temperature, and ti
on the radiation-induced, atomic-scale microstructur
evolution in relevant ceramic phases and waste form
Consequently, relevant structure types and compositio
should be systematically studied over the widest range
conditions (e.g., dose, dose rate, and temperature) us
a variety of radiation sources and techniques. Such stu
ies will require careful microstructural characterizatio
during the damage accumulation process, and such ch
acterization may best be performed utilizing a varie
of techniques involving collaborations between differen
investigators and institutions. Scientific issues related
radiation effects in these solids have been discussed
this review. Recommendations and considerations f
future research include the following:

(i) The most prominent of the actinide-host phase
among the promising structure types include: pyrochlor
zirconolite, zircon, apatite, perovskite, titanite, monazit
zirconia, and NZP (sodium-zirconium-phosphate). Mo
of these structures are susceptible to radiation-induc
amorphization, and for some of these structures, a co
siderable amount of preliminary work has already bee
completed on synthetic phases and mineral analogu
Although the identified structure types should be th
focus of initial studies, other phases may yet assum
importance depending on the waste stream compositio
and the development of new waste forms.

(ii) Investigations of potential actinide-host phase
must include studies of self-radiation damage in phas
containing short-lived actinides (e.g.,238Pu and244Cm).
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Since such studies may last for many years (up to t
years or more), carefully planned experiments need to
initiated immediately on the most promising structur
types. The limitations often imposed on the handlin
of actinide-containing materials may severely restric
the number of analytical techniques that can be em
ployed. Thus, studies of self-radiation damage in the
phases must be complemented by investigations of m
eral analogues and ion-irradiated ceramics, for which
wider range of irradiation conditions can be studied i
shorter time periods using a greater variety of analytic
techniques.

(iii) Because phases used as hosts for fission pro
ucts (e.g., Cs and Sr) will be subjected to high ionizing
radiation fields for several hundred years, studies
potential fission-product phases must focus on the e
fects of ionizing radiation using electron-irradiation tech
niques org-irradiation facilities. Many of these phases
are hydroxylated ceramics (clays, zeolites, and concre
phases), and principal radiation effects include radiolyt
gas formation, bubble formation, and changes in catio
exchange or sorption capacities. Other host phases, s
as CsCl and SrF2, are susceptible to the evolution of
radiolytic gas and the formation of metal colloids. In
addition, some of these phases will not only be pote
tial waste forms, but are also important in processin
technologies because of their selective ion exchan
capacities for Cs, Sr, and, in some cases, actinides.

(iv) The predictive capacity of contemporary
computer simulation techniques and greatly expand
computational capabilities (e.g., massively parallel com
puters) should be exploited to provide (a) atomic leve
understanding, (b) calculations of fundamental materia
parameters and the primary damage state, (c) mod
of crystalline and amorphous structures, and (d) defe
chemistry of the crystalline ceramic phases of inte
est. The results should be confirmed or related
experimental data. Such modeling efforts will requir
the development of improved interatomic potentials
Attention should be paid to modeling the sites and the e
ergetics associated with the substitution of radionuclid
into the proposed structures. Detailed models should
developed of the migration mechanisms and energies
host lattice ions, radionuclides, point defects, and g
atoms. Calculations of defect energetics, migration pat
ways, and stable defect configurations using static latti
(energy minimization) methods will be essential for thi
effort, but quantum chemical effects must be considere
in the application of these static methods. The process
of defect and cascade formation occur over such sh
time scales (,10211 s) that they can only be studied
by computer simulation methods, such as molecul
dynamics. Kinetic Monte Carlo techniques can be use
to model diffusion processes and defect interactions. T
extension of already existing models may be useful
http://journals.cambridge.org Downloaded: 06 Aug 2012
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describing microstructure evolution (e.g., amorphizatio
and bubbles) and the role of radiation-induced defec
and structural changes on dissolution and radionucli
release. These methods and models should be use
explore and interpret experimental results, specifica
to correlate results from different irradiation technique
(e.g., electron, neutron, ion, anda-decay).

(v) The interpretation of experimental results and th
development of predictive models require a fundamen
understanding and data on structure, properties, def
energetics, and radiation-damage processes. These
be determined directly by experimental measuremen
indirectly by modeling experimental data, or by the
oretical methods and computer simulations. The da
properties, and mechanisms that require systematic st
include:

(a) Structural studies of potential radionuclide-ho
phases and the specific site occupancies
impurities (e.g., incorporated radionuclides) i
these complex structure types.

