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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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which is presently destined for vitrification in borosili- substantial proportion of the radionuclides, particularly
cate glass, the generally accepted first-generation wastee actinides, are incorporated in crystalline ph&&es.
form.1%1! Consequently, two waste forms are presently  This renewed intereSt in the design and use of
envisioned for most nuclear wastspent nuclear fuel alternative waste forms highlights several specific and
and borosilicate glassHowever, neither of these waste highly desirable advantages to the use of more durable
forms was designed nor selected on the basis of theivaste forms, such as crystalline ceramics, as a primary
high chemical and physical durability. Rather, thesebarrier to radionuclide release. These include:
waste forms are single components of a multibarrier (i) Initially, the radionuclides are isolated within the
system that relies mainly on geologic isolation to prevenivaste-form matrix, and the only part of the repository
radionuclides from reaching the biosphere. As an exthat is radioactive is the waste form. The successful
ample, the U@ in spent nuclear fuel is not stable under performance of the waste form results in near-field
oxidizing conditions:>*3 Likewise, borosilicate glasses containment. This is much preferred to geologic iso-
are metastable and will inevitably corrode when inlation, which essentially relies on long travel times,
contact with water or humid aif. Both spent nuclear fuel dilution and dispersion, and sorption on mineral surfaces.
and current borosilicate HLW glasses may be adequatéhese geologic processes implicitly imply the release
waste forms within the multibarrier context of geologic and movement of radionuclides.
isolation, but second-generation highly durable waste (ii) The chemistry and physics of the corrosion and
forms may become necessary to immobilize the presentlglteration of a durable waste form, with the subsequent
diverse and complex nuclear waste streams existinimited release or retention of radionuclides over some
worldwide. range of conditions, are inherently more simply modeled
Due to the emergence of increasingly diverse sourceand extrapolated over time than the use of coupled
of nuclear wastes (e.g., separated fission products, plirydrologic, geochemical, and geophysical models of the
tonium residues/scraps, weapons-usable plutonium anmdovement of radionuclides through the far-field of a
enriched uranium, other high-actinide wastes, and higlgeologic repository. That is, the extrapolation of the
burn-up commercial nuclear wastes), there is renewedorrosion behavior of material over long periods rests
interest in the development of alternatives to borosilicaten a firmer scientific foundation than the extrapolated
glass waste forms in Franée!® Russial’ Japani® and behavior of, as an example, hydrologic systems that are
the USA%20 In general, many of the alternative waste site specific and highly dependent on assumed boundary
matrices under consideration are complex but highlyconditions (e.g., climate and recharge).
stable crystalline ceramics or glass-ceramics, in which (i) Naturally occurring phases, mineral “ana-
the radionuclides are incorporated into the structuretogues,” provide fundamental data for the “confirmation”
of crystalline phases. For example, waste forms havef extrapolated or interpolated behavior of the waste
not yet been selected for the majority (by volume) offorms over long periods of time. This approach holds
the radioactive wastes within the DOE complex, andgreat potential for the confirmation of performance
alternatives to borosilicate glasses are being considereassessments related to radiation effécésd corrosion
for many of these nuclear wastes. The recent Recorthechanisn® in the near-field.
of Decisiorf! and Strategic Pl&aA for the storage and All of these features are characteristic of durable
disposition of weapons-usable fissile materials clearlycrystalline ceramics that are potential candidates as nu-
identified ceramics as a candidate form for plutoniumclear waste forms. Fortunately, there is already a long
disposition, and a recent assessrfiemecommended history of research and development on crystalline ce-
ceramics as the preferred immobilization technologyramics as nuclear waste forris?® Further research and
There are also other “special” waste streams within thelevelopment has been initiated in both the Y5And
DOE complex, such as the 15 metric tons of CsCl andRussid’ in efforts to develop immobilization matrices
SrF, stored in capsules at the Hanford sitehere stabi-  for the disposition of excess weapons plutonium and in
lization in alternative matrices is under consideration. ItEuropé—3°to develop nonfertile fuels (to burn up excess
has also become increasingly apparent that vitrificatioractinides) that are also suitable waste-form phases. In
of the large volumes of chemically complex wastes atll of these applicationspne of the critical concerns
Hanford (over 200,000 mof HLW and sludge) may has been to evaluate the effects of radiation on these
require pretreatment. Any pretreatment of these complegrystalline phasesbecause the effects of radiation can
nuclear wastes may result in additional and chemicallympact the performance of waste forms containing HLW
unigue waste streams that may be difficult to vitrify (e.g.,and Pu. The most prominent effect in crystalline waste
due to the high phosphorus or zirconium contents) ophases is the radiation-induced transformation from a
may be more suitably stabilized in crystalline ceramicscrystalline to an amorphous state, mainly as a result of
(e.g., the stabilization of Cs in silicotitanates). For somehe self-radiation damage associated with thelecay
waste streams, glass-ceramics may be used, whereofincorporated actinide¥:*” This transformation results
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in significant changes in the structure and properties ofi. RADIONUCLIDE IMMOBILIZATION
the waste form, as discussed in detail below (Sec. V. E)JN CRYSTALLINE PHASES

Although there is already a substantial body of re- . . .
search available on radiation effects in crystalline phases In contrast to glass waste forms in which the radio-

(simple oxides, semiconductors, intermetallics, and metIJUCIIOIes are, in principle, homogeneously distributed

als), waste-form phases are, in general, more complegbr()ljghout the W"’.‘Ste solid, ceramic or wtrepus-ceramm
aste forms may incorporate radionuclides in two ways:

in their structures and compositions, because these alst ) . o : .
(i) Radionuclides may occupy specific atomic posi-

phases that must be able to incorporate a rather wide \” C . ;
variety of chemically diverse radionuclides into their tions in the periodic structures of constituent crystalline
structures at the atomnic scale. phases, that is, as a dilute solid solution. The coordi-

These “complex” ceramics include materials that arg’@tion polyhedra in each phase impose specific size,
generally strongly bonded (mixed ionic and covalent),Charge' and bonding constraints on the radionuclides that

refractory, and frequently good insulators. They aref@n be incorporated into the structure. This means that

distinguished from simple, compact ceramics (e.g., Mgddeal waste-form p.hases usually have_relatively complex
and UQ) by atomic-scale features that include: (i) s:tructure types with a num_ber of different coordlna}—
open network structures that are best characterized BjPn Polyhedra of various sizes and shapes and with
a consideration of the shape, size, and connectivity ofnultiple substitutional schemes to allow for charge bal-
the coordination polyhedra; (i) generally complex com-ance with radionuclide substitutions. Extensive nuclide

positions that characteristically lead to multiple cationSubstitution can result in cation and anion vacancies,
sites and lower symmetry: (iii) directional bonding; andlnterstl.tlal defects, and change_s in structure type. The
(iv) bond-type variations, from bond-to-bond, within the formation of polytypes and twinning on a fine scale
structures. Additionally, some of these structures mayS common. The point defects can themselves become
contain structural (OH) and molecular {8)) water. The ~ Sit€s for the radionuclides. Gengrally, the complex[ty
response of these materials to radiation is complexof the high-level waste composition usually results in
as discussed in detail below (Sec. V), and is stronglyh€ formation of a polyphase assemblage (e.g., vitreous
dependent not only on the total dose but also on th&eramics contain multiple ceramic phases in a glass
rate of damage (radionuclide decay) and the temperatufdatrix, and Synroc consists of phases such as zircono-

of the waste form, both of which decrease over longlite, CaZrTbO7; perovskite, CaTig and “hollandite,”
time periods. BaAl,TigO,6), with unequal partitioning of radionuclides

In order to assess the current state of understandretween the phases. In vitreous ceramics, the actinides

ing, identify relevant scientific issues, and determinePreferentially partition to rare-earth or zirconium-based
directions for future research in the area of radiationPhases; while in Synroc, the actinides partition prefer-
effects in ceramic phases relevant to the immobilizatiorentially into the zirconolite and perovskite. In general,
of high-level waste and plutonium, a panel was convene#he polyphase assemblages are sensitive to waste-stream
on January 13-17, 1997, under the auspices of theompositions and waste loadings, which affect the varia-
Department of Energy, Council on Materials Sciencelions and abundance of the constituent phases. However,
The primary objective of this twelve-member panel,if certain elements are present that are not incorporated
which was chaired by W. J. Weber and R. C. Ewing, wagnto existing phases, minor phases will form, includ-
to identify the fundamental scientific issues that musing glass segregated along grain boundaries. Ideally,
be addressed in order to (i) advance the understandll waste stream elements, both radioactive and non-
ing of radiation effects in relevant crystalline ceramicradioactive, are important components, or at least in
oxides, (i) perform accelerated irradiation studies andsolid solution, in the phases formed. In some cases,
computer simulations to doses corresponding thth0 a single phase (e.g., zirconolite, monazite, apatite, or
10° years of storage, and (iii) provide the sound scientificsodium zirconium phosphate) can incorporate nearly all
base needed in order to develop predictive strategiesf the radionuclides into a single structure, especially if
and models for the performance of crystalline phaseghe radionuclides have been partitioned into chemically
used for the immobilization and disposition of HLW, similar groups, such as actinides.

Pu residue/scraps, weapons-useable Pu, and other high- (ii) Radioactive phases, perhaps resulting from
actinide or high-fission-product waste streams. In itssimply drying the waste sludges, can be encapsulated
deliberations, this panel drew heavily on the recenwithin nonradioactive phases. The most common
report of a similar DOE panel on radiation effects inapproach has been to encapsulate individual grains of
glass nuclear waste fordfsand on previous workshop radioactive phases in a matrix of Ti@r Al,Oz, mainly
report$®4°and reviews-3741-44related to this topic. This because of their extremely low solubiliti#sThis ap-
review summarizes the deliberations and conclusions gbroach requires major modifications to the waste-stream
the panel. composition and special processing considerations to
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keep temperatures low enough to avoid volatilization ofof radiation during the first 500 years of storage, as it
radionuclides and any reaction of the radioactive phaseariginates from the shorter-lived fission products. Due
with the matrix phase. A similar approach may be takerto the long half-lives of the actinides and their daughter
with low-temperature assemblages (e.g., mixing withproducts,«-decay is generally dominant at longer times.
concrete), but again, there is the possibility of reactionFigure 1 shows the cumulativ8-decay anda-decay
between the encapsulating phase and the radioactivdose (events per gram) as a function of storage time
phases. that might be expected for multiphase ceramics or
Both of the above types of waste forms are specifi-glass-ceramics containing DOE high-level tank waste.
cally formulated for the incorporation or encapsulationCeramics containing non-USA commercial HLW would
of radionuclides. experience doses of at least a factor of 10 higher than
Spent fuel (a metal-clad, UQceramic) results from for the DOE tank waste¥. Also shown in Fig. 1 is
the use of reactor fuel that has traditionally been dethe cumulativea-decay dose for a ceramic containing
signed without consideration of its waste form proper-10 wt. %23%Pu, which reaches significantly larger values
ties, but in order to avoid reprocessing, spent fuel haselative to DOE tank wastes or non-USA commercial
become an important waste form. The properties of spelLW. The cumulativea-decay dose in ceramics for
fuel as a waste form are determined primarily by the®*®Pu immobilization reaches a temporary plateau after
irradiation and thermal history of the Y@n the reactor 100,000 years, but increases over much longer time
and the disposal conditions (e.g., nearly insoluble undeperiods due to thé**U decay series, as shown in Fig. 2
reducing conditions and easily corroded under oxidizingfor severaP**Pu concentrations in a ceramic host phase.
conditions). Radionuclides are distributed throughout the
fuel matrix in solution, as exsolved/precipitated phasesg
along grain boundaries, or in voids, cracks, and the fuel-

cladding gap. There are considerable data on the effects Be€ta and alpha decay affect crystalline materials
of neutron irradiatiod®? @-particle irradiatiorf®52and through the interactions of thg-particles, «-particles,

ion-beam irradiatiof?54 on UQ,, as well as radiation Fecoil nuclei, andy-rays with the ceramic phases. These
damage in naturally occurring UQ, .55 Radiation effects  Intéractions fall into two broad categories: the transfer of
in UO, as a nuclear waste form are not reviewed€Nergy to electrons (ionization and electronic excitations)

here; however, radiation damage frardecay events at and the transfer of energy to atomic nuclei, primarily
repository temperatures, as opposed to reactor operatirtn’g}' ballistic processes involving elastic (billiard-ball-like)

temperatures, could further affect the microstructure of0!lisions. The partitioning of the energy transferred into
the spent fuel. electronic excitations and into elastic nuclear collisions is

an important process controlling the effects of radiation.
For B-particles andy-radiation, the energy transfer is

[ll. PRINCIPLES OF RADIATION EFFECTS . A .
o . _ dominated by ionization processes. For ions, such as
Many of the principles of radiation effects in waste

forms for HLW and Pu disposition have been discussed
in great detail previously"™* Key principles that are g ..

specific to crystalline ceramic phases are highlightec S
here, and some specific scientific issues are identifie©@

Interaction of radiation with solids

. ju. 1020;_.
and discussed. 2
(2]
.. € 109 L
A. Radiation sources o e — "4
The principal sources of radiation in HLW are > 108 & e (DOE Tank Waste) _.— 3
B-decay of the fission products (e.§'Cs and®Sr)and g : . E

"

a-decay of the actinide elements (e.g., U, Np, Pu, Am,Q 107 '/./;\"‘
E ~ Alpha Decay

and Cm). Beta—decay' produqes energefigparticles, _:’2: : s (DOE Tank Wacte) ]
very low energy recoil nuclei, and-rays, whereas, & 10%[ ~ .
a-decay produces energeticx-particles (4.5 to E // ]
5.5 MeV), energetic recoil nuclei (70 to 100 keV), 3 10" Coroud—wiiad —wviiind o viiial 1 suviiul
and somey-rays. There are also minor contributions 10 102 108 104 10° 108
to the radiation field from spontaneous fission of some Waste Storage Time (years)

of the actinides and fromaf, n) reactions. The rates of
maf, n) FIG. 1. Cumulative number of3-decay anda-decay events per

spontaneous' fIS.S'Ion andv,(n). reactions are very low gram for a multiphase ceramics or glass-ceramics containing DOE
and do not significantly contribute to the overall effectshigh-level tank waste. Also shown is the cumulative number of

of radiation. In generalB-decay is the primary source «-decay events per gram for a ceramic containing 10 wi3%u.

J. Mater. Res., Vol. 13, No. 6, Jun 1998
viianloa JOURNALS

http://journals.cambridge.org Downloaded: 06 Aug 2012 |P address: 130.203.205.122



http://journals.cambridge.org

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

1022 A SRR B I B B B IR BRI 102 MR BENLELR EALL s B A m A
=) ; — 3
B 1021 L P [ 10 wt% 2P
g P e S BN .
[$] r . - E E
® 1020 L R & ‘ _
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(7] F E =
[o] r o] N U ___7;—§
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Waste Storage Time (years) Waste Storage Time (years)

FIG. 2. Cumulativea-decay dose in ceramics as a functior?&Pu FIG. 3. Cumulative absorbed dose in ceramics containing DOE
loading and waste storage time. high-level tank waste or containing 10 wt. &°Pu.

a-particles and recoil nuclei, interactions involve ioniza- electronic excitations, and, in some ceramics, permanent
tion processes and elastic collisions. Arparticle will  defects from radiolysis.

predominantly deposit its energy by ionization processes,

while an a-recoil ion will lose most of its energy
in elastic collisions with the nuclei of atoms in the
solid. In addition to the transfer of energy, the particles ~ Ballistic processes cause direct atomic displace-
emitted through radioactive decay can themselves, ifents through elastic scattering collisions and are re-
some cases, have a significant chemical effect on théponsible for the atomic-scale rearrangement of the

nuclear waste material as a result of their deposition angtructure. Beta particles, because of their low mass,
accommodation in the structure. do not efficiently transfer kinetic energy to atomic nu-

clei and only induce well-separated single displacement
o ] o events at high energies>(several hundred keV). The
1. lonization and electronic excitation recoil nuclei (3-recoils) produced ing-decay events
The bulk average energy absorbed by ionization andre almost never energetic enough to be permanently
electronic excitations in ceramic waste forms for DOEdisplaced. Similarly, the emission of-rays results in
tank wastes and for Pu disposition is similar to that forthe recoil of nuclei §-recoils), which also are gener-
glass waste form¥,®® and the relative absorbed dosesally not sufficiently energetic to be permanently dis-
for different types of nuclear wastes are illustrated inplaced. Likewise, the electrons emitted by the interaction
Fig. 3. For non-USA commercial HLW applications, the of y-rays with the structure are generally not suffi-
absorbed doses will be at least a factor of 20 higher thaniently energetic to produce displaced atoms. In general,
those indicated for DOE tank wastes (Fig. 3). In multi- 8-decay of the fission products in HLW produces on the
phase waste forms, partitioning of radionuclides intoorder of 0.1 atomic displacements p@rdecay event!
different phases will affect the local absorbed energy. EnThe primary sources of atomic displacements by ballistic
ergy loss byB-particles andv-particles is predominantly processes in ceramics for HLW and Pu disposition are
through Coulombic interactions. The interaction ofthe «-particle and a-recoil nucleus produced in an
v-rays with matter is primarily through the photoelectric a-decay event. Thex-particles emitted by actinide de-
effect, Compton scattering, and electron-positron paicay in HLW ceramics have energies of 4.5 to 5.8 MeV,
production. The high rate of energy absorption throughand the recoil nuclei¢-recoils) have energies of 70 to
ionization and electronic excitation frorg-decay in 100 keV. In the case of Pu ceramics, a 5.2 MeV
HLW ceramics, and to a lesser extent framdecay particle and an 86 ke\#**U recoil are released by the
in Pu ceramics, can result in self-heating. In additiondecay of the?**Pu (a-particles andu-recoils of similar
to self-heating, ionization and electronic excitationsenergies are released during the decay ofthe series).
produce a large number of electron-hole pairs that The «a-particles dissipate most of their energy by
can result in covalent and ionic bond rupture, chargedonization processes over a range of 16 tog 28, but
defects, enhanced self-ion and defect diffusion, localizedindergo enough elastic collisions along their path to
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produce several hundred isolated atomic displacement
The largest number of displacements occurs near th
end of the a-particle range. Both the partitioning of
the energy loss byy-particles between ionization and
elastic collisions and the distribution of displaced atoms '@
if the threshold displacement energies are known, ca®
be determined by computational approaches based cg
the binary collision approximation (BCA). These com-
putational approaches generally involve using the BCA
computer codesyrIM*® and MARLOWE,>"® which are
also used for charged-particle irradiations.

The more massive but lower energyrecoil particle
accounts for most of the total number of displacement: $
produced by ballistic processes in HLW and Pu ceramics8
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 100!

ments per Ato

Disp

102 grrrem

a 100 |

10°5L

10 L

107
102}
103k

10§

10 wi% 2°Pu

Alpha Decay .
(DOE Tank Waste) .-~
/ :

s E

Beta Decay E
(DOE Tank Waste)

e e
ERp—— g Y

to 2000 displacements. The density of energy deposite 3 e
into the crystal structure by am-recoil cascade is very 106w
high (up to 1 eYatom) and occurs over a very short
time (<107'2 s). The distribution of displacements in an
a-recoil cascade can also be calculated by BCA codes,
but the binary collision approximation is generally not FIG. 4. Relative number of displacements generate@jecay and
as quantitative for such cascades, as discussed belowdecay events in typical ceramics containing DOE tank waste and
(Sec. 1Il.D), and does not account for any simultaneby «-decay events in typical ceramics containing 10 wEBpu.
ous recombination events that may occur. Molecular
dynamic simulations (Sec. VI.B) may provide the only radioactive parent nuclei into different chemical ele-
means of calculating the primary damage state in sucments that must be accommodated into the structure
cascades. and may significantly impact the chemical properties
In an a-decay event, thex-particle anda-recoil  of the ceramic. The principal source of transmutations
particle are released in opposite directions and producie HLW is B-decay of the relatively abundant fission
distinct damage regions separated by several microngroducts,*’Cs and®Sr. Transmutation of these two
Based on full cascade Monte Carlo calculations usinglements is accompanied by changes in both ionic radius
TRIM-96 (assuming a threshold displacement energy oénd valence. C$ decays to B& with a decrease in
25 eV), the average number of atomic displacementgonic radius of 20%, and 3f decays to ¥*, which in
generated in a ceramic, such as zircon, by the 5.2 Me¥urn decays to 2 with a final ionic radius decrease of
a-particle and the 86 ke\¥®U recoil released in the 29%2° In ceramics for Pu immobilization, where the Pu
decay of 2*°Pu are 220 and 1180, respectively. Theconcentration is high, the transmutation?$¥Pu to 23U
average number of displacements generatedvpdecay (both of which are fissile) may also result in changes in
event by the decay of the actinides in HLW ceram-valence state and ionic radius, which could impact long-
ics is expected to be similar and is estimated to beaerm performance and safety [e.gSUas the uranyl ion
1400 displacements per-decay event. This is signifi- (UO,)>* in solid phases is much more soluble thatt]J
cantly more than the 0.1 displacements generated per Helium atoms, which result from the capture of two
[B-decay event (see above). The relative numbers oflectrons bya-particles, are also produced and must
displacements per atom (dpa) generategBbgecay and (i) be accommodated in the ceramic interstitially, (ii) be
a-decay in typical ceramics containing DOE tank wastetrapped at internal defects, (iii) aggregate to form bub-
or 10 wt. % 2*°Pu are shown in Fig. 4. The results in bles, or (iv) be released at the ceramic surface. For HLW,
Fig. 4 clearly show the dominance of-decay events most of the He will be generated over long time periods
(a-particles anda-recoils) in producing ballistic-type near ambient temperature, and the concentration should
collision damage in ceramic waste forms. not exceed 100 atomic parts per million (appm), which
should be easily accommodated. In the case of ceramic
waste forms for Pu immobilization and disposal, He con-
centrations can become quite high and difficult to accom-
In addition to the energy transferred to the ceramicmodate within the structure, exceeding 2 atom % after
B-decay anda-decay also lead to transmutation of 100,000 years for ceramics containing 20 wt?¥Pu.
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C. Irradiation techniques employ particle accelerators and high dose rates; con-
sequently, very significant doses are reached in short

clides will accumulate over very long time periods; periods of time (e.g., minutes). Interpretation of the

consequently, a broad range of accelerated irradiatioffSults from such experiments can be difficult because

techniques must be utilized to study radiation effectdNe irradiated areas are thin surface layers of restricted

in ceramics for HLW and Pu disposition. The relative 1teral extent. The high surface area can act as a sink
damage rates in natural minerals, HLW forms, ceramfor migrating defects, and electric f_|eId gradients may
ics for Pu disposition, and for accelerated irradiation® generated along the electron or ion paths. Implanted

methods are shown in Table I. These irradiation techl®NS @so can change the properties of the target material

niques and procedures have been described in detdlf & result of compositional changes. Stfhparticle
previously3”%84Land are briefly reviewed here. irradiation, using either sealed actinidesources (e.g.,

238py) or particle accelerators, is an effective tool for
understandinga-particle effects; similarly, heavy-ion
(e.g., Xe, Pb) irradiation is an effective method to study
a-recoil effects. In fact, the two techniques can be used
imultaneously to study the effects of baihparticles

. . ) o anda-recoils on ceramics. Similarly, electron irradiation
18.1 year?®) in sufficient concentrations (0.2 to 3 wt. %) can be used to study the effects of ionization and

: o ;
to achieve 1&to 3 X 10" a-decay eveniyg in labora-  gjactronic excitations fromg-particles andy-rays on
tory time periods of up to several years. This techniqu&eramics. One minor disadvantage of charged-particle

has been utilized in studies of several HLW ceramic§ygiation, particularly for simulating the damage from
and single-phase ceramics, as discussed below, al‘rﬁ

The effects of radiation from the decay of radionu-

1. Actinide-incorporation

The long-term effects ofa-decay events can be
simulated by incorporating short-lived actinides, such a
238py (half-life of 87.7 yeaf®) or 2*Cm (half life of

X | ) ~decay events over a large area in a multiphase speci-
effectively simulates, at accelerated dose rates, the sim

: : nen, is that it cannot selectively irradiate (i.e., damage)
taneousa-particle anda-recoil effects that are expected v the actinide host phases as would occur in an actual
over long periods of time in ceramic phases for HLW

i S multiphase waste form; instead all phases are irradiated.
or Pu immobilization. This is not a disadvantage in studies of single phase
materials, and homogeneously damaged surface layers
can be produced using multiple energy beams. In order to

Unlike natural glasses, which do not contain enoughcompare the results of charged-particle irradiations with
uranium and thorium <100 ppm) to serve as natural those from actinide-decay studies, the comparable dose
analogues for radiation effects in waste form glassesn displacements per atom (dpa) can be calculated, based
natural minerals can contain large concentrations obn the binary collision approximation, using computer
U and Th impurities (up to 30 wt.%) and, therefore, codes, such asrimM®® and marLOWE,>”*® and known or
can serve as natural analogtfefor radiation effects assumed values for the displacement threshold energies.
in analogous waste form structures, as discussed in
more detail below. For example, the enhanced chemical Gamma irradiation
reactivity (differential etching) ot-recoil tracks is well
documented in naturally occurring mineréls.

2. Actinides in natural minerals

Gamma irradiation, utilizing®Co or **’Cs sources,
has been used to simulate the effects @particles
and y-rays on glas$/*4? Very little of this work
o o . has been done on ceramics because of the relative

Charged-particle irradiation using electrons, protonsinsensitivity of many oxides to permanent damage from
a-particles, and heavy ions can be used to simulatgnization processes. However, some host phases for
and study radiation effects in ceramic phase relevant t@ssjon products could be susceptible to ionization dam-
HLW and Pu disposition, particularly over a wide rangeage. The advantage of this technique is thatys are
of temperatures. These irradiation techniques generally, penetrating that samples can be irradiated in bulk

and while sealed in containers; furthermore, theays
TABLE |. Relative damage rates. provide a realistic simulation since they interact with
the ceramic primarily through ejected photoelectrons.

3. Charged-particle irradiation

Material Damage rate (dps) 4 .
RV Dose rates on the order @f5 X 10* Gy/h are easily

HLW forms 107 -10 achievedt
10 wt. % Pu waste form 107!
Natural minerals <107" o
Actinide doping 10710—1078 5. Neutron irradiation

i i i 77— 76 . . . .
:\éf]‘fégn;”iz‘i;g%gn }8_57}8_2 Irradiation with neutrons can also be used to simu-

late and study radiation effects in multiphase and single
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phase waste ceramics. The main advantage of irradiatinfgcilities still available in the USA where the threshold
with neutrons, which dissipate their energy by ballisticdisplacement energies of materials can be determined.
processes, is that significant numbers of atomic displace- The recommended method for measurifig is to
ments can be produced in bulk specimens, making itrradiate the sample with electrons while monitoring the
easier to measure physical property changes associatetluced-defect concentration as a function of electron
with ballistic damage. Neutron irradiation, however, onlyenergy to determine the minimum electron energy at
moderately simulates the ballistic damage fraspar-  which defects are produced. Preferred techniques for
ticles anda-recoils** In addition, fast-neutron irradia- monitoring the defect concentration are optical spec-
tion of ceramics provides only limited simulation of He troscopy or electron paramagnetic resonance (EPR) spec-
buildup from a-decay through the generation @fpar-  troscopy, since they are capable of uniquely monitoring
ticles by @, a) reactions, which is different than the the behavior of specific defects, such as anion vacancies.
case for borosilicate glasses where the,B()Li reaction =~ However, in some cases, the EPR or optical signal may
can generate significant H&#' Another techniqu® not be detectable unless displacement damage occurs on
involves fission of fissile nuclides (e.g?®®U) in the  both sublattice$?’! Other techniques (e.g., high voltage
ceramic by irradiation in a fast and/or thermal neutronelectron microscopy) have been successfully used to
flux; the fission event results in very high-energy fissiondetermineE,.%® Measurements are typically performed
fragments that produce extensive regions of damage (i.eat cryogenic temperatures to minimize defect recovery
fission tracks) that may or may not simulate ballisticprocesses. The relationship betwégrand the threshold
damage from thex-recoil particles. Such fission events (minimum) electron energy&,, is given by "3
provide an excellent simulation of spontaneous fission
events in HLW and Pu ceramics; however, as mentioned E; = 2E,(E, + 2m,c?)/Mc?, Q)
above, these events are so infrequent in actual HLW that
they are unimportant as damage mechanisms. Similar t@herem, is the electron mass, is the velocity of light,
charged-patrticle irradiation, neutron irradiation generallyand M is the mass of the displaced ion. Some studies
damages all phases in a multiphase ceramic to some eRave estimatedt, by performing electron irradiations
tent, although fission-track damage may be localized t@t energies above the threshold value and comparing
phases containing fissile nuclides; consequently, neutrothe measured point defect concentration with the con-
irradiation does not provide an accurate simulation of theentration predicted by theory; this method typically
heterogeneous damage that may occur due to actinideverestimatesz,;.*® Measurements on AD; and MgO
partitioning. indicate thatf, is approximately constant over the tem-
perature range from 78 to 400 K> The temperature
] dependence of, in ceramics relevant for HLW or Pu
D. Damage production disposition is unknown and needs to be investigated.
The production of radiation damage effects in a  Computer simulation techniques, as discussed in
wide-range of ceramics has been studied for many year§ec. VI, can be used to confirm experimental values for
and the current state of knowledge is summarized irE, or to calculate values df, when experimental values
several reviewsd!#063-6% One of the most important are unavailable, as is the case for most of the ceramic
fundamental parameters affecting radiation damage iphases of interest for nuclear waste applications. Re-
a material is the threshold displacement enerfy, cently, values off,; calculated by computer simulation
which is the minimum kinetic energy necessary to dis-techniques have been shown to be in good agreement
place an atom from its normal site. As noted abovewith many of the oxide valué% and SiC value¥ in
and discussed below, this parameter is essential foFable Il. In the case of zircon (ZrSip computer simu-
quantifying the number of displaced atoms producedation results’® which are given in Table IlI, provide the
in irradiated materials using computational approachesnly available estimates faE, values.
and provides primary damage information for modeling  Given the threshold displacement energies, the
radiation effects. Since ceramics generally consist oproduction of displacements in these polyatomic mate-
multiple sublattices.E, must be separately measuredrials by ballistic processes can be determined by com-
(or calculated) for each sublattice. Table Il summarizegputational approaches based on the binary collision
the recommended values of the threshold displacememipproximation (BCA). As already mentioned, these
energies for several ceramics, as determined from eomputational approaches generally involve using
recent evaluation of the literatut& Typical values range computer codes, such @sim®® andMARLOWE.>"*8 TRIM
from 20 to 60 eV. There are no known measurements oissumes a structureless medium (i.e., it takes no account
the displacement energies in the ceramic phases that aoé crystallinity) and uses a Monte Carlo approach to
under consideration as matrices for radionuclides. Undetermine the scattering angle and energy transfer that
fortunately, there are vanishingly few electron irradiationresults from each binary elastic collisiomARLOWE is
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TABLE II. Recommended threshold displacement energies for seviine earth fluorides, and silic&f>® but is generally
eral simple ceramic¥(* indicates less reliable data.) concluded to be insignificant in many other ceramic
materials. Under the irradiation environments antici-

Material Threshold displacement energy

pated for nuclear waste materials, the production of
%83 EEJZ% _ ?5) :x gzggg _ 2(5) gx displaced atoms from radiolysis is expected to be minor
Ca0o E,(0) = 50 eV in most crystalline ceramics of interest. Some silicate
MgAl 0,4 E.(0) = 60 eV and phosphate systems, however, may be sensitive to
ZnO E (2Zn) =50 eV," E40) =55eV this mechanism. Table IV summarizes the sensitivity of
BeO Eq(Be) =25eV." E,0) =70eV"  candidate nuclear waste ceramics to radiolysis at high
uo; gj((gl; 0 gx* 28:58 ey dose rates. A wide range of chemical compositions
Graphite E4(C) = 30 eV is possible for most of these structure types, and this
Diamond E,(C) = 40 eV may affect their sensitivity to radiolysis. This can be

important for some structure types, such as the apatite
structure, where both silicate and phosphate systems are
of interest. The sensitivity of potential fission-product

host phases (e.g., apatite, monazite, NZP, and silicoti-
tanate structures) to radiolysis under expected repository

TABLE lIl. Minimum threshold displacement energieB,, calcu-
lated for zircon’®

Specific ion Eq (eV) conditions is unknown.
Zr 79 Obviously, threshold displacement energies for
Si 23 elastic collisions cannot be measured by electron
O 47 irradiation methods in materials that are sensitive to

radiolysis because the ratio of electronic-to-nuclear
stopping powers for electrons with energi€g MeV is

a BCA code that does take into account crystallinitygreater than 10and increases with decreasing electron
by assigning all atoms to well-defined initial positions energy. Therefore, the radiolytic production of defects
in a crystal lattice. The net number of displacementin much higher than that due to elastic collisions,
can also be determined directly by numerical solutionsnaking any determination aof, impossible. Estimates

to the integro-differential equations of Parkin andof E, in radiolysis-sensitive materials may be best
Coulter/® which also assume a structureless mediumobtained by theoretical or semi-empirical comparisons
If the same scattering cross sections and electronigith other ceramics. AdditionaE, data on a wide
stopping powers are used, the resultsmii simulations  range of ceramic materials are needed in order to
are in agreement with numerical solutions to theallow accurate estimates of displacement energies for
integro-differential equation®. The binary collision radiolysis-sensitive materials.

approximation, however, is a high-energy approximation  Due to the low average knock-on energies associated
that is appropriate for high-energy collisions and maywith «-particle and B-particle interactions with the

be reasonable for light ions, such asparticles. At host ceramic, most of the knock-on energies associated
low energies, where the trajectories of recoils are noiith these processes will be close to the threshold
easily described by discrete collisions, such as im-a energies for atomic displacements. It is, therefore, likely
recoil cascade, the binary collision approximation is less

useful; it also fails to take into account the simultaneous o ) )
recombination events that can occur. Molecular dynami AE">LE !V. Sensitivity of candidate nuclear waste ceramics to

- . . . . adiolysis.

simulations, as discussed in Sec. VI. B, may provide the
only means of calculating the nature of the primary
damage state in such cascades. Nonetheless, in order — , . .1 hosts:

to semiquantitatively compare the results of irradiations Zircon no

Ceramic phases Radiolysis sensitive

with ion beams of different masses and energies with zirconolite no
each other and with the results of self-radiation due to silicate apatite no
a-decay, the BCA codes often must be used because fluoroapatite yes
molecular dynamic simulations cannot be performed on monacte S o
all the materials of interest due to the lack of adequate 210, no
interatomic potentials. Fission product hosts:

Radiolysis can also result in defect production as a CsCl, Srk yes
consequence of localized electronic excitations produced Hy(j;‘)’/’éy'?;?it‘;zra;‘é‘:53 Jos
by ionization®*¢566.68 This mechanism is important in Silicotitanates Unknown

some ceramic systems, such as alkali halides, alka
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that nonstoichiometric fractions of displacement dam-ceramics, in ceramics doped with short-lived actinides,
age will be produced on the different sublattices, dueor in mineral analogues. This effect is mitigated to some
to differences inE; and atomic mass. Although the extent by the irradiation-assisted recovery processes that
total number of displacements associated witparticle are also observed under high-dose electron and ion
collisions is less than 20% of the nearly stoichiometricirradiation. A systematic, integrated understanding of
displacements calculated for tlerecoil cascade, these dose-rate effects is necessary to extrapolate data obtained
isolated displacements have higher survival rates (lesssing accelerated methods, under high dose rates, to the
in-cascade recombination), and it is possible that theskng-term low-dose-rate behavior of actual nuclear waste
displacements may play a major role in the evolutionceramics. This dose-rate difference ranges frorh th0

of microstructure in irradiated nuclear waste ceramics10 (Table I). Comparisons to natural mineral data can
Further work is needed to determine if there is anyinvolve even larger dose-rate differences. Some data on
significant effect associated with nonstoichiometric dis-dose-rate effects will be presented below (Sec. V.E).
placements and the role of theparticle displacements

on damage accumulation processes. IV. RADIATION EFFECTS IN MULTIPHASE
CERAMIC WASTE FORMS
E. Radiation damage kinetics Waste forms for the immobilization of HLW at

Because equilibrium thermodynamics are not strictlyDOE sites in the USA, HLW worldwide, plutonium, and

) ) L 2 - 2other special nuclear waste streams represent complex
applicable under irradiation conditions, the accumulation P b b

of point defects, evolution of microstructures, and for_multlcomponent systems, and the clean-up campaign

mation of metastable phases (e.g., amorphization) undv¥i” proceed for several decades. Thus, there is time
P -9 P % identify and address fundamental scientific issues, in

iradiation are controlled by the nucleation and klnet'CparticuIar those related to the effect of radiation on waste

properties of the syste?ﬁ,—% The kinetics of radiatiorj. form properties, which may have a bearing on the cost
damage accumulation are controlled by the competition .. > ~=~ ’ : . . . '
gptimization of processing technologies, the integrity of

betwe_en th? rate of damage production and the ratﬁ‘le waste forms during interim storage/operations, and
of various simultaneous recovery processes (e.g., Clos?dng-term performance

pair recombination, defect migration, defect aggregation, Multiphase ceramic waste forms are tailored to pro-

epitaxial recrystallization). The kinetics of simultaneous o . ;
. ~duce specific crystalline phases as hosts for the different
recovery processes can be expected to vary depending on ;. : S
, LT radionuclides. Generally, fission products (such as Cs
the irradiating ion mass and energy, the bulk temperaturgnd Sr) are confined to one or more glass or crystalline
of the sample, and the melting temperature or cohesive 9 y

energy of the irradiated material. Experiments in c:eramicpmsesl’I Wh”e. Fhe .aCtm'dﬁs . NFII Pu, r’?m’ and Cm)
materials have shown that light ions are less efficientdcncraty partition into other crystalline phases. Synroc

o . . T and other related titanate-based ceramic waste forms
with increasing temperature, at irradiation-induced amor;

S o459 ) have received the most attentitn®” There have been
phization than heavy ions.™ These observations are ore limited studies of supercalcif&®® a silicate-based
consistent with metal irradiation studies that show tha{gilored ceramic. and of glass-cerénﬂééoo—lozwhich
Ilggédggj l\évrlgnﬂzlvfj e?eé?égreéni;?gitgon a?ftr:re]:eelr?(;“?)l:yth are prepared by controlled crystallization of suitable
Eascade event as compared with thge fraction remainin lasses. In general, the cumulative radiation effects in all
in cascades roducedpb heavier i8hdn ceramics e component phases will contribute to the actual effects
ionization—indLerced diffusign can also affect recov’er of radiation on the performance of these and other poten-
Kinetics67.69.91.82 Yiial multiphase waste forms. However, due to differential
Accelerated irradiation methods (Sec. Ill. C) must beeffects, such as radiation-induced volume changes that

. ' . can lead to differential stresses and even microcracking,
used to achieve dose levels, in laboratory time frames

. radiation effects in multiphase waste forms may be more
that are relevant to long-term repository performance

Consequently, a detailed understanding of the depenéhan the sum of the effects in individual phases, which

0 ) . are described in more detail below (Sec. V). The studies
ence of radiation-damage accumulation on time, tem- o . . .

oo .. of radiation effects in several multiphase ceramic waste
perature, and damage rate is important to predictin

; ; Yorms are summarized below.
the long-term behavior of ceramic waste forms under

expected geologic repository conditions. For example,

because the high damage rates overwhelm the simultd: SYnroc

neous thermal recovery processes, the effects of electron Synroc is a dense, multiphase titanate-based waste
and ion irradiation generally occur at much higher tem-form designed for the immobilization of HLW, with
peratures than the effects from self-radiation damage (athases based on mineral analogues. The attraction of
significantly lower damage rates) in actual nuclear wast¢his multiphase ceramic is that the phase assemblage is
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insensitive to the HLW/precursor ratio; in most cases, the " T " ' " T " '

ratios of the phases vary as the waste loading change_._ 6 & SYNROC *
from 0 to 35 wt.%. The Synroc phases, in approxi-X ° [ g Supercalcine ]
ma.tely' equal abundance, are zirconolite (Qgﬁ{), > A Glass Ceramic (Cm)
which incorporates rare earths (RE) and actinides (An)=

v Glass Ceramic (Pu)

perovskite (CaTi@), which incorporates RE, An, and
Sr, hollandite (BaAdTisO:6), wWhich incorporates Cs,
Rb, and Ba, and rutile (Ti¢). In some formulations,
pyrochlore, AB,O-, which is structurally closely related
to zirconolite, may become an important actinide hosl§ 2+
phase. Some fission and corrosion products (Fe, NiQ
Cr, Pd, Rh, Ru, Tc, Mo, etc.) will form metal alloys. =
In general, the composition of the precursor can be
readily adjusted for different types of HLW. Possible 0
near-term applications of Synroc are immobilization of 0 1 2 3 4

Tc (technetium) and other elements separated durin Dose (10" a-decays/g)

cleanup of U.S. DOE tank waste liquids, Synroc/glass

composites aimed at HLW sludges from U.S. DOEFIG. 5. Macroscopic swelling in the Pu-doped Synt¥cCm-doped
tank wastes, and zirconolite/pyrochlore-rich ceramics fopuPercalciné?* and Cm-dopett and Pu-dopeld® glass-ceramics.
immobilization of Pu-rich materials. There has been o ) ) S

interest in France and more particularly in Russia sincéiSing actinide-doping«-particle irradiation, neutron-

1994 in producing Synroc and Synroc/glass Compositegradiation, and ion-beam irradiation techniques. Details
by induction melting. from the studies of these specific crystalline phases