(b) The threshold displacement energies for vario
ions on different sublattices in these comple
ceramics.

(c) The radiation-induced stable defect configur
tions and primary damage state, the differe
defect migration energies and pathways, an
the kinetics of defect annealing, including th
effects of ionization and subthreshold energ
transfers.

(d) The mechanisms of radiation-induced amo
phization (e.g., defect accumulation versu
in-cascade amorphization).

(e) The mechanisms and kinetics of defect-defe
interactions, defect annealing, and amorpho
domain annealing.

(f) The structure and evolution of radiation-induce
microstructures, including detailed structura
studies of mixed periodic/aperiodic domains
their interfaces, the fully amorphous state, an
the nature of the large density changes.

(g) The effects of dose, dose-rate and temperatu
on defect accumulation, amorphization, and m
crostructure evolution.

(h) Helium accumulation, trapping, and bubbl
formation.

(i) Self-ion diffusion, impurity diffusion, and ther-
mal conductivity.

( j) Radiation-induced diffusion and segregation o
impurities and major element components.

(k) The effects of radiation-induced differentia
changes (e.g., volume changes) on macrosco
responses (e.g., microfracturing) in multiphas
ceramics as a function of dose and grain size

(vi) In all these studies, the results from differen
irradiation techniques and conditions must be correlat
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to some standard basis of dose, such as the balli
damage dose (i.e., dpa) or, in the case of ionizati
damage, the absorbed ionization dose (Gy). In addition,
these correlations and models of damage accumulat
and annealing should be validated by comparison
computer simulations and data from mineral analogu
that have experienced high radiation doses due to U a
Th decay over long times (.100 million years).

(vii) Most importantly, corrosion (dissolution) ex-
periments or test methods must be developedthat are
specifically designed to relate the effects of radiation o
structure to changes in the dissolution rate or releas
of radionuclides.In general, the standard tests used
investigate the chemical durability of waste forms are n
appropriate or sensitive enough to elucidate the effe
of radiation damage on the corrosion process.

B. Facilities

The necessity for handling radioactive materials w
require new facilities or access to existing nonactiv
facilities. In some cases, researchers are denied
cess to facilities even though samples are small, saf
encapsulated, and of low activity. Facilities must b
available for the preparation of actinide-doped sampl
and their subsequent study. The limitations on handli
radioactive materials severely restrict the number of a
alytical techniques that can be used to study the dama
accumulation and annealing processes. Minimum an
lytical requirements include determination of physica
properties (e.g., density, hardness, and thermal cond
tivity), scanning electron microscopy, autoradiograph
x-ray diffraction, transmission electron microscopy, an
electron microprobe analysis. A facility for handling an
characterizing radioactive materials should find wide u
throughout the DOE complex.

Recent advances in x-ray diffraction techniques384,385

can be used in conjunction with ion-beam irradiations
perform radiation damage studiesin situ over a range of
temperatures. Although some electron accelerator fac
ties exist at several universities, there is a continuing a
urgent need for an electron accelerator facility with th
capability to measurein situ the displacement energies
in ceramics. These measurements will require variab
electron energies (0.1 to 2.0 MeV) and an end stati
capable ofin situ measurements during irradiation a
liquid helium temperature. Finally, there are numerou
solid-state characterization techniques that have not
been applied to the investigation of radiation effects
crystalline ceramics of interest for immobilization o
high-level nuclear waste and plutonium (e.g., doub
nuclear resonance techniques: ENDOR, ODMR). Inve
tigators are urged to consider potential applications
their techniques to the scientific issues outlined in th
review.
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C. Attract talented scientists

This field does not, in general, readily attract or sup-
port young scientists, and much of the relevant knowl-
edge and experiences will disappear with the passage o
time. With the long-time scales envisioned for immobi-
lization of HLW, Pu, and other nuclear waste streams
there is a need for a relatively small but stable pool
of expertise and continued training of new scientists in
this area. It is important to attract and involve bright
new minds with new ideas to this field. Increased oppor-
tunities need to be made available to support graduat
students and provide postdoctoral experience at univer
sities, the national laboratories, and other governmen
sites. A long-term research program, with a continuity
of purpose, is essential to attracting and retaining high
caliber scientists.
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