Ringwoodet al 1% have argued that Synroc is stable are reviewed elsewheteand are briefly described in

with respect tax-decay damage, based on an assessmeffie following section on relevant crystalline phases.
of natural minerals of uranium and/or thorium-bearing The essential conclusions are thafparticles induce a
perovskite and zirconolite, which are the actinide hosfarge unit-cell volume expansion (up to 2.5%) and a
phases of Syntoc. Such data, however, can provide onglsplacwe transfor_m'atlon from th'e tetragonal to a lower-
qualitative results, as both zirconolite and perovskiteSymmetry monoclinic structure in hollandit€. In ad-
are susceptible to irradiation-induced amorphizatfon. dition, the ercon0||téo7-,112—neand peroysklﬂéﬂ phases
In the early 1980s, a limited amount of acceleratedVill undergo a-decay-induced amorphization with vol-
radiation-damage testing was performed on sinteredime changes in the range of 6 to 8%.
coarse-grained Synroc and its constituent phases bé/ .
irradiation with fast neutrons to fluences of up2g X . Synroc-related ceramics
10* n/m? (E > 1 MeV), which is equivalent in damage Japanese researchers have investigated self-radiation
to about8 X 10'® a-decaygg.l®*1%®Microcracking was effects in a2**Cm-doped Synroc-related titanate ceramic
observed in the neutron-irradiated samples and corconsisting of perovskite, zirconolite, hollandite, freuden-
tributed to the large volume expansions (up to 8.5%) thabergite, and loveringite that is intended for encapsulation
were observed. Accelerated testing?Pu-doped Syn- of sodium-rich high-level wast&’ '8 The density of
roc (and its constituent phases) has also been completélis material decreased linearly with dose to a value
on hot-pressed materia%’ 1% The macroscopic swelling corresponding to a volume expansion of 1.0% after a
in the Pu-doped Synroc increases with dose, as showtose 0f0.7 X 10'® a-decaygg; above this dose, the rate
in Fig. 5, and exceeds 6%, with only a slight indicationof density change increased to a new constant value,
of approaching a steady-state (saturation) value. Studiesd this phenomenon is attributed to microcracking.
of ion-irradiated Synroc indicate significant increases inThe maximum volume expansion approaches 4% at
the leach rate at high damage levErs!10 1.8 X 10" a-decaygg, with no indication of saturation.
For the multiphase Synroc ceramic, the hollanditeThe leach rates for Na and Cs increased by a factor of 10,
phase will be subject only ter-particle andB/v irra-  while the leach rates for Sr and Ca increased by a factor
diation, while the zirconolite and perovskite phases willof 10018 These increases were attributed to increased
be subject tax-decay damage processes, involving bothsurface area from microcracking and decreased durabil-
a-particles anda-recoils, as well as@/y irradiation. ity due to radiation damage. A Synroc-related titanate
Since B/ irradiation damage is generally assumed toceramic containing sodium-free simulated waste has also
be negligible in these phases, studies of radiation effectseen studied by doping with 0.91 wt. #Cm'° Both
in the major constituent phases of Synroc (i.e., hollanthe perovskite and zirconolite phases exhibited unit-
dite, perovskite, and zirconolite) have been carried outell expansions on the order of 2.6%. The macroscopic
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volume expansion increased linearly with dose to a valuerystallized, and contains a variety of leach-resistant
of 1.7% after a dose of.2 X 10'® «a-decaygg. host phases for the radionuclides. In the late 1970s,
Researchers at Sandia National Laboratéffdsave radiation effects in &**Cm-doped celsian glass-ceramic
investigated a multiphase titanate ceramic to immobilizevere investigated at the Pacific Northwest National
acidic high-level nuclear waste. This titanate waste cetaboratory?® At the same time, similar studies were
ramic consisted of rutile (Tig), an amorphous silicate being performed on both #4Cm-doped celsian glass-
phase, perovskite, zirconolite, hollandite, and a U-Zr-cerami¢?® and a?3®Pu-doped celsian glass-ceraffc
rich phase that was believed to have the pyrochloravithin the European Community. In these studies, the
structure. Radiation effects from-decay in this titanate density decreased exponentially with dose, and the asso-
ceramic were simulated by irradiating TEM specimensciated volume change was projected to saturate at 0.5%
with Pb* ions!2! Multiple energies (40 to 250 keV) were (Fig. 5). The stored energy increased with dose to a
used to produce a uniform damage profile. Irradiation asaturation value of 80/§,'2 and the fracture toughness
single energies of 240 to 250 keV were also performedincreased by 25%2° Data from the x-ray diffraction
Examination by transmission electron microscopy of theanalysis revealed that a Cm-rich, rare-earth titanate phase
irradiated specimens indicated considerable damage wnith the pyrochlore structure underwent a small vol-
all phases after a dose equivalent2toax 10'® a-decay ume expansion with dose and eventually became x-ray
eventgg. All phases remained crystalline, except thediffraction amorphous. The fractional helium release was
phase with a chemistry typical of a pyrochlore, and itdetermined to be 3% in samples stored at 1CQto a

became amorphous. cumulative dose of 1.X 10*® «-decay evenfs).
In the study of a devitrified Cm-doped waste
C. Supercalcine glasst?* the Cm partitioned into two crystalline

phases: CAGd, Cm}(SiO,)s(PO,)O, (apatite structure)
. o . and (Gd, CmjTi,O rochlore structure). The volume
studied at the Pacific Northwest National Laboratoryexpa(nsion g?thé Jlégg saturated at 1%, ;nd the measured

) . "y ) )
in the late 1970.5 by mcprporatlnﬁ Cm in a SUPEr  oiored energy was 90/d. Both of these crystalline
calcine formulation consisting of three major phases

. . X hases were observed to undergo a radiation-induced,
with the fluorite structure, the apatite structure, and a . ; ) X
123 crystalline-to-amorphous transformation. The differential
unresolved tetragonal structure tyj3é!?® Subsequent

analysis suggested that the Cm predominantly partitioneSXpansmn (estimated to be 5 to 8ymssociated with the

into the apatite phase and the tetragonal phase. X_racrystalIlne-to—amorphous transformation of these phases

diffraction indicated a gradual transformation of the Fesulted in significant microfracturing (Fig. 6), which

! . - can greatly increase the surface area for radionuclide
apatite from a crystalline to an amorphous state, in

agreement with the resulfé¢ on the amorphization of release.

9 ; ; o Vanceet al'?” used 3 MeV AF ions to study ra-
similar apatite crystals in a devitrified nuclear waste . .. ; .
. . . . —diation effects in a sphene glass-ceramic. They reported
glass. There also was a slight increase in the intensit

of the diffraction maxima associated with the tetragona?f‘lat complete amorphization of the crystalline sphene

. hase occurred at an ion fluence equivalent tox7
phase. The stored energy reached a maximum val 08 q-decaygg. No significant enhancement in the
of 42 Jg at a dose 0f0.5 X 10'® a-decay eveni&y & y#9. g

and decreased slightly with further increases in dosele"JIChIng of the irradiated sphene glass-ceramic was ob-

The energy release was not complete at 800(the Served. A sphene glass-ceramic containing 2 wt*%Ru

8.
upper limit of the calorimeter used); therefore, additional "> reportedly prepared to studydecay effects®; no

. results have been reported to date.
energy release may occur at higher temperatures. The

density decreased exponentially with dose, resulting in
a volume expansion of 1.4% at a dose lo X 10" E. Scientific issues for multiphase waste forms
a-decay evenpg (Fig. 5).

Radiation effects in this multiphase waste form were

Radiation effects in multiphase ceramic waste forms
concern both behavior of the individual crystalline
phases and behavior due to the multiphase nature the

A glass-ceramic is a fine-grained mixture of glasswaste form. Key issues regarding radiation effects in
and ceramic phase ideally derived from a homogeneousdividual crystalline phases are discussed in detail
glass through a heat-treatment at the temperature of maiz the following section, such as the nature of the
imum nucleation rate for the ceramic phases, followedoint defects produced by radiation, the displacement
by a high-temperature treatment to yield a maximumenergies for ions on different sublattices, and radiation-
growth rate. The celsian glass-ceramic, developed at the@duced amorphization and volume changes. For actual
Hahn-Meitner Institut and named for the predominantmultiphase ceramic waste forms, the behavior at grain
crystalline phase, is easy to fabricate, is homogeneouslyoundaries 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:6 (&)10"5 «a-decaygg and (b)
2.4 X 10" a-decaygg.t?*

Consequently, studies should (i) measure and modglhases proposed as host matrices for radionuclides is
the microfracturing that occurs in polyphase and poly-briefly summarized below and critical scientific issues
crystalline ceramics due to radiation-induced differentialare identified and discussed. More detailed information
and anisotropic volume expansions, (ii) determine theand data are available in the original references and in
influence of grain size on the tendency of such ceramica recent review’

to microcrack, and (i) determine the influence of

intergranular or interfacial stresses on properties and

behavior. Clearly, additional characterization techniqueé\: Phases and structures

must be employed in investigations @fdecay effects in 1. Actinide-bearing phases

these nuclear waste ceramics. Point defects in many of
these ceramics can be investigated by EPR and optic lna

spectroscopies. In principle, changes in the valencg, . yonerally accommodated by substitution for Zr or

states of actinides, rare-earth, and transition elements C3e rare-earth (RE) elements. Phases with the fluorite
be addressed by Auger, x-ray photoelectron/absorptio% '

The most prominent of the potential actinide-bearing
ses are listed in Table V. In these structures, actinides

ructure (Pu@and UQ) or modified fluorite structure
spectroscopy, electron energy Ioss_spectroscopy, a rO,) are also important. The low solubility of PyO
(possibly) diffuse UV-near IR reflection spectroscopy.j, many materials can result in the formation of BuO

Nearly all the ceramics under consideration for nucleag, pih 'glass and ceramic waste forms. Uranium dioxide
waste immobilization are oxide-based, and neutron ;) is"the main constituent of spent fuel and may
diffraction enjoys gdva_mtages over x-ray diffraction foralso form in U-rich wastes. Zirconia (ZgDis a very
the study of radiation-induced oxygen defects. stable material under a wide range of oxidation/reduction
environments and may be very radiation resistant. Since
V. RADIATION EFFECTS IN Pu and other actinides can be accommodated on the Zr
CRYSTALLINE PHASES site, ZrQ is a candidate material for Pu disposition and
There have been a number of studies of individuafor use as an inert matrix for Pu burn-up in a reactor or
synthetic phases and minerals that are structurally and/@ccelerator-based neutron soutté.
chemically analogous to the phases found in multi-  Pyrochlore (AB,Oy) is a derivative of the fluorite
phase ceramic waste forms or to proposed single phastructure typ&°in which the A-site contains large
waste forms. These studies contribute significantly to theations (Na, Ca, U, Th, Y, and lanthanides) and the B-site
understanding of radiation effects in the multiphaseconsists of smaller, higher valence cations (Nb, Ta, Ti,
ceramic waste forms by providing a detailed under-Zr, F€¥*). Actinides may be accommodated in the A-site,
standing of the behavior of each component phaseand charge balance is maintained by cation deficiencies
The current state of understanding regarding radiatioin the A-site and substitutions on the A- or B-sités.
effects and radiation damage processes in crystallinRare-earth titanates with the pyrochlore structure have
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TABLE V. Potential actinide-bearing phases. atomic periodicity, no evidence of amorphization, and a
unit-cell volume expansion of 1.8% due to defect

Structure type Composition accumulatiort*” However, perovskites do amorphize
Oxides under ion-beam irradiatiotf®-152
fluorite Pug;uo, _ Zircon (ZrSiQ,) forms as one of several crystalline
%L%‘;}Tﬁ{g ézfzzr)%é;REzT'zo“ CaPuTiOr  phases in glass-ceramic waste forfEe15315Because
oerovskite CaTi@ Pu can readily substitute for Zr in this structdre;>®
zirconia, ceria 72rQ; CeQ zircon has been proposed as a durable ceramic phase for
Silicates the immobilization and disposition of Pu in the USA®
zircon ZrSiq _ and high-actinide wastes in Rus$?&!® Additionally,
25?2:]68 (itanite) Cct;ﬁgﬁiégs'o“)"*ymo“)yoz zircon is a prominent actinide-bearing phase formed by
Phosphates crystallization in the core-melt at the Chernobyl Nuclear
monazite CePQ Power Plant®” has been observed as a corrosion product
apatite CaRE+(SiOs)s—, (POy), 02 on HLW glassl®® and is a phase extensively used in
NZP NaZp(POy)s U/Pb radiometric age-dating, as it may contain ura-

nium in concentrations up to 20,000 ppm. Holland and

Gottfried® investigated radiation effects and metamic-
been observed as actinide-host phases in some nucldiation in natural zircons in an effort to use the degree
waste glasse$? in titanate ceramic waste formi®, and of damage as a measure of the zircon’s age. This was
in a glass-ceramic waste fortf®!?® The synthesis of the first study to quantitatively correlate the decrease in
PwTi,O; and several other Pu-containing titanates withdensity, decrease in refractive index, and expansion of
the pyrochlore structure has also been repottédds  the unit cell parameters with increasimgdecay dose.
noted above, zirconolite (monoclinic Cazzly) is a  The effects ofx-decay in both Pu-containing and natural
fluorite-derivative structure closely related to pyrochlorezircons8+155.156.161-16355 well as ion-beam irradiation
and is the primary actinide-host phase in Synroc. Radieffects in zircorf* have been extensively studied and
ation effects in Pu- and Cm-containing pyrochlores andnodeled. These studies have resulted in a model (specific
zirconolite have been studié@il9”112-116.133n addition, to zircon) for describing the kinetics of radiation effects
studies of metamictization (i.e., amorphization inducedover geologic time periods in zircon containing weapons-
geologically bya-decay of U and Th impurities) in min- grade Pu or other actinidé%}165
eral analogues for pyrochldfé-3"and zirconolité3-141 Several rare-earth silicate-phosphates with the
provide data on radiation effects over geologic time peri-apatite structure have been observed or proposed as
ods. There have also been ion-bé&m*3and neutroi*  actinide-host phases in HLW gla¥%.supercalcing®®?
irradiation studies of pyrochlores and zirconolite. Inglass-ceramic¥19%166 and cement®’ Apatite phases
addition to extensive studies of radiation effects inhave also been observed as recrystallized alteration
naturally occurring pyrochlores, systematic studies haveroducts on the leached surfaces of simulated HLW
been completed of the alteration patterns of the naturallglasse$%8%° indicating their inherent stability relative
occurring compositional end-members of this isometridco HLW glasses. These apatite phases are rare-earth
phase: microlite$?® pyrochlores'®® and betafite$*” It  silicate-phosphate isomorphs of natural apatite;gCa
has been shown that the increased degree of metami(PQ)e(F, OH), which is the most abundant of the
tization (i.e., highera-decay event doses) increases thephosphate minerals, and generally have the composi-
susceptibility of these phases to alteration under naturdglon: Ca,_,REq(SiOs)s-,(POs),O, (Where RE= La,
conditions. Ce, Pr, Nd, Pm, Sm, Eu, and Gd). The actinides readily

Perovskite, CaTig) is a mineral that may assume a substitute for the rare-earth elements in this hexagonal

wide range of compositions as stable solid solutions andrystal structure, and fission products are also readily
is a major constituent phase in Synroc and other titanatmcorporated. Some apatites from the Oklo natural
ceramic waste forms. Perovskite is orthorhombic andeactor site in the Republic of Gabon have retained both
consists of a 3-dimensional network of corner-sharinga significant?>>U enrichment (due to the decay &fPu
TiOg octahedra with Ca occupying the large void spacencorporated during crystallization) and a high fission-
between the octahedra (the corner-sharing octahedgoduct concentration in their structures, despite an age
are located on the eight corners of a slightly distortecbf nearly 2 billion years’® Not surprisingly, the apatite
cube). The actinides, rare-earths, and other large catiors$ructure has been proposed as a potential host phase for
readily replace Ca in the structure, while smaller-sizedPu and high-actinide wasté%!’*-1"?Natural apatites can
cations replace titanium. Natural perovskites containingontain U and Th, but are generally found in highly crys-
U and Th impurities that have received doses of upalline state¥3 however, partial metamictization has
to 2.6 X 10® a-decaygg show a high degree of been observed in natural apatites containing appreciable
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rare earths, silica, and TH#* Radiation effects in in HLW, as well as Pu. In a study of Nag{@Qy);
apatite phases have been extensively studied by Cnprepared with eithet®*Pu or an isotopic Pu mixture that
doping®2163175-1783nd jon irradiatiorf>8"179180These  was predominantly®®Pu, the samples witk®Pu became
studies have resulted in another model, specific t@morphous after a dose of 9:3 10'® a-decaygg.!®®
apatites, describing the kinetics of radiation effectslrradiation of NZP compounds witl-rays up to doses
over geologic time periods in apatite phases containingf 3 to 5 X 10° Gy to simulateB/y damage does not
weapons-grade Pu or other actinid&s. produce significant structural changés!®®

Sphene, CaTi(SigO (the proper mineral name is ti-
tanite), is a prominent phase in the sphene-glass-ceramic. _
Sphene is an actinide-host (the structure will not accom?: €S and Sr-bearing phases
modate Cs but will accommodate minor concentrations  Barium hollandite, BaAiTigOss, is @ major phase in
of Sr); thus radiation damage duededecay of actinides Synroc that is intended to accommodate fission products,
is an issue of primary concern. In irradiation studiessuch as Cs and $#:°’ The structure of barium hollandite
employingy-radiation and 200 keV electrons to simulate consists of a framework of Ti§ octahedra that are
irradiation effects from fission product decay elsewherdinked (edge-sharing and corner-sharing) to form square
in the waste form8! sphene has been shown to bechannels parallel to the-axis. These channels can
relatively resistant to ionization damage. In studies ofaccommodate a wide variety of large cations, including
natural sphenes containing U and A the meta- fission products. Although barium hollandite will not
mict state is reached after a cumulative dose ok5 contain actinides, it will experience irradiation from
10'® o-decaygg, which is similar to that observed in «-particles emitted in adjacent actinide-containing
ion-irradiation studies$?’ phases. In barium hollandite, the-particles cause a

Monazite has been proposed as a single-phase canit-cell expansion and a displacive transformation from
ramic to incorporate a wide variety of nuclear wastesthe tetragonal structure to a lower symmetry monoclinic
particularly those rich in actinidé§*'8Monazite is also  structuret!
a potential host phase for excess weapons$®Ruyt its Several phases have been proposed as hosts for the
relatively low thermal conductivity may preclude its use selective removal and solidification of fission products
as a potential inert matrix to incinerate actinid®sThe from defense waste streams presently held in large stor-
mineral monazite is a mixed lanthanide orthophosphateage tanks. The removal of the fission products can greatly
LnPQ, (Ln = La, Ce, Nd, Gd etc.), that often contains simplify the vitrification process for the remainder of
significant amounts of Th and U (up to 27 wt. % com-the waste. These phases include the mineral analcime,
bined). As a result, many natural monazites have beeNaAIlSi,Og - 2H,0, which forms a solid-solution series
subjected to significantv-decay doses over geologic with pollucite, (Cs, Na) (Al,Si;)O.2-H,0, and a Cs-
time (up to two billion years of age). In spite of the large bearing sodium zirconium phosphate, N2PRecently,
radiation doses received by monazite minerals, they armuch work has also focused on the crystalline silicoti-
generally found in a highly crystalline st&fe!®>187.188  tanates (CST) that are a class of “zeolite-like” framework
The apparent resistance of natural monazites to radiatiorstructures consisting of titanium in octahedral (6-fold)
induced amorphization is an important factor in theand silicon in tetrahedral (4-fold) coordination with
proposed use of monazite for the immobilization of oxygens or hydroxyls. The framework structures have
nuclear wastes and the disposition of excess weaporarge “zeolite-like” columns or voids>0.5 nm) that
Pu. Monatize is, however, readily amorphized under ionare generally occupied by alkali elements and molecular
beam irradiatior§®8918%put it recrystallizes at relatively water; hydroxyl groups substitute for oxygen in order to
low temperature$>® The irradiation-induced swelling in  maintain charge balance. The resulting stoichiometries
monazite may be on the order of 2068. can be quite complex, and in principle a wide variety

Crystalline phosphates of the Na#®?(Q,); (NZP)  of structure types with voids of a variety of sizes can
family continue to be of interest as alternative wastebe synthesizet?” Despite the apparent complexity of
forms for HLW and Pu disposition because the uniquehese structures, each framework with its characteristic
NZP structure can incorporate a complex variety ofvoids is uniquely described by its molecular units and
cations, including fission products and actinid®s!® the characteristics of the chains that incorporate these
The NZP structure is a three-dimensional network ofunits. One of the potentially useful aspects of the crys-
corner-sharing Zr@ octahedra and PQtetrahedra in talline silicotitanates is the very selective ion exchange
which Cs and Sr can be accommodated in the interstitiatapacities of these structure types. Recently, several
cavities occupied by Na. The rare-earth elements andrystalline silicotitanates with high affinities for Caind
actinides can substitute for Zr, and other radionuclidesSP* in the presence of Nahave been develop&§-2%
can substitute for either Na, Zr, or P. Thus, the NZPthese materials have important potential for separating
structure can accommodate nearly all the ions preseris" from the Na-rich solutions in the Hanford Tank
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Wasteg%! The cumulative ionization dose from Cs decayWwill be more radiation resistant when the concentration
in such materials can be quite large, reachin@ &9 in of equilibrium structural vacancies is high, barriers to
30 years. interstitial-structural vacancy recombination are low, the
Continuing radiation damage from solid-stagégy defect energies of compositional disorder are small, and
radiolysis may be occurring in the 15 metric tons ofthe critical nucleus for the formation of stable interstitial
radioactive Cs and Sr that are currently stored as Csdpops is larges10-212
and Srk in capsules at the Hanford sieSolid-state A number of scientific issues regarding defects and
radiolysis can lead to the formation of dislocation loopsdefect interactions need to be resolved. These include
and metal colloids in alkali halides and alkaline-earth(i) the nature of the atomic defects produced by irradi-
fluorides®® Studied®>2°>have shown that metal colloid ation; (ii) fundamental properties of the atomic defects,
formation in NaCl, Caf, Srk, and Bak is sensitive to  such as the atomic configuration and the recombination
both temperature and dose rate. volume of a Frenkel pair for both cations and anions, the
In addition to the potential for metal colloid displacement threshold energies, and the migration en-
formation, radiolysis may induce other defects andergies of point defects; (i) nucleation and growth proc-
microstructural changes in phases specific for Cs anésses of defect clusters in different radiation fields, in
Sr immobilization. For example, radiolysis in quartz terms of the fundamental properties of the materials; and
(Si0,) can lead to amorphization and large volume(iv) the effects of deposition energy density, electronic
changes® In alkali silicate, alkali-borosilicate, and excitation, and/or low energy knock-ons on the structure
HLW glasses, radiolysis can result in the formationand the stability of microstructures. Many of these issues
of point defects, free alkali, alkali peroxides, molecularregarding defects can be investigated by EPR and optical
oxygen, and bubble¥. The accumulation of such defects spectroscopies of electron-irradiated single crystals.
may induce volume changes, produce stored energy, and
affect other properties. In addition, transmutations of the . .
Cs and Sr can affect phase stability due to changes ify Role in damage accumulation
ionic radii and charge. Consequently, the radiation and  Natural minerals provide clear evidence for defect-
transmutation stability of any phases proposed for Cgecovery processes affecting radiation damage accumu-
and Sr immobilization should be investigated. lation over geologic time under ambient conditions. The
recovery of point defects over 570 million years in
natural zircons suppresses unit-cell expansfing-162
and has been shown to correlate with the decreased
Almost nothing is known about the nature of therate of amorphization (i.e., a phase transformation) in
defects and their interactions in the ceramic phases afatural zircons relative to Pu-doped zirdhlIn natural
interest for nuclear waste immobilization. The migrationpyrochlores, the critical dose for complete amorphization
enthalpies of interstitials and vacancies, the recombiincreases with the geologic agé, clear evidence for
nation volume for Frenkel pairs, and the displacementhe recovery ofa-recoil damage over geologic time.
threshold energies for cations and anions are importarithis recovery behavior has been modeled by assuming
to understanding radiation effects in these materials:fading” of the «-recoil “tracks” similar to that used
The stable configurations of defects and defect cluster® describe fission track fading. From this model, the
should also be known in order to describe microstructurainean life of a-recoil tracks at ambient temperature
evolution under irradiation. Although little is known in pyrochlore has been estimated to be 100 million
about specific ceramic waste phases, there is a larggears?'® Similar modeling of data for zirconolite and
body of literature on oxides, such as MgO, .8k,  zircon yields mean lives for ther-recoil tracks of
and MgALO, that suggests that both stoichiometric and700 million and 400 million years, respectivéf{f. Such
nonstoichiometric interstitial clusters can form, depend-studies to determine meartrecoil track lives, however,
ing on irradiation conditions. In addition, it is well are of limited value in predicting behavior at elevated
known that structural vacancies can suppress the fotemperatures without details of the kinetics of the various
mation of defects and defect clusters in such materialsecovery processes (i.e., characteristic activation energies
as in TiG_,2972% and MgO?*° The incorporation of and frequency factors).
radionuclides could very well affect the concentration  The standard approach to modeling microstructural
of structural vacancies on both the cation and aniorevolution under irradiation is to find the defect concen-
sublattices and ultimately the accumulation of radia-trations from a mathematical rate theory appro&é¢f®®
tion damage. Experiments have shown that damaggelf-radiation from radionuclide decay creates vacancies,
recovery kinetics are well correlated with certain ma-interstitials, and He atoms that can migrate through
terials properties. Research on the radiation resistandbe structure and either recombine or be absorbed at
of magnesia spinel suggests that crystalline ceramicdefect sinks, thereby providing the driving force for
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processes such as defect clustering, bubble formatioig 0.69 eV??° Similar results have been reported for
and amorphization. This theory, however, was developefiradiation-enhanced diffusion of an f@ marker
for use with isotropic materials, notably metals, andinto crystalline AbO; relative to that of amorphous
includes several approximations that are of consequengs ,0,.221-223
when modeling microstructural evolution in general,  Several studies performed on irradiated ceramics
and amorphization, in particular, in complex ceramicshave concluded that ionization-induced diffusion can
Several issues of concern for application to complexsignificantly affect microstructural evoluti5°°! The
ceramics are as follows: sensitivity of different materials to ionization-induced
(i) There are more types of point defects (vacanciesdiffusion can vary considerably; unfortunately, little
interstitials and possibly antisite defects in each subquantitative information is available on fundamental
lattice) in complex ceramics, including variable chargeproperties, such as ionization-induced changes in point
states; hence, it is necessary to solve a much greatgefect migration energies. Recent wiir#°2224 has
number of coupled equations, since these defects reaghown that dislocation loop formation is suppressed in
with each other. high-ionization environments for several ion-irradiated
(i) The assumption of a homogeneous mediumoxide ceramics and that the electronic-to-nuclear
is clearly not valid when dealing with both multiple stopping power ratio is an important parameter. Conse-
cations, which may be ordered, and more than onguently, ceramics that exhibit good radiation resistance
sublattice, as the production, migration, annihilation,during light-ion or neutron irradiation (high electronic-
and defect reaction rates are all orientation and chemicab-nuclear stopping power ratio) may not be radiation

SpeC_i_eS depend_ent. o . _ resistant to thea-recoil cascade (low electronic-to-
(iii) Depending on their migration mode, different nuclear stopping power ratio). Such behavior has
defects can have different annealing efficiencies. been observed in a silicate apatite that exhibited good

(iv) Defect migration kinetics could also be affected resistance to amorphization undesparticle irradiation,
by ionization, as in the Bourgoin—Corbett mechan®m. put readily amorphized due t3*Cm decay’>1"®
(v) As damage accumulates and disorder progressef a similar silicate apatite, as illustrated in Fig. 7,
the defect migration and formation energies (and possimultaneous irradiation with 300 keV electrons during
sibly migration modes) may change. At the limit, the 1.5 MeV Xe irradiation is observed to decrease the
periodic structure itself may disappear. rate of amorphization as compared to irradiation with
It is, thus, a formidable task to solve the general ratel.5 MeV Xe" aloné?5; this effect is due to enhanced
equations for ceramic structures. Furthermore, the resuligcovery processes associated with ionization-induced
obtained for one structure will not necessarily be validdiffusion or subthreshold collision events. Additional
for others because of the different topological propertieexperimental studies are needed on relevant ceramics in
of the structures. order to determine their sensitivity to both the irradiation
spectrum (ion mass and energy) and simultaneous
ionization. Such studies will allow the assessment

2. Enhanced diffusion of the relative importance of ionizing radiation on

The dynamics of chemical diffusion are sensitive to

the structural state of a materfaf. As is well known 0 —
from the study of ionic diffusion in aluminosilicates ¥ .
" . ; _ [ Ca,Lay(SiO,).0
of feldspar composition (e.g., Ca/8i,Og, NaAlSizOg), g 2L25(510,)¢0,
the diffusion coefficients of cations in the glass stateT I 1.5 MeV Xe*

are orders of magnitude faster than in the crystalline g
form?7 Thus, radiation-induced amorphization in §
crystalline phases can be expected to result in simila c 1
increases in ionic diffusion. Indeed, both theory and-(.%
experiments have demonstrated that diffusion carN
be significantly influenced in ionic solids by both 'En
microstructure and particle irradiation. Cation diffusion g

in both UG, and (U, Pu)@ is enhanced during reactor <t
irradiation?® In Al,Os, the thermal diffusion of Fe L
has an activation energy of 3.09 eV for the crystalline 0'1300 400 500 600 700 800
staté!® and an activation energy of only 1.77 eV for

the amorphous state; furthermore, the diffusion of Temperature (K)

_Fe i_n am9rphou$ AD; is _gre?tly enhanced Und_er FIG. 7. Decreased rate of amorphization due to simultaneous irradi-
ion irradiation, with the activation energy decreasingation with 300 keV electron&®
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both amorphization and microstructural evolution andl. Unit-cell volume
will also provide valuable information on the relative In many crystalline ceramics, barriers to recombi-

efficiency of displacement damage produced by lighty4tion and aggregation can lead to the accumulation of

and heavy ions. Finally, although ionization-inducedg;jqnificant point defect concentrations. The accumulation
diffusion generally improves radiation resistance byt ihese point defects in the crystalline structure results

enhancing point defect recombination, it is also possiblg, 41 increase in unit-cell volume with cumulative dose.

the exception of colloid formatioff;**>* there has o primary recoil-energy spectra, as illustrated in Fig. 8

been relatively I!ttle.attentlon_glven to radiation-inducedy, polycrystalline CaNds(SiO,)sO, under irradiation

solute segregation in ceramic materials. conditions @-particles and 3 MeV Af) where amor-
phization does not occt® and where it does?{*Cm-

3. Defect kinetics decay)'”® The higher displacement doses required for
The kinetics of defect accumulation and microstruc-expansion under 3 MeV Ar irradiation illustrates the
tural evolution under irradiation are controlled by thedecrease of the in-cascade survival of defects relative

damage rate and rate of recovery processes assoép a-particle irradiation. For the case of Cm-decay,
ated with point defect migration. With the exception the in-cascade amorphization process results in excess
of some of the fluorite structures, such as /P4 and  interstitials (ejected from the cascade) in the crystalline
PuQ,%22%studies of point defect annealing kinetics havematrix relative toa-particle irradiation. Similar recoil

not been carried out on relevant phases of interest. I6pectra effects have also been observed for the stable
CaNdg(Si0y)s0; irradiated with 3 MeV Af ionsl?®  structures U@°*°? Pu(G;,*? and BaApTigO.™" In

the damaged crystalline state exhibited an exothermigeneral, the unit-cell volume expansiom\V,./V,,
defect recovery stage at 383G with an activation energy follows the characteristic exponential behavior predicted
of 1.3 + 0.1 eV: however, the nature of the defect orby model§®2??for the accumulation of isolated structural
recovery process was not determined. Activation enerdefects and is given by the expression:

gies for defect migration in other relevant materials are .

unavailable. It is important to determine the migration AVie/Vo = Aucll = exp(=BucD)]. 2)

paths in order to assess the effect of defect migratiogyhere 4, is the relative unit-cell volume expansion at
on recover processes. Simple defect kinetics (interstitiadaturation, B, is the rate constant (per unit dose) for
and vacancy recombination/migration kinetics) can b&he simultaneous recombination of structural defects
investigated by annealing studies of materials containingyring irradiation, andD is the dose. Unit-cell expan-
significant defect concentrations introduced by irradiasjons due toa-particle irradiation have been deter-
tion, as, for example, in previous studies of 4f0%  mined for a number of ceramics, including barium
PuG,%? Ce(,%? Srk,%2" and Bak.2?” The effects of
defect kinetics on the amorphization process can be
determined by annealing studies of partially amorphizec

materials. - Ca,Ndy(Si0,),0,
3l i
C. Volume changes . i 24Gm Decay
Radiation-induced volume changes in crystalline§ L (Amorphization)

phases can result from the accumulation of point_e Alpha Particles

defects in the crystalline structure, solid-state phasezg 27
transformations (e.g., amorphization), and the evolutiorzl
of microstructural defects (e.g., gas bubbles, voids, dis
locations, and microcracks). The macroscopic swelling
is the overall sum of these effects. In general, the
main concern with volume changes, particularly large L
differential changes, is that it may lead to high internal 0
stresses that could cause microcracking, segregation, at 0.001 0.01 0.1 1 10
increased dissolution rates. In addition, the large volume Dose (dpa)

changes associated with amorphization significantly

. . S FIG. 8. Unit-cell volume expansion in polycrystalline fDg-
affect atomic bonding, local coordination, and the(SiO4)602 due to?*Cm-decay}’® where amorphization occurs, and

pathways for ion exchqnge, _a” of which can impactjrradiated with a-particles (emitted from @38PuC, source) and
the release rates of radionuclides. 3 MeV Ar* ions!”® where amorphization does not occur.
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hollandite’'! a Synroc phase subject only te-par- should be useé>163

ticle (and B/vy) irradiation. As already noted above, The available data on macroscopic swelling due to
a-particle irradiation of barium hollandite results in a-decay in ceramics are extensivand include results

a large unit-cell expansion (up to 2.5%) and a dis-from PyCm-containing ceramics for doses up 3ox
placive transformation from the tetragonal structure tol0'® «-decaygg and from mineral analogues for much
a lower symmetry monoclinic structure. Unit-cell ex- higher doses (up td X 10?° a-decaygg). The macro-
pansions due tax-decay have also been determinedscopic swelling in these ceramics and minerals increases
for actinide dioxideg?82?% actinide-doped ceramits with dose and at saturation ranges from about 1% to
(e.g., zircon'>>1%6 apatitel®2163.1pyrochloret?>!%and  nearly 20%, as summarized in Fig. 10. In general, stable
zirconolite'*>119 and natural minerak:*"1**Some of structures, such as the actinide dioxides, exhibit only
these unit-cell expansions due te-decay are sum- about 1% swelling, while larger values of swelling are
marized in Fig. 9. The unit-cell volume expansion perassociated with radiation-induced amorphization. Satu-
a-decay event for Pu-doped zircon is much larger thamation swelling values reported for some of the ceramic
for natural zircon (Fig. 9), which indicates that annealingphases of interest are summarized in Table VI, which in-
of point defects in natural zircon occurs under geologiccludes the value for neutron-irradiated quartz determined
conditions, as previously suggestéei!®® Holland and  from reported density changé¥:%*' These large volume
Gottfried®® also noted evidence for defect annealing inexpansions raise important questions: (i) what is the
natural zircons. In general, the unit-cell expansion isphysical basis for the large volume change in ceramics
isotropic in cubic structures; while in noncubic struc- (e.g., quartz and zircon) due to amorphization, and (ii)
tures, the unit-cell expansion is anisotropic and has beecan the magnitude of the volume change be predicted
shown to be consistent with topological constraints oror modeled, particularly as a function of temperature.
the changes in the polyhedral connectivity within theAnswers will require detailed structural analysis of the

structuret’® amorphous states of these ceramics and application of
computer simulation methods, as discussed in Secs. V. E
2. Macroscopic swelling and VI. C, respectively.

The macroscopic swelling is usually determined If amorphization does not occur and there are no
experimentally by the relative change in macroscopicignificant contributions to macroscopic swelling from
density, Ap/po. If the density changes are small, the extended defects, such as dislocation loops/networks,
swelling can be reasonably approximated-a4p/p,. voids, bubbles, or microcracks, then the macroscopic
However, in cases where the changes in density and copelling is dominated by the unit-cell expansion induced
responding swelling are large, as can occur in ceramicdy the accumulation of point defects. In many of the
the actual relationship betweexV,,/V, andAp/ p, that relevant phases of interest, however, amorphization does
is given by the expression occur, and the formation of helium bubbles at very high

AVm/v() = _(AP/PO)/(I + Ap/p()) (3)
Cumulative He Content (appm)

LI I B B B B R S R B R B S B B S R M B ENL B B

A 1 10 100 1000 10000
S5t 4 20 prr LA S LA
[ ] =/
4 1 & I ]
R I 25 §
o 3F 1 T ]
=l 1 & | ]
>S ) X . Caz(Cm,Nd)a(SiO4)602_Z o 10 7
<%t A (Zr,Pu)SiO, § ! /¢ ]
i ' @ I PwCm Z/, Natural 1
] A Natural Zircon g 5L Ceramics# Minerals/ ]
¥ v PuO, o] i
N =
0..‘.... NP R PR BRI r
0 1 2 3 4 5 6 0 R —

Dose (10" od ) 10 107 {0 10" 102 10
ose o-decays/g

Cumulative Dose (a-decays/g)
FIG. 9. Unit-cell volume expansions due ta-decay in Ca-

(Nd, Cm)(Si0y)e0,,162:163.175 (7r, Pu)SiQ,155:1%6 natural zircon-®° FIG. 10. Summary of extensive dataon macroscopic swelling be-
and PuQ@.??® havior in Py Cm-containing ceramics and natural minerals.
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TABLE VI. Saturation macroscopic swelling observed in several 20 ——T T
ceramic phases. r Pu Zircon
Phase Swelling References ~ 16 I
~0 L
Si0, (quartz) 17.5% 230, 231 <
ZrSio;, (natural) 18.4 155, 160, 163 9, 12
(Zr, Pu)SiQ 16.6 155, 163 S I
CaNdg(Si04)60, 9.4 163 5 X
CaPuT;O; 55 112, 113 o gl
Ca(Zr, Pu,Cm)TiO; 6.0-7.1 115, 116 £ I
(Gd, Cm}Ti,O7 5.1-6.5 116, 133 % -
Pu 0.97 52, 228, 229 I
G > 4
doses is possible. Under these conditions, the unit-ce

expansions, amorphous regions, and extended defects . 0 2 4 6 8 10 12 14
contribute to macroscopic swelling. Due to the compos:-
ite nature of the radiation-induced microstructure, the

total macroscopic swellingAV,,/Vy, in these materials FIG. 11. Experimental data for macroscopic swelling in Pu-zircon,
can be expressed as: along with the calculated crystalline and amorphous components and
the total swelling based on Eq. #)63

Dose (10'® a-decays/g)

AVm/VO = chVuc/VO + quVu/VO + Fex > (4)

due to self-heating) resulted in macroscopic swelling
that saturated at a value of approximately 5.5 vol%
after a cumulative dose of5 X 10'® a-decaygg (for

400 days of storage time). Storage of this material at
575 K resulted in less swelling and required a longer
Jime (300 days) to reach saturation due to the increased
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-
5;:,Jerature in this material is summarized in Fig. 12.

wheref. is the mass fraction of crystalline phagg,is
the mass fraction of amorphous phaag;,./V, is the
unit-cell volume change of the crystalline phas#,,/V,
is the volume change associated with the amorphize
state, andF,, is the volume fraction of extended mi-
crostructures (e.g., bubbles, voids, microcracks). In mo
studies ofa-decay effectsF,, is negligible, and Eq. (4)
reduces to that proposed by Web% As noted above,
the unit-cell volume changeaV,./V,, have been meas-
ured for a number of relevant materials. In most case
it can be inferre¢f that the volume change associated
with amorphization,AV,/V,, is constant for a given D- Stored energy
composition and structure (at any given temperature) The defects and structural changes introduced by
and is equal to the saturation value of the macroscopicadiation increase the energy of materials above the
swelling for the amorphized structure (Table VI). minimum energy configuration. Since these defects and
If F.. is negligible and the amorphous fraction
fa, is known, thenf. = 1 — f,, and the total macro- T B B L L B B B
scopic swelling,AV,,/V,, can be calculated, as has _ 6 CaPuTi,0,

been done for apatite, Pu-zircon, and natural zirédn. g s ]
The calculated total macroscopic swelling is shown ing, 5 [ 7]
Fig. 11 for Pu-zircon, along with the experimental dataS | ]

for macroscopic swelling and the calculated crystalline,g 4r N 7]
fe AV,./Vo, and amorphousf, AV,/V,, components. @ | N ]
The calculated macroscopic swelling, based on Eq. (4)}2 3 [ N ]
provides an excellent fit to the experimental data, an '
the dominant contribution of the amorphization proces

to macroscopic swelling at high doses is clearly eviden

~

®  Fully Amorphous \\

~ (n
Macroscopi

-
7T

O  Fully Crystalline \ —

3. Temperature dependence - . . . . . \?

. . . 0
Of the candidate ceramic waste materials, the tem 0 100 200 300 400 500 600 700
perature dependence of volume changes accompanyir o
a-decay has been measured only ZfiPu-containing Temperature ("C)

CaPuT;Oy (pyro_chlore structure}:®4n th_iS material, FiG. 12. Temperature dependence of macroscopic swelling at satura-
storage at ambient temperature (approximately 350 Kijon in CaPuT;O, 113114
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structural changes are metastable, radiation-damagedtal stored energy released during recrystallization of
materials tend to react to reduce their energy content. ithe amorphous state has been measured for (i) actinide-
the amount of stored energy is large and rapidly releasedioped apatit€® and zirconolite/pyrochlorg®234235
significant temperature excursions may occur, as in thehases; (i) natural metamict zircé#f,zirconolite?3” and
case of neutron-irradiated grapRitewhere the stored pyrochlore$®; and (iii) ion-beam amorphized phases
energy can exceed 2400g) and cause temperature such as monazit€® The total stored energy measured
increases of 1000C. Consequently, an important issue for each of these materials is summarized in Table VII.
for waste forms is the amount of energy stored inThe stored energy released during recrystallization of
the structure due to radiation damage. Temperaturthe amorphous state occurs over a narrow temperature
excursions due to the release of stored energy carange in these materials, as shown in Fig. 14 for
affect the physical and chemical properties of ceramicCa(Nd, Cm)(Si0,)s0,.17® The release of stored energy
waste phases. In addition, the stored energy provides atue to defect recovery in Gladg(SiO,)sO, occurs
excellent measure of the relative damage accumulatiom a lower temperature pedak® In most cases, the
and stability of the radiation-damaged state. In generalargest contribution to stored energy is associated with
both the total stored energy due to accumulated radiatiothe atomic disorder of the amorphous state; however,
damage and the distribution of the stored energy releassomparable energy may be stored by the accumulated
as a function of temperature are of interest. Measuringoint defects in the crystalline structure.
stored energy release is also useful in studying damage In a study of CaPutD,, differential scanning
recovery, since prominent recovery processes producgalorimetry measurements showed that the amount of
peaks in the stored energy release spectrum. stored energy released increased with increasing dose
Sources of stored energy in radiation-damagedind peaked at 10Qd after a dose of5.5 X 10'8
ceramics are: (1) point defects in the crystal structureq-decaygg.?** Beyond this dose, the stored energy
(2) the significant atomic disorder associated withdecreased exponentially to a value of 3@ Jfter a
amorphization, and (3) the high strains from formation
of amorphous domains. The maximum ContrlbUt.lon from.TABLE VII. Total stored energy released in several ceramic phases
strain to the total stored energy has been estimated i, ing recrystallization of amorphous state.
the case of CaPui®,; to be 18%23 Although only

limited data!*2342%exist on the accumulation of stored Material Stored energy (Q) Reference
energy as a function of dose in the ceramic phases Qf,, nd, cmy(si0,)s0; 130 176
interest, it is generally observed that the stored energga(zr,cm)T;0; 127 116
increases with dose until the fully amorphous state i€£aPuTO; 100 234, 235
reached, as shown in Fig. 13 for natural zircéis. CePQ (ion-iradiated) 31 239
The accumulated stored energy in zircon occurs mucﬁ:iﬂg éiaszlgrio 312 53(75
faster than the rate of amorphization, which suggestg§ral pyrocmozes 125-210 238
a significant contribution to the stored energy from
defect accumulation in the crystalline structure. The
:(3 L B R L A B T
400 T T T T T T KoY L .

I 3 3L Cay(Nd,Cm)y(SiO,)e0, ]
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FIG. 14. Stored energy release in amorphized,(8d, Cm}-

FIG. 13. Accumulation of stored energy in natural zirééh. (SiOy)60, during heating at 20C/min. 176
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dose 0f3.6 X 10" a-decaygg. These data suggest that reviewed, and fundamental scientific issues regarding
continued self-radiation damage in this material beyondimorphization are identified.
the dose for complete amorphization produces a damage
state of lower energy. Based on these results, Coghla
and Clinard® estimated that the local stored energy{l' Structure of the amorphous state
produced in a single (nonoverlappedecoil cascade is Radiation-induced amorphization of crystalline com-
on the order of 200/§ in CaPuTiO;. A peak in internal  pounds leads to aperiodic structures with large changes
strain at intermediate doses is a common observation iift volume. In the geological literature, such aperiodic
irradiated ceramics. This effect may explain the lowerstructures, which form in (U, Th)-containing minerals as
stored energy (48/d) measured in natural zirconolites a result ofa-decay, are referred to as metanfitt4
damaged to high dose8 & 10" a-decaygg).>’ These radiation-induced amorphous states lack both ori-
entational and long-range translational correlations and
o are, therefore, more properly referred totagologically
E. Amorphization disordered; however, in this paper, the simpler term
Self-radiation damage fromx-decay events and amorphousis used synonymously with topologically
ion-irradiation damage results in a crystalline-to-disordered.
amorphous transformation in most of the crystalline  Although various techniques have been used to
ceramics of interest as actinide-host phases (Table VElicit structural information, a coherent overall descrip-
Only the fluorite-related structures (ZyfOPuGQ and tion of such amorphous structures, integrating the in-
UO,) appear to be not susceptible to radiation-inducedlividual pieces of information available, has yet to
amorphization (at least for temperatures above 20 Kemerge. Consequently, the large volume changes asso-
for ZrO, and 5 K for UQ); however, they may be ciated with amorphization cannot be explained quantita-
susceptible to polygonizatic! Although susceptible tively. It is possible, however, to obtain information on
to ion-irradiation-induced amorphizatiéfh® natural  structure from a variety of techniques, including (i) high-
monazit&®165187.188 gnd apatit¥’>1’* minerals are resolution electron microscopy and the allied technique
generally found in highly crystalline states despiteof spatially resolved energy-loss spectroscopy; (i) x-ray
experiencing highx-decay event doses, which suggestsabsorption spectroscopies (XAS); (iii) x-ray, electron,
that for these two minerals the rate of damageand neutron diffraction; (iv) measurement of changes
recovery may exceed the damage-production rate i macroscopic parameters such as density and elastic
the geologic environment. This is consistent withmoduli; (v) vibrational spectroscopies, such as FTIR and
the low critical temperatures for ion-beam-inducedRaman methods; and (vi) liquid-phase chromatography.
amorphizatioff888918%nd low temperatures for thermal It is important to stress, however, that for each phase
recrystallizatiof®190.23® measured for these phases.there may be nainique amorphous structure; the final
Silicate apatites, zircon, zirconolite, pyrochlores, andatomic structure will be dependent on initial structure
perovskite have all been shown to be susceptible tand chemistry, temperature, and irradiation parameters
a-decay induced amorphization. Although the exact(e.g., dose rate and ion mass/energy). Computer simu-
nature of the amorphization process is not well definedation techniques, as described in Sec. VI.C, can be
for most of these phases, amorphization appears tpowerful tools in modeling the amorphous structures and
occur heterogeneously in these phases by severaiterpreting experimental structure data.
possible mechanisms: (i) directly in the-recoll There have been few studies of the structure of the
displacement cascade, (ii) from the local accumulatioramorphous state in these ceramic phases. Based on XAS
of high defect concentrations due to the overlap ofstudies of partially and fully metamict minerais24®
a-recoil cascades, or (iii) by composite or collective fully metamict zirconolite?3”-246-247and fully amorphized
phenomena involving more than one process. ThiaPuTO,,2*® a reasonable model of the structure of the
radiation-induced amorphization leads to decreases iamorphous state is one that entil$) a slight distortion
atomic density and changes in local and long-rang®f the nearest-neighbor coordination polyhedra; (ii) a
structure, which can have a profound effect on thedecrease in the coordination number and bond length
performance and properties of the materials. In generalp the primary coordination polyhedra; (iii) a slight
amorphization in these ceramic phases is more difficulincrease in the mean second nearest neighbor distances;
with increasing temperature and occurs only below and (iv) a loss of second-nearest-neighbor periodicity,
critical temperature; the amorphized state, once formedyrobably due to the rotation of coordination polyhedra
is stable under further irradiation. In this section, theacross shared corners and shared-edges. Recent results
current state of knowledge regarding amorphizatiorindicate that in metamict zirconolite “Ti is predomi-
of ceramic phases, structure of the amorphous stat@antly fivefold-coordinated!’ as compared to mainly
amorphization processes, and amorphization kinetics ar@-coordinated in highly crystalline zirconolite. It has also
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been reported that amorphization in natural sphenes isproduced in the cascade; such antisite disorder has been
accompanied by the reduction of Feto Fe*. Valence implicated in electron irradiation-induced amorphization
changes of this type can have significant effects on th@f SiC2**-%*! Short-range chemical disorder may also
solubility of radionuclides in the aperiodic structure.  play a role in amorphization of ionic crystalline phases
with otherwise ordered multiple catiot&:262263|n ad-
dition, compositional changes within a given structure
type can affect the susceptibility to amorphizatiéh.
Several modefd2°52:249.250 describe amorphization Amorphization of ceramic phases induced by ener-
susceptibility in ceramics and may be useful for com-getic heavy-ion irradiation can also be compared to the
paring different ceramics. As already noted, howeverprocess of glass formatigfi*?%° The main mechanism
all the ceramic nuclear waste phases of interest, witlof radiation-induced amorphization is proposed to be
the exception of the fluorite structures, are susceptibléast quenching of a “molten” cascade. The cascade is
to irradiation-induced amorphization. Most models ofvisualized as a thermal spike, in which atoms are highly
susceptibility to amorphization ignore kinetics and aremobile. The susceptibility of a phase to irradiation-
therefore, only applicable at very low temperaturesinduced amorphization is then inversely related to the
where point defects are immobile; also some models arerystallization tendency during the cooling of the molten
best suited for electron irradiation conditions (i.e., simplecascade. In an irradiation study of the phases in the
point defect generation without complications associatedgO—Al,0;—SiO, systen?® the activation energy of
with cascade quenching). Some of the principles ofannealing during irradiation was correlated to the acti-
material susceptibility to amorphization are discussedation energy of viscous flow. Both activation energies
below. The more important aspects of amorphizatiorshowed the same trend in response to systematic changes
processes and kinetics, which control the rate andh chemical composition. The viscosity of the melt at the
temperature range of amorphization, are discussed iliquidus temperature is inversely related to the suscep-
the following sections. tibility to amorphization. These correlations suggest a
Different crystalline structures exhibit a range of parallel between ion irradiation-induced amorphization
susceptibility to amorphization. The variation in sus-and the glass formation proce’$§:258
ceptibility can be explained, at least in broad outline, In order to describe the tendency of a melt to
by structural connectivity, which is a measure of thecrystallize, Wanget al?%® have proposed an empirical
topological freedorf?1?>? available to each structure, parameter, S, which allows an evaluation of the
and the corresponding redundancy of structural consusceptibility of a melt to glass formation and a ceramic
straints that must be destroyed upon amorphizatiorto irradiation-induced amorphization. The calculated
Structures such as MgO, comprising edge-sharing ogarameter gives a good relative ranking of the suscep-
tahedra, are seriously overconstrained and difficult tdibility to radiation-induced amorphization of phases in
amorphize, although they may polygon#Zé.Corner- the MgO—-ALO;—SiO, system. This parameter has also
connected tetrahedral structures, however, like ,SiO been successfully applied to the description of radiation-
silicates, and phosphates are only marginally constraineiduced amorphization in other complex ceramics,
and amorphize easily. One pertinent observation is thaduch as monazite-structure types, zircon-structure types,
complex oxide structures that amorphize easily are alsperovskites, calcium aluminates, and micas.
more difficult to recrystallize and hence exhibit a higher
critical temperature for amorphizatidef: Another obser- o
vation is the apparent anomaly of SiC, which amorphizes- Amorphization processes
almost as readily as SpO(two [SiO4] tetrahedra per Four different types of amorphous accumulation
vertex) yet is considerably more highly connected (fourbehavior have been observed in materials that are
[SiC,4] tetrahedra connected at each vertex) than evesusceptible to amorphization: (i) progressive (homo-
SizN4 (three [SiN|] tetrahedra per vertex), which is geneous) amorphization due to point defect accumu-
almost unamorphizable. One explanation is that antisitéation (e.g., quart2%® coesite?’® silicon carbide’’*?72
disorder, which is more possible with SiC than with intermetallicd’3274, (i) interface-controlled amor-
SizN,, is required for amorphization of SiC; random- phization (e.g., intermetallié® and ceramicg®), (i)
ization of site populations rende—SiC topologically cascade-overlap (heterogeneous) amorphization (e.g.,
equivalent to Si, which has the same structural freezircorf4155162.16§ and (iv) in-cascade (heterogeneous)
dom as Si@ and amorphizes with equivalent ease.amorphization (e.g., apatif&®. These different
There is evidence for the existence of antisite defects immorphization processes are illustrated schematically
SiC?® and for radiation-induced antisite disorder fromin Fig. 15. Curve “A” represents amorphization that
molecular dynamics simulatio83?” which suggest occurs nearly spontaneously after a critical concentration
that antisite defects may be the most common defeadf defects has accumulated. The linear dependence
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T T 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 criteriorf®2 which states that amorphization
occurs when

<.X2> > <x2>crit > (6)

where (x?) is the mean square static displacement of
the atoms in the solid from their equilibrium lattice
positions andx?)..;, 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
0.0 0.2 0.4 0.6 0.8 1.0  melting temperature. The advantage of this approach is
Normalized Dose that it reduces the different damage contributions (e.g.,
FIG. 15. Amorphous fraction as a function of dose for several proc-pomt defects, chemlcgl dls_order) to a S!ngle para_me-
esses: (A) defect accumulation, (B) interface control, (C) cascadéer' Molecular dyr.]am.lcs simulations of mter_meta”lcs
overlap, (D) direct impact, and (E) direct impact, with cascade twiceSNOW that amorphization always occurs at a fixed value
as large as in (D). of (x?), whether the origin of the increase in mean-
square displacements is point defects, antisite defects,
or thermal motiorf’®> This type of behavior has been
observed experimentally in coesft@.For amorphization
processes where a critical damage level must be reached,
the accumulation of damage and defect concentrations
can be modeled by rate thedi;?'°as discussed above

Amorphous Fraction, f,

of the amorphous fraction on dose illustrated by
curve “B” indicates an interface-controlled process,
as in amorphization induced by ballistic mixing in
intermetallics?’>2’7 When amorphization occurs by
cascade overlap, then a curve of type “C” is obtaifféd.
LY ) . (Sec. V.B.1).

The curvature near the end of the irradiation time is o . .

. " . Homogeneous amorphization is an important
caused by the decreasing probability of cascade impact

. . process for intermetallics and some ceramics; however,
on the remanent crystalline regiotf$,and the curvature : . o
in nearly all the ceramics of interest as actinide host

at the beginning is caused by the necessjty to createhases amorphization due te-decay and heavy-ion
damaged zones so that cascade superposition beco fradiation is known to occur heterogeneouslyhis

more probable. The curves "D” and "E” represent thehas been confirmed in apatite, zircon, pyrochlore,

cases of direct impact amorphization in a cascade fo:'Emd zirconolite structure types by electron microsco
different cascade sizes. Therefore, if the crystalline or yp y by

i : : and diffraction studies that characterized the amor-
amorphous fraction can be determined experimentally, . . . . ' .
¥Jh|zat|on process as a function of increasing dose in

as a function of cumulative dose for different types Ofactinide-containing ceramics of inter@&tl3-116133.178

|r_rad|at|on (e.g., by careful measure.of the intensity ofIn their mineral analogue 41 and under heavy-
diffracted electrons or x-rays), then it may be possible . L aa g7oEa

; A . ion irradiation®*=°"=*The heterogeneous nature of the
to discern the amorphization mechanism.

For amorphization directly in a displacement Cas_amorphlzatlon process in these phases is illustrated in

, . . X he high-resolution electron microscopy (HREM) images
cade, the rapid quenching of a melt-like region may Iea(%n Fig. 16 for ion-irradiated apatit®. In general, the

gz;éﬁ?nﬁg ggﬁhoﬁ)i::[eeé ';OLr?t?:;add:rsgeg?epvzrfngefgée:ﬁworphization process due écdecay in these materials
necessary to tpri er am,or hization hetegro eneously o be described as follows: (i) at low dose levels
y 99 orp o 9 Y Y1018 o-decaygg), the materials generally exhibit a
homogeneously. If the difference in free energy betwee | it | diffracti learl
the crystal and the amorphous state is associated Withsatlrong y crystaline electron diliraction pattern, clearly
e ; resolvable individual damaged regions (observable
critical level of damage, then the change in free energ

. 1273 280 281 o ¥)y their strain contrast), and nearly perfect lattice
ggéirg'cvisenphase stabilftf; and amorphization images under higher resolution; (ii) at increasing dose

levels (=1 X 10" a-decaygg), the density of damaged
AGi, > AG.,, (5) regions increases to the point that individual regions are

no longer readily distinguished, a radial ring of diffuse
where AG,, is the difference in free energy between intensity associated with the presence of amorphous
the crystalline and amorphous phases &, is the material is observed in the electron diffraction pattern,
difference in free energy (local or global) between theand amorphous domains that exhibit mottled contrast
irradiated and unirradiated solid due to all the possibleare clearly observable in high-resolution images; and
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FIG. 16. HREM images of Gag(SiO4)¢O- irradiated with 1.5 MeV KF ions: (a) unirradiated, (b) 0.03 dpa, (c) 0.06 dpa, and (d) 0.24%pa.

(i) at higher doses (on the order of 5 t) X 10'8  where B, is the amount of material damaged per
a-decaygg, depending on the phase), the materiale-recoil. The amorphous fractions for Pu-doped and
becomes fully amorphous with no evidence of anynatural zircons (Fig. 17) exhibit very similar behaviors
residual crystallinity in the electron diffraction patterns. as functions of cumulative displacement dose, except
Although amorphization occurs predominantly by for an offset at low dose in natural zircons due to defect
heterogeneous processes in these ceramic phases, tRgovery processes over geologic tiffe!®
dominant process (direct-in-cascade or overlap) has not The above results and models represent idealizations
been identified, except in two cases. dfCm-doped of the amorphization process as caused by single mech-
Cay(Nd)g(Si04)60,,62163 it has been shown that amor- anisms, without any consideration for temperature and
phization primarily occurs directly in the cascades ofannealing effects. Under actual irradiation conditions,
the recoil nuclei emitted during-decay of Cm. For this there may be a mixture of different processes causing
material, the increase in amorphous fractigh, with ~ amorphization, such as a combination of direct-impact,
dose,D, generally follows the direct impact mod&for ~ cascade-overlap, and defect accumulation processes.
amorphization that is given by the following expression:

J— _ _ T T T I ' I ! T T T T T N

fe L = exp(~B.D). ) 1.0 |- Direct Impact Model G
whereB, is the amount of amorphous material produced«" -
pera-recoil andD is the dose. The change in amorphous g" 08 -
fraction with dose for CaNdg(SiO,)sO, is shown in
Fig. 17. At the higher doseg,, for CaNdg(SiO,)s02
deviates somewhat from the behavior predicted by the
direct impact model, suggesting that additional mech-
anisms (e.g., defect accumulation processes, cascag
overlap processes, strain-induced amorphization, and/c2
instability of crystalline “islands” below a critical size) < 0.2
may be contributing in a collective manner to the over-
all amorphization process. Amorphization in Pu-doped .ot . .
and natural zircons has been shé#i®>161-183to be 0 2 4 6 8 10 12 14
consistent with the double cascade-overlap model fo
amorphizatiorf,/® which is given by the expression:

hous Fracti
»
1

04

<& Cm-Doped Apatite
A Pu-Doped Zircon |
4 Natural Zircon .

Dose (10'® a-decays/g)
FIG. 17. Amorphous fraction as a function of dose,@&l, Cm}-
fo=1—=1[(+ B;D + B;*D?*/2)exp(—B4D)], (8)  (Si0s)s0x, (Zr, Pu)SiQ, and natural zircodt®
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There are also the influences of temperature antemperature of 875 K, no loss of crystallinity is evident
annealing, which can affect the amorphization processesven atl X 10" «a-decaygg. Consequently, at the dose
and relative kinetics in a complex manner. Consequentlyrate in this material (1 dpg’s), the critical temperature
the dominant amorphization process may change witlabove which amorphization does not occur is between
temperature. The effects of temperature and annealing75 and 875 K.
on amorphization processes are discussed in the next More recently, ion irradiation has been used to
section. study the temperature dependence of amorphization in
a number of relevant crystalline pha$és? as illus-
o o trated in Fig. 18 for several phases and in Fig. 19 for

4. Amorphization kinetics different compositions within the same zircon structure

During irradiation, the production of radiation type®:16418% A detailed stud§# of radiation-induced
damage is mitigated by simultaneous damage recovergmorphization in zircon at room temperature showed
processes, and the rate of damage evolution (e.g., amdhat the amorphization dose for heavy-ion irradiation
phization) will depend on the relative magnitude of thesg(10* to 103 dpg/s) is nearly identical to that from
two processes under the irradiation conditions at anyr-decay in?*Pu-doped zircon3(x 10~° dpg's). Thus,
given time. For irradiation-induced amorphization, theseat 300 K, the amorphization process in zircon is nearly
recovery processes may be associated with point defect
migration and annealing in the crystalline state, defec* g3 —
and ion migration in the amorphous state, or epitaxial - Monazite
recrystallization at the crystalline/amorphous boundaries’s T | CePO, ™\
Obviously, if the rate of amorphization is less than the-c i
rate of the recovery processes, amorphization canncm
proceed. Since most available data on amorphlzat|0|o | Apatite
kinetics in relevant ceramics have been obtainecc | Ca,(PO,)sF,
using greatly accelerated ion-irradiation techniques, ar.2
important goal of understanding amorphization kinetics §
for nuclear waste ceramics is to be able to predict§
whether or not amorphization will occur under the actual g
radiation conditions (damage rate and temperatureg
expected in a geologic repository, and if amorphization
occurs, what the rate of amorphization will be under 0 ' : :
the repository conditions. Such understanding can bi ~ © 200 400 600 800 1000
gained only through detailed studies of the dependenc Temperature (K)
of amorphization on time, temperature, dose rate, and
ion mass/energy. FIG. 18. The temperature dependence of amorphlzatlog4 |£16859everal

. potential actinide host phases under 1.5 MeV Kiradiation$

a. Summary of available dat@here have been only

limited studies on the kinetics of amorphization in ce-

Apatite
Ca,L.34(Si0,)¢0; |

Zircon
ZrSiO,

has been determined to be due to defect recovery proc i’
esses over geologic tint&'**Similar recovery behavior &
over geologic time periods is postulated for natural O
zirconolite, since the dose required for complete amor:
phization in natural zirconolite is six times higher than
that measured for both actinide-doped and ion-irradiate: -
zirconolites?83

The detailed temperature dependenceaeflecay-
induced amorphization has not been studied in an<C 0 sy ]
materials; however, there is some limited information 0 100 200 300 400 500 600 700 800 900
available from a study of the temperature dependenc
of a-decay damage in CaPyl;.!*3!14|n this study, Temperature (K)

the criti_cal dos_e for complete amorphization is appar+. 19. The temperature dependence of amorphization in the zircon
ently slightly higher at 575 K than at 350 K, and at astructure typd8164.189
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independent of the damage source and damage rate, afafis8485287-289n general, the effects of temperature on
high-resolution electron microscopy reséfttsconfirm  amorphization can be described by simultaneous recov-
that the damage ingrowth processes for ion-irradiateéry processes with activation energigs,, associated
and natural zircons are similar. Since amorphizationyith defect migration/recombination in the crystal struc-
of zircon does not exhibit a significant dependenceure, defect and ion diffusion in the amorphous state,
on temperature (i.e., mobile defects) at 308*hese  or epitaxial recrystallization at the crystalline/amorphous
results are consistent with rate theory models that predighterface. In many of the existing models, rather simple
no dose-rate dependence at temperatures where defegégationships are derived between temperature and the
are immobile. In apatit®; the critical dose at 300 K dose required for complete amorphization. These rela-
for amorphization from heavy ion$ (< 10™* dp@/s) is  tionships are generally given by an expression of the
slightly higher (40%) than that measured duefCm  form:
decay § x 107° dpg/s); this behavior, however, may
be due to the effects of irradiation spectrum rather than In[1 — (Dy/D)"™] = C — E,/nkT, 9)
dose-rate effects. At elevated temperatures, the effects of
dose rate in both zircon and apatite are expected to behere D, is the dose for complete amorphization at
more pronounced. 0 K, C is a constant dependent on ion flux and cascade
There have been several studies of the influence dize, and bothn andn are model dependent constants
ion species on amorphization in ceranfies!1272284-286  [Morehead and Crowdé& derivedm = 2 (or 3) and
In general, heavy ions increase the temperature range = 2, Dennis and Hafé® derivedm = 2 andn = 1,
over which amorphization is possible relative toand Webéet*® derived m = 1 and n = 1]. Although
electron (or very light ion) irradiation. In the case these models have been adequate in describing the
of Calag(SiO)s0,%° (Fig. 20) and SiCG/12?72284the  observed temperature dependence of amorphization in
difference in critical temperature due to particle both semiconductors and ceramics, it is recognized that
mass/energy can amount to several hundi€d This the kinetic processes controlling amorphization may be
may be due to differences in the distributions andmore complex than the single activated process that these
types of defects formed and an ionization effect duemodels represent.
to differences in the ratios of the electronic to nuclear  Recently, the approach of single defect kinetics
stopping powers. As noted above (Fig. 6), simultaneoubas been used to modify the direct impact and double
irradiation of Calag(Si04)sO, with 300 keV electrons overlap models for amorphization [Egs. (7) and (8)]
during 1.5 MeV X¢ irradiation significantly suppresses of apatite and zircon, respective}#. Using activation
the rate of amorphization as compared to irradiatiorenergies and other parameters from the literature, these
with Xe* alone??® modified kinetic expressions have been used to model
b. Existing modelsSeveral models have been usedthe time, temperature, and dose rate of amorphization
to describe the temperature dependence of ion-beanm both apatite and zircon under expected repository
induced amorphization in ceramics and semiconduceonditions. Although these are relatively simple models
that certainly require further refinement (if data are ever
available), they predict that zircon will amorphize under
10 T T conditions typical of a near-surface repository, such as
- Ca,lay(Si0,):0, ] Yucca Mountain, while apatite will remain crystalline
[ 1 due to the kinetics of the recovery processes.
1.5 MeV Kr* ] In the field of irradiation-induced amorphization in
intermetallic compounds, where amorphization occurs
homogeneously by the accumulation of defects, other
4 models have been used to describe amorphization
1  kinetics?732812% Ajthough such homogeneous amor-
phization is not generally observed in the ceramic
phases of interest for nuclear waste immobilization,
these intermetallic approaches may be applicable, with
some modifications, to the heterogeneous amorphization
S VT T T T TR processes that have been observed in most of these

0 100 200 300 400 500 600 700 800 ceramics. For example, using rate the®?'® the
concentration of accumulated defects can be calculated

0.8 MeV Ne*

Amorphization Dose (dpa)

Temperature (K) as a function of dose rate, time, and temperature, and
FIG. 20. Temperature dependence of amorphization in ion-irradiatedN€ corresponding _change in free energy (or static dis-
CaplLag(Si0s)s0,.8° placement) determined. Such an approach could be used
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to model the amorphization kinetics. In order to applyHowever, ionization-induced diffusion may be less ef-
such models, however, it will be necessary to determindective in retarding amorphization from-recoil nuclei
experimentally the critical valueSG., or (x*).; for the  under repository conditions, where both the electronic
relevant ceramics. It will also be necessary to generat® nuclear stopping power ratios and the dose rates
reliable experimental data on amorphization kinetics agre significantly smaller. Consequently, the effects of
functions of different ion species and dose rates. dose rate on ionization-induced diffusion processes and

c. Modeling considerationsComprehensive models kinetics must be investigated in order to interpret ion-
of amorphization kinetics are clearly needed and shouldradiation data and predict behavior under repository
take into account damage rate, PKA spectrum, in-conditions.
cascade amorphization, and ionization-induced diffusion. ~ Many crystalline ceramics exist in a narrow range
The standard approach to modeling evolutionary changesf stoichiometry, since any departure from exact stoi-
in microstructure controlled by defect kinetics, such aschiometry has to be accommodated by interstitials, va-
some amorphization processes, is to use rate theory. Tloancies, or antisite defects at great energy cost. Thus,
creation of vacancies and interstitials that can migratdt is important to understand the influence of departures
through the lattice and either recombine or be absorbed &tom stoichiometry (caused, for example, by the recoil-
defect sinks, including amorphous domains, provides thenduced transfer of atoms from the crystalline phase into
driving force controlling the kinetics of amorphization. the glassy phase in glass-ceramics or by transmutation)
As noted, the application of rate theory to ceramicson the amorphization susceptibility. In addition, the pres-
is in itself a formidable task, and the results obtainedence of extended defects, such as dislocations, stacking
for one structure type will not necessarily be valid forfaults and antiphase boundaries, have been shown to
others because of the different topological propertiestacilitate amorphization in some materials. Preferential
It is nevertheless necessary to solve the equations tgrain-boundary amorphization under electron irradiation
predict amorphization kinetics, as has been done fohas been observed in qué&fzand recently observed
a few cases in intermetalli€s:2812%0 and anisotropic in spinel and coesit€? It is particularly important
materials?®! The use of kinetic Monte Carlo techniques to understand the amorphization susceptibility in grain
also has potential applications in this area; howeverboundaries, as leaching often occurs preferentially at
it will be necessary to obtain reliable values of thethose sites.
defect properties from theory, computer simulations, or
experimental methods. o

Other approaches may be required in the case of- Recrystallization
heterogeneous amorphization. In the case of amorphiza- a. Epitaxial recrystallizationSolid-state epitaxial re-
tion directly in the a-recoil displacement cascade, the crystallization at the crystalline/amorphous interface in
recovery processes may be associated with epitaxiahany of these ceramic phases could control the kinetics
recrystallization at the crystalline-amorphous interfaceof the amorphization process. Annealing of ion-beam-
of the amorphous domains and less dependent on themorphized layers, such as has been studied in the
migration enthalpies of interstitials and vacancies. Foperovskite phases, CaTi&®'4° and SrTiQ,°%% can
such epitaxial recovery processes, there will in genergbrovide activation energies for solid-state epitaxial re-
be no unique activation energy, as it will depend oncrystallization at an effectively semi-infinite interface.
the size of the amorphous domain. Since heterogeneo@milar studies have not been performed for other rele-
amorphization is apparently the dominant mechanisnvant phases, but such studies would provide an upper
induced bya-decay in nuclear waste ceramics, there idimit to the activation energy for annealing discrete
a great need for additional studies in this area. amorphous zones in each phase. Fission track annealing

lonization-induced diffusiof{-¢®°192 might inhibit  in natural minerals and reactor-irradiated phases or the
amorphization for both the homogeneous (point deannealing of tracks produced by high-energy (GeV)
fect accumulation) and heterogeneous (in-cascade) casésavy ions also can provide information on solid-state
since both defect and recrystallization kinetics wouldepitaxial recrystallization at finite surfaces if the tracks
be enhanced. The effect of ionization-induced diffusionare amorphous. Unfortunately, in many of the studies
would be expected to be more pronounced for the homoef relevant phases, the nature of the track damage
geneous amorphization process, since large changes (ine., whether disordered-crystalline or amorphous) has
the interstitial migration enthalpies may occur (includingnot been determined. In zircon, such heavy-ion tracks
possibly athermal interstitial migration). Data for severalhave been shown to be amorphdtsand annealing
oxided®922%> suggest that ionization-induced diffusion studie$®>-2%7 of such tracks in zircon yield activation
can retard or inhibit amorphization under high-dose-energies for solid-state epitaxial recrystallization. It has
rate electron and ion irradiation conditions where thebeen shown that fission track annealing in zircon ex-
electronic to nuclear stopping power ratios are largehibits anisotropy, and the activation energies for track
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annealing in the (001), (011), and (100) planes are 2.15gcrystallization kinetics are not available for other
2.87, and 3.60 eV, respectively. Heavy-ion track an- relevant ceramics, the activation energies for recrystal-
nealing in fluoroapatite is reported to have an activatiorization in zirconolite/pyrochloré!®-235238 zircon 155156
energy of 0.7+ 0.1 e\?%2% however, the nature of the and monazit€° structures have been estimated.
damage track (crystalline or amorphous) has not been

reported. ] ] ]

b. Recrystallization of fully amorphous statRecrys- F- Helium accumulation, trapping,
tallization of the fully amorphous state in ceramics is an@"d bubble formation
exothermic reaction that results in the release of stored Helium has a limited solubility in most ceramics. At
energy. Isochronal annealing studies of fully amorphousncreased concentrations, it may form bubbles, which can
specimens of (Gd, Cr)i,0;,1¢ Ca(zZr,Cm)Tp0,,'®  cause swelling and affect many of the physical properties
Ca(Nd, Cm)(Si04)s0,,163176(Zr, Pu)SiQ,1>>1%6163and  of the solid. The consequences of high gas concentrations
natural zircoR® have been performed. The isochronalare well known for nuclear fuels and the heavy fission
(12 h) recovery results for several materials are sumgases Kr and Xe. Although the effects for the smaller
marized in Fig. 21. For both (Gd, Cal),O; (Fig. 21) He atoms may be less pronounced, the effects of He
and Ca(Zr,Cm)HBO; (not shown), there is a linear accumulation need to be studied and understood. Few
recovery of density with temperature prior to single-data exist on the behavior of He in potential actinide-
stage recrystallizatioht® which suggests the amorphous host phases. Consequently, studies of He solubility,
state for these materials has a range of densities thdiffusion, trapping, and release in these ceramic phases
vary with temperature, consistent with the observationsre needed. In addition, the evolution of He bubbles,
of Clinard and co-workers:® There is little recovery including the temperature and dose dependence, should
in density prior to the onset of recrystallization in be investigated. Such studies of bubble formation will
Ca(Nd, Cm}(SiO4)60,, (Zr, Pu)SiQ, and natural zircon require careful characterization by transmission electron
(not shown), suggesting a narrower range of densities fomicroscopy and small angle x-ray scattering, such as has
the amorphous state in these two structures. Amorphizeldeen done recently for a nuclear waste gfa$s.

Ca(Nd, Cm}(SiOy)eO, recrystallizes to the original In order to understand the potential effects of He
apatite structure in a single recovery stdgfe/®while  accumulation, it is instructive to consider the mecha-
recrystallization of amorphized (Zr, Pu)Si®ccurs in  nisms of a damage effect of great importance for,UO
two stages involving the initial crystallization of some fuel, which is the grain subdivision or polygonization
pseudo-cubic Zr@ nuclei prior to full recrystallization of high burnup UQ fuel (the so-called rim-effect).
back to the original zircon structute>1%6163Recrystal- Recent work® on ion-implanted U@ indicates that
lization of amorphized G&Nd, Cm)(SiO,)sO,, which  this effect may be gas-driven. The threshold conditions
has been studied in some defdfl,releases 130/g of  for polygonization in UQ correspond to about 1 wt. %
stored energy and occurs with an activation energy oKe, a displacement dose of 2000 dpa, an@® cn®

3.1 + 0.2 eV. Although rigorous determinations of the Xe(NTPYcm?® fuel. Most experiments with actinide-
containing ceramics have not exceeded 1 dpa or 03 cm
He/cm® ceramic. In the case of Pu-containing ceramic
waste forms, however, the He concentration after long
4  storage times will be much larger (a factor of 100) than
the threshold Xe concentration for polygonization.

In some natural minerals, most notably natural ,UO
(uraninite) or (U, Th)@ (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 30C¢ cm
He(NTPYcm? mineral, are found. Similar He concentra-
tions will only be reached in waste matrices with high
4 actinide loading over long time periods that correspond
to many half-lives. Transmission electron microscopy
L studies of such minerals with high damage levels and
1200 1500 high He concentrations show evidence for polygoniza-

tion, and these minerals “explode” when heated to about

Temperature (°C) 800 °C 2% This phenomenon is accompanied by a burst

FIG. 21. Recovery of density during recrystallization of ,0¢d,  release of He and extensive bubble formation, which
Cm)g(SiOy)s02,183176 (Gd, Cm) Ti, 07,118 and (Zr, Pu)SiQ.1%51%6163  strongly supports the need to study the consequences
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of He buildup in waste ceramics. Bubbles that arethen decrease slightly as the materials approach the
assumed to contain He have been observed in high-dogelly amorphous state. The increase in fracture toughness
metamict mineraf8'; however, little is known on the is attributed to the composite (two-phase) nature of
effect of the He bubbles on materials properties. It isthe microstructure, which consists of mixed crystalline
possible that the crystalline-to-amorphous phase changmnd amorphous domains. At low to intermediate doses,
could sweep the He out of the matrix. Furthermore, Hehe microstructure consists of amorphous tracks in a
diffusion may be faster in the amorphous state, causerystalline matrix, and this composite microstructure
ing more He release during storage; this could reducean inhibit crack propagation and increase the fracture
the overall He concentration and associated effects itoughness. At high doses where the amorphous phase
the matrix but could possibly cause canister failurebecomes the dominant matrix with remnant crystallites,
Valuable exploratory investigations could be completedhe fracture toughness decreases slightly as some of the
using natural analogue phases containing high U and Timternal stresses are relieved. This is supported by the
concentrations (i.e., high damage levels). observed decrease in stored energy in Caj@yTiat
Several studi¢d>?” have reported the presence of high dose€3* which suggests a relaxation of disorder,
near-spherical microvoids or bubbles ranging in diameand by the analysis of strain accumulation in natural
ter from 100 to 400 nm in highly damaged natural pyrochlores!3
zirconolites. These bubbles have been attributed to the Additional helpful information has recently become
accumulation of He from thex-decay of U and Th available from indentation tests in the high burnup, so-
impurities, and their daughter products. Bubbles havealled rim zone of LWR U@ fuel3 In this zone,
also been observed in metamict Nb—Ta—Ti oxitféss  the burnup is very high due to a high production of
well as in annealed uraninite, UQ..3°2 There are also 2*°Pu by resonance neutron captureitU, and a grain-
extensive data and mod&3%4of fission gas bubble for- subdivision process (polygonization) occurs. A Vickers
mation in UQ that may be relevant to bubble formation indentation study along radial directions of the O
from He accumulation in nuclear waste ceramics. fuel showed a decrease in hardnésgby ~30%) and
an increase in fracture toughneks. (by ~100%) that
follow the radial burnup profile. It is worth noting that
the concentration of actinides, and hence thelecay
lon implantation is widely used to change the me-rate, increases with the increasing burnup as does the
chanical behavior of ceramic surfaces. It is thus notare-gas (Xe and He) content. Since these measurements
surprising that similar radiation-induced changes in meare made 2—3 years after removal from the reactor, the
chanical properties are observed in actinide-host phase®ntribution of thea-decay damage may be important.
due toa-decay. The effects ofi-decay induced amor- Therefore, these results can be taken as a first indication
phization on hardness, elastic modulus, and fracturef the behavior that might be expected in a Pu-containing
toughness have been investigated as a function of dogghase that has been stored for a long time, has undergone
(up to5 X 10'® a-decaygg) in several ceramic phases polygonization, and contains helium bubbles.
containing?3¥Pu or2*Cm and in some natural mineral The net result of the decreases in hardness and
analogues. Additional data have been obtained fronelastic modulus and increases in fracture toughness is
studies utilizing heavy-ion irradiation. a reduced brittleness and enhanced resistance against
The hardness and elastic moduli of Cm-dopedcrack propagation in these ceramic phases as a result of
Gd,Ti,O; and CaZrTjO; have been shown to decrease a-decay damage. The extensive experience with so
steadily with increasinga-decay dos€® a similar many materials of different structures and the similar
decrease in hardness with increasimglecay dose has nature of the radiation-induced changes in mechanical
been reported in CaPyT,.3% Decreases in hardness properties strongly suggest that the expected behavior
and elastic moduli with increasing dose have also beefor other potential waste ceramic phases will not be
observed in natural zircoff$—3%®and in synthetic zircon significantly different.
irradiated with 540 keV Pb ion¥? In general, the
decreases in hardness range from 25 to 50%, and the )
decreases in elastic moduli are in the range of 50 t&!- Thermal properties
70%. The softening of these materials with increasing  The thermal conductivity of actinide compounds is
dose is due to the radiation-induced amorphization thaknown to decrease significantly duededecay damage,
results in a lower density structure. mainly by phonon scattering at point defects. As an
The fracture toughness in Cm-doped ,&d0O,,''®  example, the thermal conductivity f°Pu®, which
CazrTb0;,1'% and CaNdg(SiO,)s0,,1"® as well as in does not become amorphous, decreases by a factor
CaPuT;0;,%% has been shown to increase by up 100%of 3 at 60°C within one year due to point defect
with increasinga-decay dose to a broad maximum andaccumulatior?!! Depending on actinide loading and
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dimensions of the ceramic waste form, the originallysolubility are, at least in part, related to the increasing
existing temperature gradient will increase and mayevel of radiation damage in zirco#?3436 As early

significantly affect microstructural evolution and dura-as the 1970s, it was recognized that the discordance
bility. Thermal diffusivity (laser flash) and heat capacity in U/Pb age determinations of zircon crystals could be
measurements on both as-produced and self-damageeldduced by mechanically (i.e., abrasion) or chemically

actinide waste forms are, therefore, needed. (i.e., etching with hydrofluoric acid) removing the altered
(metamict) areas of the zircoA%:3¥These altered areas
. Chemical durability often have higher U concentrations and occur in the outer

. . . zones of single crystals; thus, these altered zones have
The principal mechanism for the release of radio- . 320
experienced more.-decay event damagée>

nuclides from the emplaced waste forms is by corrosion Results by Salest al?? suggest that the leach

of the waste forms in the presence of water. There have ! . - .
- . . . rate of a synthetic monazite, LaRQcontaining simu-
been surprisingly few systematic studies designed t . :
Jated waste remains low even after the material has

evaluate the change in leach rate of a crystalline ceramic. . tansformed to an amorphous state by irradiation

as a function of radiation damage, whether due to 'OnWith 250 keV Bi* ions. However, work by Eyal and

ization or ballistic processes. Proper studies will requir >3 Lo .
) e aufmanri?? on natural monazite indicates that there is
carefully controlled irradiations, over a range of doses L : . .
preferential dissolution of the radionuclide daughter-

and temperatures, combined with systematic studies Oa}roducts,234u, 230Th, and22Th, by factors of between

g?tgr;hee;%rjr?'osglﬁtgs aﬂd g:(ie dcat]ti)nrlsm(;eistietrrzg#; .1 and 10 relative to the structurally incorporated parent
P : pH, b ‘jsotopes 238U and 2%2Th, respectively. This isotopic

and flow rate. No satisfactory experiments have ye1‘ractionation is attributed to radiation damage in the

been completed; however, increases in leach rates haye, o ¢ ihe recoiling daughter nuclei emitted during

been noted for actinide-doped phases, naturally occurrin _decay of the parent isotopes. While there have been

phases containing U and Th, and in some ion-irradiate . . .
; . . some concerns regarding the interpretation of these
ceramics, as discussed below. In general, the increases

i leach rates range from a factor of 10 1o 100. It must b resultst® the increases in dissolution rates are similar
9 ' those observed in other actinide-host phases, such
noted that the leach rates of the amorphous (damage

state in the ceramics studied to date are still lower thareU O”")"tsggaﬁéa%‘;ﬁgr”g?( tgﬁ:}'g:}'i g::bt%:gg u;zglggean d
those of glass waste forms. 2): 9 €xp P

measurements of the Th and U isotopes show that there is
a strongly enhanced release of short-lifétrh relative
to 222Th, but only slight enhancement of long-livé#fU

The radiation-induced changes in the leach rates afind 2°°Th relative t0?%8U and 2*’Th. These results can
Cm-doped GdITi,07, CaZrTiO7, and CaNdg(SiO,)s02 be interpreted as due to natural annealing of the damage
have been determined from leach tests of both fullycascade over periods of tens of thousands of years. This
damaged (amorphized) specimens and a second set dfiemical etching technique is a powerful method for
specimens that had been fully recrystallized to the origiprobing the thermal stability of-recoil damage tracks
nal structure by appropriate anneali§gThe results of in a wide variety of crystalline materials, as well as
these studies indicate that radiation-induced amorphizaglasses?*3?° These results are consistent with the over
tion increased the leach rate by a factor of 20—50 foran order of magnitude increase in leach rate observed
Gd, Ti,O7, and by a factor of 10 for both CaZpld; and  in heavy-ion irradiated U©*?¢ Increased leaching of up
CaNdg(SiO4)e0,. The leaching of G4li,O; appeared to a factor of 10 also has been reported in sphene and
to occur incongruently, with the non-Tihetwork ions  sphene-ceramics irradiated with 280 ke\? Bions3?’
being selectively leached.

Because of the important implications in determin-
ing the YPb systematics of zircons for geologic age
dating, there are data on the increased loss of nuclides Depending on the type of solid, there are a number
as a function of increasing degree of dam3ge’'®ina  of different corrosion mechanisms, and in fact, the
study of a suite of natural zircons with varying contentsmechanism may change as a function of temperature,
of uranium and thorium, Ewinget al3'® found that Eh, pH, solution composition, and flow rate. Each of
over a dose range of 10to 10" a-decay eveni®, these parameters, particularly temperature and pH, can
there was a one order of magnitude increase in thaffect the leach rate by many orders of magnitude. The
leach rate. For completely metamict zircons (des'®  microstructure of a solid can also affect the corrosion
a-decay eventq), the increase in leach rate was nearlyrate. Thus, radiation damage to a ceramic waste form,
two orders of magnitude. These results are consisterats the results above demonstrate, can affect the leach
with the observation that loss of nuclides and increasedate as a result of (i) an increase in surface area due
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to microfractures created because of differential orstudy structures, stable defect configurations, and energy
anisotropic radiation-induced volume expansions, (ii)minima for defect motion. Static defect properties as well
the reduced thermodynamic stability of the radiation-as dynamic processes on the order of picoseconds can
induced aperiodic domains, (iii) the higher chemicalbe modeled by MD simulations. Molecular dynamics
reactivity due to strain fields around amorphous domaingan be used to study defect formation and migration
(e.g., an a-recoil track), (iv) the higher chemical energies, damage mechanisms, and defect production
reactivity due to decreased cation coordination in therocesses in cascades. Monte Carlo techniques, which
amorphous state, (v) an increase in ionic diffusivitiespredict behavior from a random sampling of initial
in the damage state that provides a convenient mediurstates, are useful for calculating damage distributions,
for ion exchange reactions that initiate corrosion, andhermodynamic equilibrium structures and properties,
(vi) solute segregation that leads to enhanced removand long-range diffusion.
of radionuclides. In addition, actinides released during  The prospect of using computer simulations to cal-
aqueous corrosion of glass and ceramic waste forms usgulate irradiation-induced defect production and amor-
ally have a relatively low solubility and precipitate in the phization in ceramic waste forms, and to follow the
leached gel layer as actinide-bearing phdse¥8169328  eyolution of the defect structures, has been a beckoning,
However, radiation damage to these actinide-bearinget elusive goal. However, progress achieved in com-
precipitates may lead to the formation of amorphousputational physics for developing reliable yet tractable
colloids that are mobile, thus, enhancing actinide transinteratomic potentials, coupled with vast improvements
port and increasing the concentrations of radionuclide;n computational power, have created the possibility
in solution. All of these possibilities are expected toof computing microstructure evolution during prolonged
contribute to an increase in the release (and possibleradiation. The aim of such simulation work on radiation
transport) of radionuclides depending on the nature andffects in ceramics should be to develop an effective
extent of the radiation damage. The microstructuraimodeling technology for predicting radiation-induced
changes in the radiation-damaged solid will dependstructural and chemical stability and the long-term per-
most critically on the cumulative dose and the thermaformance of nuclear waste form cerami@fe ultimate
history of the waste form over extended periods of timeresult of this work should be a physically based model
The radiation-induced changes in microstructureof the effect of radiation damage on defect accumula-
evolve over long time periods and are of critical tion, phase transformations, and the evolution of the
importance to the long-term radionuclide release duringnicrostructure over geological time scaleBevelop-
corrosion. Thus, the evaluation of radiation effects onrment of a predictive simulation and modeling hier-
chemical durability requires a substantial database oarchy for radiation effects in nuclear waste forms would
the development of microstructure as a function ofenable (i) detailed understanding of defect energetics,
radiation dose in host phases for both fission product§i) atomic-scale understanding of the mechanisms and
and actinides. These data must be understood in terms dbse dependence of phase transformations (e.g., amor-
damage-accumulation models that can then be combingghization), (iii) accurate interpretation of experimental
with models that describe the alteration and corrosiomesults in terms of underlying atomistic mechanisms, and
of the waste form. The models of both phenomena musdfiv) evaluation of behavior of new waste forms under
be extrapolated over long periods {1 1 years), irradiation as needed.
but at least in the case of radiation effects, the models
of damage accumulation can be confirmed by studies
of naturally occurring phases of similar structure and® Structure and defects
composition that have accumulated damage for time Owing to the pivotal role played by defects in in-
periods up to 19years. 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-
VI. APPLICATIONS OF COMPUTER putational techniques. The earlier achievements in this
SIMULATION METHODS field have been described in detail by StoneR&mmyhile
Atomic-level simulation of radiation effects in met- the more recent developments have been summarized
als, intermetallics, and semiconductors is an area oy others®2-334Considerable success has been enjoyed
active researcP?® Quantum mechanical and empiri- in many applications, especially for closed-shell de-
cal models of atomic bonding, energy minimization,fects in strongly ionic materials; indeed, in many cases,
molecular dynamics (MD), and Monte Carlo (MD) meth- quantitative agreement with experiment can now be
ods can be used in atomic-level calculations of radiaachieved, and the computational methods have evolved
tion damage processes in crystalline (and amorphousito straightforward and generally applicable tools that
materials®*° Energy minimization is widely used to may be used routinely together with experiments in char-
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acterizing defect and impurity states. In other cases, mostteratomic potential. Nonetheless, explicit QM methods
notably open-shell defects in covalent materials, therare essential for accurate modeling of open shell defects.
still remain substantial problems in achieving a high  One key aspect of all defect modeling approaches
level of quantitative accuracy, although computationalis the necessity of including full and explicielaxa-
techniques with present methodologies can still makdion of the lattice around the defect. Omission of this
a substantial contribution to characterizing energies andrucial effect will inevitably lead to overestimation of
the structures of defects and impurities. defect formation energies and may result in qualitatively
With the constant growth in computer power, theincorrect results. The majority of defect calculations
range and accuracy of modeling techniques continues thave used static lattice, energy minimization techniques,
expand. Computer simulation methods have a substamnvhich may be extended by lattice dynamical techniques
tial and growing role in examining the structures andto include entropy calculatior’$? There also have been
stability of complex inorganic materials, including solid fruitful applications of molecular dynamics methods
solutions, in modeling defect formation and migrationin modeling highly mobile defects and Monte Carlo
processes, in investigating radiolysis processes, and imethods in treating heavily disordered systems. Further
modeling surface and interfacial phenomena, includingliscussion can be found elsewhé&334
surface segregation. Although it is possible to use computational tech-
niques to model the structures of amorphous sdfitis,
such as those produced by radiation-induced amorphiza-
tion, it must be emphasized that modeling of impurities
Defects may be modeled either by embedding theand defects in these states represents a major challenge.
defect (or defect aggregate) in an infinite perfect latticeThe extension of modeling techniques to include sur-
or by employing an infinite periodic array of defects faces and surface defects is, however, relatively straight-
embedded in a supercell. The latter approach has thierward, as reviewed elsewhét& and the references
advantage of being able to employ the wide range otited therein.
computational solid state tools available for the peri-
odic infinite solid; however, these methods must be ) )
adapted for charged defects. Moreover, the methodé Modeling achievements
automatically include interactions between defects inthe  Computer modeling is now a well-established tool in
different supercells, which may require the use of largeceramic science. Crystal structures can be accurately and
cells, hence increasing the computational expense of thacreasingly predictively modeled. Moreover, modeling
calculation. The use of isolated embedded defects avoids the properties of crystalline ceramics, including elas-
these problems, but these methods inevitably involvdic, dielectric, and lattice dynamical properties, has been
describing the regions close to the defect using methodsicreasingly successful. Defect modeling has enjoyed
that are different from those employed for more distaninotable success in the last 20 years. Accurate formation
regions of the structure; interfacing the different regionsenergies may be routinely calculated for closed shell
invariably presents problems, and indeed, the embeddingefects in ionic and semi-ionic oxidé¥334 Similar
problems remain amongst the most enduring and chabkuccess is enjoyed in the calculation of migration ener-
lenging problems in computational solid-state physics. gies. A good illustration is provided by the recent work
Within the context of the strategies outlined above,of Cherry et al33¢ who successfully modeled vacancy
the whole range of current computational solid-statemigration mechanisms in perovskite structured oxides
tools—quantum mechanical (QM) methods employ-and predicted the A/B cation radius ratio required to
ing ab initio Hartree—Fock, local density functional give optimal oxygen ion mobility.
(LDF), and semi-empirical methodologies—may be  Other notable achievements that are relevant and
implemented. Methods based on interatomic potentialpossibly applicable to studies of radiation effects in
may also be employed, such as those based on the widetgramic waste phases are:
and successfully used approach of Mott and Littléton (i) Defect interactions and clusterirttave long been
that involves embedding an atomistically modeleda successful field for modeling studies; such studies
region containing several hundred ions surrounded byave made a major contribution to the understanding
a quasi-continuum description of the remaining lattice.of the complex structures of heavily defective doped or
With the growth of the applicability of explicit QM nonstoichiometric solid%¥’
methods, the core of the region (including the defect (ii) Defect processes and reactioimssolids may be
and one or two shells of immediate neighbors) isinvestigated, as in the detailed studies on the radiolysis
described using such techniques; although as notedf NaCP® and Cak.3*® The energetics of formation of
there are difficulties in interfacing this core (QM) region solid state solutions may be calculated, as in relevant
with the region described more approximately by anstudies of fission product solution in Y&P° or following
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the recent work of Grimest al3*!* who have calculated pilot study be made on zirconia in view of the consider-

the solution energies of a variety of dopants igO¥. able existing knowledge of defect structures and of inter-
(i) Modeling of surfaces and surface defeits atomic potentials in this system.
a long-standing field of growing importang¥:42 As (iii) Development of improved models of the struc-

noted, modeling has made a particularly useful contriture of amorphous (and amorphized) ceramics both by
bution to understanding the key processes of impurityefinement of conventional melt/quench molecular dy-
and defect segregation. Modeling of molecule-surfacéamics (MD) techniques and by coupling of topological
interactions, which is of major importance in catalysismodeling with MD and energy minimization methods.

and sensor studies, is developing rapidly. Again, the modeling should be closely coupled with
improved experimental data on amorphous systems.
3. Challenges for ceramics modeling (iv) Modeling of segregation processes. Segregation

tOf impurities to surfaces or grain boundaries is a key
écspect of the materials chemistry of ceramics, and the
effects may be enhanced in irradiated materials. Mod-
Oé]ing of both the energetics and the kinetics of these
processes is needed.

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

(i) Modeling of the energies (and free energies) of (v) Modeling of solution processes at ceramic sur-
phase transitions in ceramics, where the widely use@laC

hell del potentials oft v ] d es. Such studies, which are ambitious but feasible,
Shell model potentials ofien give Inaccurate and Someg,q ;g require the development of models of the ceramic/
times qualitatively incorrect results.

(i) Modeling of open shell defects and of interstitial water interface, of the reaction of water with the surface

. . of the material, and of the solution mechanisms of
defects in dense structures. Models based on mteratomgﬁjrface ions. The work could build on, for example
potential methods are intrinsically unsuitable for the . ’ '

former, while in the latter, it is difficult to obtain an earlier_studie%“ Qf the mechanisms of reactions of water
. o . ’ . with silicate solids and eventually expand to reactions
|nter§'ton,\1/|lc dpolfcenna:c of the. necessa;]ry quallty. Vi with calculated structures of the radiation-damage state.
b c(jmt)) i. eling o reacftlon lrr:jec aglsms |r}vo ving All these developments are feasible; however, there
ona- rga :jng 'proces(sj,els', n S]? IhS and on sur ?ces. will be substantial requirements related to methodologies
h (V) r? |pt||ve :cno eling of the ?trudctliresf 0 am_or- gnd hardyvare. Me_thodologies are nee;ded for improved
phous materials (for comparison 10 data om X-Tay; e ratomic potentials (where there is a need to go
spectroscopies or neutron scattering). . beyond the traditional shell model approach) and to
All of these challenging problems are COns"deredfurther develop the procedures for embedded quantum-

solvable given the appropriate methodological deveEl'mechanical cluster techniques. Further refinement and

?gsn;(uepéesnd access to the appropriate Comput""t'onglutomation of procedures for vibrational entropy calcu-
) lations are also needed. The use of the new generation

of massively parallel processing (MPP) platforms will be
essential, in particular for large scale MD calculations for

With the ongoing developments in computer hard-generating improved models of amorphous systems and
ware and software, there is now a real opportunityfor certain electronic structure calculations on defects.
to develop detailed models of the structure and defect
chemistry of both crystalline and amorphous ceramics. ) )
The following areas should be given high priority: B. Primary damage production

(i) Development of detailed models for the structure A complete description of the initial damage state
and energies of pure and doped forms of all relevant cefi.e., the source term for all subsequent microstructure
ramic phases (including zircon, zirconolite, pyrochlore,and property changes) can best be ascertained through
zirconia, monazite, apatite, and perovskite). The computhe use of computer simulation methods in conjunction
tational predictions should be validated and refined bywith experimental methods. In addition, the evolution of
comparison with experimental structural data. the damage and its effect on structural properties and

(i) Calculation of formation, migration, and performance can be evaluated by the use of kinetic and
interaction energies (and free energies) of all relevantorce-bias Monte Carlo (MC) methods. The combination
defects including metal and oxygen interstitials andof these techniques enables a complete atomistic descrip-
vacancies and their aggregates as well as defect-dopatiin of irradiation damage and microstructure evolution
complexes. A principal objective of this work will be over all the relevant length and time scales. For example,
to provide the data necessary for implementation intaadiation-induced amorphization can occur either hetero-
kinetic Monte Carlo schemes of the damage evolutiorgeneously in the cores of the displacement cascades or
process. In particular, it is strongly recommended that daomogeneously as the result of the accumulation of point
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defects and small defect clusters. The actual mechanisntemage state, such as amorphization, under a given set
for amorphization are complex, and experimental result®f irradiation conditions and also for correlating accel-
are difficult to interpret because little is known about theerated test data, based on ion-beam experiments, with
defect kinetics that may control the processes. MD andesults due to longer-term damage from actinide decay
MC simulations have the advantage that the importanor other radiation sources (e.g., neutrons). Molecular
parameters controlling amorphization, such as damag#ynamics simulations can be used to explore the value
zone stability and defect migration and recombinationof the threshold energy for stable defect production, the
can be studied in isolation; therefore, their relativelength of replacement collision sequences along different
importance can be evaluated. crystallographic directions, and the spontaneous recom-
Model potential molecular dynamics, by virtue of bination volumes of various Frenkel pair configurations
its simplicity and the appropriateness of the lengthin complex crystalline ceramics. The threshold energy
scale (e.g., a cube @f X 10° nm?® contains 10 atoms), is defined as the minimum recoil energy required to
is an extremely powerful tool to obtain atomic-scaleform a stable (i.e., separated beyond its spontaneous
information and physical insight into the mechanisms ofrecombination volume) Frenkel defect and is typically
irradiation-induced displacements. In a MD simulation,in the range of 30 to 50 eV. Such defects are formed as
the phase-space trajectories of a collection of degrees die result of replacement collision sequences (RCS’s)
freedom (atoms) in a box are obtained from integratioralong low index crystallographic directions that were
of the classical equations of motiétf. The forces are first predicted by Vineyard and co-workéts on the
obtained from the interatomic potential between thebasis of MD simulations of low energy recoils in copper.
atoms in the system. RCS'’s are the critical mechanism whereby an interstitial
To investigate radiation effects in oxide ceramics,can be efficiently separated from its own vacancy. Such
the interactions between atoms can be described with invID simulations have not yet been applied to any of the
teratomic potentials that have both long-range Coulomlzeramic phases of interest (Table V), but their usefulness
interaction terms and short-range interactions betweeand application to ceramics have been demonstrated for
pairs of ions. These types of potentials have been use8iC.”” Static energy minimization techniques can also
extensively*>34% to model the behavior of ionic solids be used to calculate the minimum energy barrier to
and minerals in molecular dynamics simulations andlisplacing an ion to a stable or metastable site and,
have been shown to be successful in modeling théhus, to estimate the threshold displacement energy, as
structure and thermodynamic properties of silicdfés. has been recently done for several oxiffeslowever,
In fact, according to Wright and Catld¢ there is good such static lattice calculations must be used with some
evidence that these potentials, which perform well on theaution, since the neglect of quantum chemical effects
calculations of structure and thermodynamic propertiesgould lead to errors.
also work well in defect simulations. The parameters in  Knowledge of the threshold displacement energies,
such potentials for many binary and ternary oxides haveé,, is necessary in order to accurately describe the
been derived from first principles by Bust al.>*®> and  production of nearly isolated point defects byparticles
the parameters for Zr-0, Zr-Si, Si—0O, and O-0 pairon the different sublattices. The rather large number of
in various valence states are available in the literattfre. isolated defects produced ly-particles can have a sig-
These parameters can be used in initial calculations dfificant effect on the kinetics of microstructure evolution.
the primary damage state in phases such as zirconMalues forE,; are also needed in order to estimate the
(ZrOy) and zircon (ZrSiQ). The results of first principle damage rates fow-recoils, charged particles, and neu-
calculations can be used to optimize and validate thérons through the modified Kinchin—Pease expression
existing empirical interatomic potentials for zirconia andor through use of the binary collision cod&s8that were
zircon. First principles calculations can also be used taliscussed above (Sec. Ill). Therefore, knowledge: of
develop parametrizations for the interatomic potentialdor both the cation and anion sublattices is critical for
required for pyrochlore and its monoclinic derivative, accurate predictions of damage production and defect
zirconolite. These new potentials can in turn be used taccumulation during prolonged exposure to irradiation
investigate the radiation stability of these ceramics. and for comparison of data obtained using different
irradiation techniques. Significant differencesAp for
] cations and anions can result in nonstoichiometric dam-
1. Threshold displacement energy age production.
As noted in Sec. Ill. D, there are only very limited
data on the threshold displacement energies for ions on ) )
the different sublattices of ceramits.Such data are 2 Displacement cascade simulations
crucial for estimating the irradiation dose (number of  Ultimately, the study of radiation effects in nuclear
displacements per atom, or dpa) to achieve a certaiwaste form ceramics requires that the displacement cas-

J. Mater. Res., Vol. 13, No. 6, Jun 1998 1469
viianloa JOURNALS

http://journals.cambridge.org Downloaded: 06 Aug 2012 |P address: 130.203.205.122



http://journals.cambridge.org

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

cades generated along the path of the energetic particle
produced bya-decay be well understood, particularly Py
that of thea-recoil. The nature of energetic cascades in O
materials has been the subject of intense study for man

years®2 However, the small volume~4 X 10° nm?)

and short lifetime £10°!' s) of the cascades make -
their investigation by experimental means very difficult. )

The primary damage state that survives the cascac

event (i.e., the source term for subsequent diffusion an

microstructure evolution) can only be inferred indirectly. 8
Atomic-level computer simulation by MD is a valu- (5
able technique for investigating the mechanism of dam OE:@ °

because the lifetimes and volumes of the cascades, whic
are too small for direct experimental study, are within

age production in displacement cascades in ceramic %
3
® " %
the realm of current computational power, such as is So o'
available on large parallel processing platforms. The se
oc®

result of a typical MD simulation is illustrated in Fig. 22, P

which shows the primary damage state resulting fromr

a 10 keV Si cascade in8—SiC?® In this figure, the o %
distribution of interstitials and vacancies is shown 9.4 ps 3

after the initiation of the Si primary knock-on atom e ©

(PKA), and the energy deposited in the crystal by the
Si PKA has been dissipated by the damped periodi
boundaries. The most striking features of this resuli &
are that the number of surviving C defects is three
times larger than the number of surviving Si defects
and no well-defined amorphous regions are produced d .
rectly in the cascade. The application of MD techniques
to studies of displacement cascades in oxide ceramic¥
has been primarily limited by the lack of funding; FiG. 22. Interstitials (black) and vacancies (gray) of Si (large circles)
however, the availability of suitable potentials is alsoand C (small circles) at the end of a 10 keV Si displacement cascade
an issue that must be addressed. Recently, empiric#l SIC?*® The cell size shown is 8.72 nt 8.72 nmx 13.08 nm,
potentials of the Born—Mayer—Huggins type have beerYVh'Ch is half the size of the simulation cell that was used.
used with some success in MD simulations of cascades
in a SIQ—B,03—N&0-AlLO;—Zr0O, simulated waste
glas$>33>4 and in ZrSiQ.3%® homogeneously by the accumulation of a critical defect
concentration. It is extremely difficult to predict the
mechanism of amorphization for a given system without
a detailed knowledge of the damage morphology, stabil-
ity, and defect kinetics. From a simulation standpoint,
Although MD simulations can be used to studythe difficulty of simulating microstructural evolution
the structure and the initial evolution of the radiation-and amorphization arises as a result of the extremely
damaged state, the computational time becomes prohibdlisparate time scales between damage production in
tive beyond the first few nanoseconds of the simulationthe cascade (10's), the evolution of the damage
even for state-of-the-art scaleable parallel machineszones (10° to 10? s), defect diffusion between cascade
This is an important consideration when studying mi-overlaps at a given dose rate (£0to 1C¢° s), and
crostructural evolution and amorphization mechanismsnicrostructure evolution over geological time scales (10
during prolonged irradiation at elevated temperaturesto 10° s).
One of the critical issues is the competition between the In order to bridge the time scales between the
irradiation-induced damage production and amorphizaprimary damage state creation and the subsequent de-
tion and the tendency of the system to equilibrium drivenfect and microstructure evolution, kinetic Monte Carlo
by the lower free energy of the crystalline state. As(KMC) methods must be used. The input for the diffu-
noted in Sec. V. E, amorphization occurs either heterogesion source term can be taken from the model-potential
neously by the accumulation of discrete damage zones ®D simulations of the displacement cascade. The physi-
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cal input parameters needed for the KMC simulationsC. Modeling amorphous structures
must be obtained from a combination of experiments and
calculations based on transferable interatomic potential
and/or more accurate electronic-structure-based metho
A hybrid model-potential MD/KMC simulation can
be performed by generating the displacement cascade
modell-potentlal M.D "’}”d passing the information on t_hewith a full set of atom coordinates available. Similarly,
resultlng. defec_t distribution to the KMC co_d_e. In this ollision cascades in Sie5257 Ge and SF%® in
type of simulation, the vacancies and interstitials create rSi0, % and in a SiQ-B,0;—Na0—Al,0;—Zr0O,

in a displacement cascade are given random jumps (nyjated waste gla& have been modeled. Full
a rate derived from their diffusivities at temperature) ;i mic coordinates can. in principle, be determined
that allow for vacancy-interstitial recombination, clus- 5¢ time intervals during the evolution or change of the
tering of like defects, re-emission from the clusters, an morphous state within a cascade.
trapping and de-trapping of interstitials at native traps. A second technique has involved hand- or computer-
Annihilation occurs at internal sinks with a specified Sinkbuilding of models using algorithms based on reproduc-
efficiency, and periodic boundary conditions are appliedpng experimentally observed bond-angle distributions, as
in the lateral directions. Diffusion proceeds until the "5 recent model of vitreous silié® A somewhat dif-
arrival of a new cascade from the model-potential MD,ferent approach is to investigate with modeling the range
as determined by the irradiation dose rate. Successivg topological possibilities for amorphous  structures.
cascades are generated and annealed until the irradiatiqjs approach was initially carried out using hand-built
dose or the geological time scale are reached. An impoiygdels of network silicd°3% and characterization of
tant application of such an MD/KMC approach is to thehe assemblages was carried out using the concept of the
study of dose rate effects during damage accumulationgca| cluster,which is the set of all tetrahedra belonging
as has been done in 8¢ to the set of undecomposable rings passing through a
In addition to point defects and small clusters, given tetrahedron in the structure. The local cluster is
the cascade damage simulated by the model-potentiah analogue in amorphous structures to the unit cell in
MD code may contain large regions of highly disor- crystals: an element of local structure that characterizes
dered amorphous-like material, which are not easilthe topological properties of the whole amorphous as-
treatable by MC simulators currently in use. For thissemplage. The local cluster assignments can be equally
reason, extensive MD calculations of the stability andapplied to crystalline structures as has been done for
annealing kinetics of second-phase amorphous regionsjica polymorphs®%-362as well as for SiC and §N,4.362
in crystalline ceramic matrices should be performedan efficient computer-based building approach that uses
These studies can provide a tabulation of a set ofpcal rules based constructidf? can quickly construct
recrystallization-kinetics data for amorphous pockets andrystalline structures with a compact set of local building
crystal-amorphous interface regions. These data can theQles or can generate amorphous structures with modified
be part of the input data set for the KMC simulator. rules. In this way, it is possible to construct fully
Thus, the KMC simulator can treat the kinetics of connected distinguishable models for amorphized silica
recrystallization in a phenomenological way, albeit basedvith topological properties close to those of crystalline
on the atomistic results of the MD simulations. quartz or crystalline cristobalite or tridymite and with
The KMC codes require the following information credible bond-angle distributions. Using this topological
(obtained from a combination of experiments, MD simu-approach, it has been shown that it is possible to simulate
lations, and first principles calculations) to simulate de-cascade disorder/damage by destroying the connectivity
fect diffusion in crystalline ceramics during irradiation: within a designated region of a crystal (e.g., in quartz)
(1) Point defect (cation and anion vacancy andand regrowing with a different set of rules (e.qg., those for

Two approaches to modeling amorphous structures
ave been reported: molecular dynamics simulations
d topological modeling. Starting with suitable
tggtentials, amorphous models of $i@nd SiN4 have
en generated by molecular dynamics simulatihs,

interstitial) formation energies and diffusivities. the higher-temperature polymorph cristobalite), which
(2) Point defect-impurity interaction energy. yields an amorphous structui®.
(3) Point defect cluster binding energies. Approaches to developing models of the radiation-
(4) Extended defect nucleation kinetics and the rolanduced amorphous structure in ceramics used for immo-
of impurities. bilization of radionuclides should include: (i) refinement
(5) Bias effect of point defect clusters on point defectof conventional melt/quench MD techniques, (ii) cou-
diffusion. pling of topological modeling with MD and energy min-
(6) Bias effect of sink microstructure (dislocations, imization methods, and (iii) determining the dependence
stacking faults, etc.) on point defect diffusion. of the amorphous structure (and its density) on tem-
(7) Information on any possible vacancy-interstitial perature. Such modeling should be closely coupled with
recombination barrier. improved experimental data on amorphous structures.
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VII. IRRADIATION FACILITIES irradiation experiments may take yeats. situ optical
Irradiation facilities are needed to investigate the@nd electrical measurements in these facilities are fea-

effects of radiation on ceramics for HLW or Pu dis- Sible- In many of thes€Co facilities, the gamma field

posal, and these include actinide research laboratorielS Onisotropic. More isotropic gamma fields are possible
y-irradiation facilities, and modern electron- and ion- YSiNg spent nuclear fuel, particularly the cylindrical spent

irradiation facilities. For actinide research, the radiationfU€! elements at HFIR (Oak Ridge National Laboratory)

effects accumulate continuously over long times, andha_t are hollow along the cy!lndncal axis. Understan_dlng
Ionization effects fronB-particles andy-rays in ceramic

in situ measurements under controlled conditions (tem- P ) >
hases relevant to fission-product immobilization would

perature, thermal gradient, stress, etc.) are possible b > :
perhaps less necessary than for accelerated techniqu@§n€fit immensely from controlled temperature studies
andin situ measurements utilizing these facilities.

In situ measurements are possible in manyrradiation
facilities, ion-beam irradiation facilities, and electron-
beam or electron microscopy facilities. C. lon-beam irradiation facilities
Many modern research techniques and facilities are ) ) L .
available to the materials science community and pro- There are numerous ion-beam irradiation facilities at

vide unique opportunities to systematically investigatedovernment laboratories, universities, and industry labo-
irradiation effects in ceramics. The techniques rangéator'es' Some include dual and triple beam capabilities

from probes of the local atomic structure to bulk char-that allow simultaneous irradiation with several species

acterization and make use of major user facilities, suct{’ olrder t?] simulate ZOth fjhz—pgrtlgle and tEm—reco:I_
as accelerator-based photon sources, neutron scatteriﬂgC eu? t,lf"‘,t arelpro ILIJC? uring scay. These multi-
facilities, and high-energy or high-resolution electronP&am facilities aiso allown situ ion-beam characteriza-

microscopes. These techniques and facilities need to " (SandiagsNational Laboratories, Los Alamos National
made available for the study of radiation effectsrin  L-aboratory:®® and Oak Ridge National Laboratory) or

dioactive materials, including those containing actinides.£/€ctron-beam characterization (IVEM and HVEM fa-
cilities at Argonne National Laboratof3f). The ion-

beam analysis techniques, which are primarily used to
o measure changes in near-surface chemical compositions,
_Modern laboratory facilities to perform research onjncjyde Rutherford backscattering (RBS), elastic recoil
actinide-containing materials are limited. Many facili- yetection (ERD), nuclear reaction analysis (NRA), and
ties with the capability to handle radioactive materialsiparticle-induced x-ray emission (PIXES Light ele-
including actinides, have been shut down at DOE sitegnents that are usually difficult to detect with RBS are
because of the change in the DOE mission from weapong,sjly measured with ERD methods. These ion-beam
production to environmental remediation. The capabiliragiation facilities also could be equipped withsitu
ties to handle and study actinides are decreasing e,a‘iﬁ)tical characterization. lon-beam irradiation facilities
year. There are very few laboratories equipped withy; \niversities include the University of Michigan, Uni-

modern analytical capabilities to handle radioactive Mayersity of Illinois, and Alabama A&M University.
terials. Many of the advanced characterization techniques ’

(e.g., ESR, neutron scattering, Raman spectroscopy, and
NMR) can handle encapsulated radioactive materiald). Electron-beam irradiation facilities
but these instruments are, unfortunately, often located High-voltage electron microscopes, such as those at
in laboratories where radioactive materials are no IongeArgonne National Laboratory and Lawrence Berkeley
allowed. There is, regrettably, no central multi-userngational Laboratory, can be used to simulate high-energy
facility in the USA for handling radioactive materials, B-particle damage. Conventional electron microscopes
particularly actinides, with all the necessary characteriypa¢ operate in the range of 100 to 400 kV can also be
zation facilities. Consequently, detailed characterization,gaq to simulatg-particle damage. Unfortunately, these
of specimens often requires shipping from site to sitggijities have extremely high dose rates as compared
and, in some cases, re-encapsulation for each techniqugiin the damage rates in ceramics containing HLW or
] o actinides, producing in seconds the damage equivalent
B. Gamma irradiation facilities to 1000 years of storage. Other useful faciliies may
Several intens€°Co gamma sources and irradiation be the electron accelerator facilities at Oklahoma State
facilities exist at DOE and other government sites;University and Wright State University or the pulsed
these include the Pacific Northwest National Laboratoryglectron-beam facilities at Argonne National Laboratory
Sandia National Laboratories, Argonne National Lab-and Brookhaven National Laboratoryn situ charac-
oratory, Savannah River Site, and the Naval Researcterization capabilities include time-resolved EPR and
Laboratory. Even using the most inten®€o sources, fluorescence, but other capabilities could be added.
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There is a continuing and urgent need for an elecforms. Such capabilities can be applied to specimens
tron-accelerator facility with the capability to measurein situ during ion-beam irradiation using new facilities
in situ the threshold displacement energies in ceramicsat Argonne National Laboratory, and to cross sections
This is needed not only for ceramics for nuclear wasteof ion-beam irradiated specimens. High-resolution elec-
applications, but also for ceramics for fusion reactor aptron microscopy (HREM) has and will continue to make
plications, space applications, advanced electronics, argignificant contributions to the understanding of structure
ion-beam processing/modification. High-voltage electrorand structural defects in nominally crystalline mate-
microscope (HVEM) facilities, such as the HVEM rials 3% However, conventional HREM is of limited use
facility at Argonne National Laboratory, have beenfor directly determining atomic structure in amorphous
utilized to indirectly determine threshold displacementmaterials, even though a little information about atomic
energies through the measurement of the threshold elecerrelations does survive in such imagés:’® Never-
tron energy required to produce an observable changheless, HREM can be a useful technique for tracking
in microstructure (e.g., amorphization or dislocationthe progress and heterogeneity of amorphizatteht
loop formation). As noted above (Sec. lll.D), suchprovided it is recognized that in projections through
an approach often overestimatg&sg, and for complex mixed crystalline and amorphized material, periodic
oxides, such as those for nuclear waste applicationgeatures will dominate the imagé!3"2
can generally only determin&, for one sublattice. The projection problem for amorphous materials
Such microscopes are also limited in energy, and cannahay be partially offset by limiting the local volume in
transfer sufficient energy to displace heavy ion speciesyhich atomic correlations are probed by controlled re-
such as Zr and the rare-earths. Although some electromtuction of the spatial coherence employed in imadfiig.
accelerator facilities exist at several universities, noné/ariable spatial coherence, which can be achieved with
is currently utilized or equipped to measure thresholdchollow-cone illumination in conventional TEM and with
displacement energies. In general, a facility is needednnular dark-field detector configurations in scanning
that has variable electron energies (0.1 to 2.0 MeV)TEM (STEM), has been shown to be sensitive to a
and an end station capable of situ measurements higher order than pair-correlations in imaging of amor-
during irradiation at liquid helium temperature. Ideally, phous specimeng? Information obtained this way about
a facility capable of providing pulsed electron beamspair-pair correlations in amorphous Ge specimens has
is desirable, as it would allow direct measurements ofevealed evidence for greater intermediate-range order
the defects formed, during the pulse, by time-resolvedIRO) that is consistent with continuous random net-
spectroscopy techniques between pulses, as has beenrk models of the amorphous state. Hence, the use
previously demonstrated for Ca®, MgO,*3%% and of variable-coherence HREM imaging methods has the

Al ,05.75:367 potential to provide at least some information about
amorphized structures and with greater spatial speci-

VIIl. CHARACTERIZATION TECHNIQUES ficity than diffraction methods, which is important for

AND FACILITIES ion-irradiated specimens. The greatest utility at present

Detailed characterization of the defects, microstruc2PPears to be comparisons of real and model structures
. . or comparisons of ion-amorphized structures with

tural evolution, and structure of the amorphized states ; : A
. T decay-induced (or other irradiation-induced) amorphous

produced by irradiation is necessary to advance the un-

derstanding of radiation effects in ceramics for HLW andstructures.

. A e An advantage of an electron beam is that it can
Pu immobilization. Two fundamental characterlzatlonreadil be focused to small areass@5 nm diameter
objectives are (i) the need for state-of-the-art facilitiesin sogne cases) and becomes a Hi hlv spatially re-
to characterize defects and structures in radioactive gny sp y

primarily actinide-containing, materials; and (ii) the needsowed spectroscopic probe. The electron energy loss

. . spectra contain information about the bonding and local
to characterize defects and microstructures produced by ~. 75 . ) .
nvironmen€’® which can be used to establish density

charged-patrticle irradiation in small volumes, often as a . o e .
: : > and local density variation® The densities of the small
function of depth. The techniques that are highlighted be- . .
. o . “~yolumes amorphized by ion beams or electron beams are
low should not be deemed as inclusive; other techniques . o . o .
o otherwise difficult to establish. In addition, the behavior
must and should be utilized. . .
of the energy loss spectrum immediately before and
, after the higher-energy characteristic ionization edges
A. Electron microscopy contains information about the local environment of
Transmission electron microscopes are currentl\specific excited atom types, analogous to that supplied by
available with lateral spatial resolution under 0.15 nm EXAFS spectra but from substantially smaller volumes.
which encompasses interatomic bond distances of oxideBhe method has been used to distinguish between the

and phosphate compounds of interest as nuclear wasteégonal and tetrahedral coordination of boron by oxygen
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in borate mineraf$” and to establish the oxygen coordi- crystalline regions (i.e., the Bragg diffraction maxima)
nation around aluminum at an &D; grain boundary’®  and the diffuse scattering from less-ordered regions of a

Similar determinations should be possible in irradiatedsample®®*3#> This unique diffractometer has been used
nuclear waste ceramics. in ongoing characterization studies of radiation damage

and annealing behavior in natural zircdf%.Such a

) ] capability in the USA would be useful in studies of
B. Diffraction a-decay-induced amorphization in actinide-containing

X-ray, neutron, and electron diffraction techniquesphases, and a diffractometer of this type could be incor-
have all been used to explore the atomic structur@orated in a target chamber for situ analysis during
of crystalline and amorphous materials. In crystallineion irradiation.
ceramics, pair correlations are strong, leading to sharp
Bragg diffraction peaks that depend on scattering fronc, X-ray absorption spectroscopies

separate sublattices. As an example, studies of ion- X-ray absorption spectroscopies (XAS), such as
induced amorphization of spirtét2%3have indicated that y P pectr P ’
. . ) extended x-ray absorption fine structure (EXAFS) and
disorder on the cation sublattice may be a precursor tQ :
L X-ray absorption near-edge structure (XANES) spectros-
overall amorphization.

In amorphous materials, the diffracted intensities canyoP'€s, can be utilized to evaluate the first and second

yield radial density functions (RDF’s) that are relatedCoordm"’Itlon geometries (nea_rest nglghborenv]r_onments)
. A ) . X around selected elements, including the actinides and
to the radial distribution and pair correlation functions

; r<5[1re earths, in nuclear waste ceramics. As noted above,
through the local average density. In most cases, at lea ese XAS techniaues have been aoplied to structural
some of the peaks in the RDF’s can be correlated tQ 9 bp

specific short-range correlations (e.g., the oxygen coorgtUdies of both Pu-containing ceranfitsand natural
b 9 9. Y9 minerals?’:237:245-241t js even possible to investigate the

dination shell about Si or P in silicates or phosphates)roCal structure of the energetically inserteetrecoil

and the integrated peak area can yield the Coordmaﬁuclei, as has been done recently for #J daugh-

tion number. Unfortunately, because pair correlationg product in?%®Pu-containing zircod®’ At the present
do not efficiently probe higher-order correlations, thetime these techniques can be applied to actinide-

RDF’'s are not enormously sensitive to differences 'ncontaining compounds at the Stanford Synchrotron

mtermgdlate range order. A prominent feature_ of Mmangadiation Laboratory. With the much higher intensities
diffraction patterns, however, is a first sharp diffraction . I )
of the new synchrotron light facilities, it may be possible

79 i ;
peak™ (FSDP), which represents the signature of som 0 probe small volumes of materials, which is an

characteristic intermediate-range structural feature, suc . ; . o .
. . i ..~ “advantage for radioactive materials and critical for ion-
as the topologically dominant ring structure in silica .

networks3® A significant experimental difficulty in ap- irradiated materials. Understanding the local structural
plying dif'fraction techniques to irradiation-amorphized environments of the actinides and their daughter products

> X a-recoil particles) in ceramic phases can provide
specimens is the small volumes rendered amorphous tomic-level information on changes in bonding from
charged-particle beams. Energy-filtered electron diffracihe a-recoil cascade
tion (EFED) provides a means to obtain structural data ’
from amorphized volumes significantly smaller than re- .
quired for x-ray or neutron diffraction, as in studies of - Phonon spectroscopies
amorphized silica¥! and phosphate$2383 Measurements of phonon spectra by infrared and
The characterization of radiation damage in ceramRaman spectroscopy have infrequently been applied to
ics requires the simultaneous observation of crystallingérradiation damage studies. These techniques are easily
and amorphous material and the analysis of the inadapted for application to radioactive materials and, with
terfacial behavior of these two structural states. Thenew micro-beam techniques, can be used to probe the
crystalline material will generally have a periodic atomic small damaged volumes produced under charged-particle
arrangement with a substantial amount of point defectgradiation. The characterization of vibrational modes
and other extended defect aggregates present. Theseuld provide valuable information on local structural
defect aggregations will also have an approximatelychanges, and the results would complement and assist
periodic atomic arrangement. In order to observe then the interpretation of other structural data, such as
various structural features (periodic, quasiperiodic androm XAS. For example, Raman spectra of neutron-
aperiodic regions in the material) with statistical sig-irradiated vitreous silicd® show additional vibrational
nificance, advanced x-ray diffraction (XRD) techniquesmodes characteristic of threefold rings in the silica
must be employed. Recently, a novel seven-circle x-rayetwork topology, in agreement with neutron diffraction
diffractometer has been developed and optimized for theesults®® In addition, Raman spectra of ion-irradiated
simultaneous observation of the diffraction signals fromGd,Ti,O; indicate the appearance of a normally for-
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bidden Raman mode due to disorder on the catiorthe effects of radiation on the various radionuclide-host

sublattice!*3 phases under expected repository conditions over long
time periods. The cumulative macroscopic responses of
E. Hyperfine techniques differential radiation effects (e.g., swelling) in different

Hyperfine techniques that use nuclear probes tghases within multiphase waste forms are even less well

study point defects in crystalline solids can be used!nderstood. In many cases, the scientific issues are not
in studies of some ceramic phase for nuclear wastdmited to only ceramics for the immobilization of HLW

immobilization. These techniques include: perturbed an@nd Pu; these issues are also critical for other applica-

gular correlation spectroscopy (PACS), nuclear magnetiions, such as fusion technology, ion-beam modification

resonance (NMR), and dksbauer spectroscopy (MS). of ceramics, and ion-beam processing of wide-band-gap
Both NMR and MS are limited to phases Containingsemiconductor devices. Recommendations for research

one of several nuclei as major constituents (e.g., Fe gpriorities are summarized below. The primary objective

Sn for Mossbauer). The PACS technique, which haof these recommendations is to develop a fundamental
been used to study defects and phase ’transitions #powledge and models of radiation effects at the atomic,

ceramic$® involves substituting trace concentrations of MICroscopic, and macroscopic levels in order to provide
radioactive probe atoms, such ¥&f or 111n, into the for the evaluation and performance assessment of indi-

crystal structure. One limitation is, therefore, the need/idu@l crystalline phases and multiphase ceramics used

to fabricate ceramics with radioactive probes or havd®' the immobilization of HLW, Pu, and other special

the probes activated in a nuclear reactor. Since manjucléar waste streams.
waste ceramic phases contain Zr and rare-eatfhidf

is an ideal cand_ldate_ to study thege phases. In fact,_ PACS Research

has been applied, in nonradiation damage studies, to

several structures of interest, such as perovskié? , )
pyrochlore®®? and zirconig?® Using PACS, it is possible tion effects in nuclear waste forms under repository

to obtain information on defect migration and binding conditions will require a fundamental understanding of

energies. In addition, PACS exhibits no line-broadeningh® €ffects of dose, dose-rate, temperature, and time

with increasing temperature, which makes it a sensitiv®" the radiation-induced, atomic-scale microstructural
tool to obtain data on defect kinetics. evolution in relevant ceramic phases and waste forms.

Consequently, relevant structure types and compositions
should be systematically studied over the widest range of
L conditions (e.g., dose, dose rate, and temperature) using

The degree of polymerization of network structures, yariety of radiation sources and techniques. Such stud-
can be monitored by dissolution followed by solution jeg il require careful microstructural characterization
chromatography in which polymerized units (e.9.,qyring the damage accumulation process, and such char-
corner-sharing [Si¢) tetrahedra in silicates, corner- gorerization may best be performed utilizing a variety
sharing [PQ] tetrahedra in phosphates) retained inqf tochniques involving collaborations between different
solution can be separated by mass. Phosphates §fgestigators and institutions. Scientific issues related to
more amenable to this technique than silicates angd,giation effects in these solids have been discussed in
have been sgg)é/ggl to polymerize significantly uponyis review. Recommendations and considerations for
amorphizatiorf** future research include the following:

() The most prominent of the actinide-host phases

IX. RESEARCH NEEDS AND OPPORTUNITIES among the promising structure types include: pyrochlore,

Both single-phase and multiphase crystalline ceramzirconolite, zircon, apatite, perovskite, titanite, monazite,
ics can be used as durable hosts for the immobilization afirconia, and NZP (sodium-zirconium-phosphate). Most
radionuclides. Radiation damage (ionizing and ballistic)of these structures are susceptible to radiation-induced
from incorporated radionuclides affects the physical ancgamorphization, and for some of these structures, a con-
chemical properties of the ceramics and the release ratsgderable amount of preliminary work has already been
of the radionuclides during corrosion. completed on synthetic phases and mineral analogues.

Because of the many applications for ceramics inAlthough the identified structure types should be the
radiation environments and the development of ionfocus of initial studies, other phases may yet assume
beam processing technologies for ceramics, there alreadyportance depending on the waste stream compositions
exists a substantial database and some understandingarid the development of new waste forms.
radiation-solid interactions in ceramics. However, the (i) Investigations of potential actinide-host phases
present understanding of radiation effects in complexnust include studies of self-radiation damage in phases
ceramics is insufficient in detail and scope to predictcontaining short-lived actinides (e.g%Pu and?*Cm).
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Since such studies may last for many years (up to tedescribing microstructure evolution (e.g., amorphization
years or more), carefully planned experiments need to band bubbles) and the role of radiation-induced defects
initiated immediately on the most promising structureand structural changes on dissolution and radionuclide
types. The limitations often imposed on the handlingrelease. These methods and models should be used to
of actinide-containing materials may severely restrictexplore and interpret experimental results, specifically
the number of analytical techniques that can be emto correlate results from different irradiation techniques
ployed. Thus, studies of self-radiation damage in thesée.g., electron, neutron, ion, anddecay).
phases must be complemented by investigations of min-  (v) The interpretation of experimental results and the
eral analogues and ion-irradiated ceramics, for which aevelopment of predictive models require a fundamental
wider range of irradiation conditions can be studied inunderstanding and data on structure, properties, defect
shorter time periods using a greater variety of analyticaknergetics, and radiation-damage processes. These may
techniques. be determined directly by experimental measurements,
(iii) Because phases used as hosts for fission prodadirectly by modeling experimental data, or by the-
ucts (e.g., Cs and Sr) will be subjected to high ionizing-oretical methods and computer simulations. The data,
radiation fields for several hundred years, studies oproperties, and mechanisms that require systematic study
potential fission-product phases must focus on the efinclude:
fects of ionizing radiation using electron-irradiation tech- (a) Structural studies of potential radionuclide-host

nigues ory-irradiation facilities. Many of these phases phases and the specific site occupancies of
are hydroxylated ceramics (clays, zeolites, and concrete impurities (e.g., incorporated radionuclides) in
phases), and principal radiation effects include radiolytic these complex structure types.
gas formation, bubble formation, and changes in cation- (b) The threshold displacement energies for various
exchange or sorption capacities. Other host phases, such ions on different sublattices in these complex
as CsCl and Sei are susceptible to the evolution of ceramics.
radiolytic gas and the formation of metal colloids. In (c) The radiation-induced stable defect configura-
addition, some of these phases will not only be poten- tions and primary damage state, the different
tial waste forms, but are also important in processing defect migration energies and pathways, and
technologies because of their selective ion exchange the kinetics of defect annealing, including the
capacities for Cs, Sr, and, in some cases, actinides. effects of ionization and subthreshold energy
(iv) The predictive capacity of contemporary transfers.
computer simulation techniques and greatly expanded (d) The mechanisms of radiation-induced amor-
computational capabilities (e.g., massively parallel com- phization (e.g., defect accumulation versus
puters) should be exploited to provide (a) atomic level in-cascade amorphization).
understanding, (b) calculations of fundamental materials (e) The mechanisms and kinetics of defect-defect
parameters and the primary damage state, (c) models interactions, defect annealing, and amorphous
of crystalline and amorphous structures, and (d) defect domain annealing.
chemistry of the crystalline ceramic phases of inter- (f) The structure and evolution of radiation-induced
est. The results should be confirmed or related to microstructures, including detailed structural
experimental data. Such modeling efforts will require studies of mixed periodic/aperiodic domains,
the development of improved interatomic potentials. their interfaces, the fully amorphous state, and
Attention should be paid to modeling the sites and the en- the nature of the large density changes.
ergetics associated with the substitution of radionuclides (g) The effects of dose, dose-rate and temperature
into the proposed structures. Detailed models should be on defect accumulation, amorphization, and mi-
developed of the migration mechanisms and energies for crostructure evolution.
host lattice ions, radionuclides, point defects, and gas (h) Helium accumulation, trapping, and bubble
atoms. Calculations of defect energetics, migration path- formation.
ways, and stable defect configurations using static lattice (i) Self-ion diffusion, impurity diffusion, and ther-
(energy minimization) methods will be essential for this mal conductivity.
effort, but quantum chemical effects must be considered (j) Radiation-induced diffusion and segregation of
in the application of these static methods. The processes impurities and major element components.
of defect and cascade formation occur over such short (k) The effects of radiation-induced differential
time scales €10 !! s) that they can only be studied changes (e.g., volume changes) on macroscopic
by computer simulation methods, such as molecular responses (e.g., microfracturing) in multiphase
dynamics. Kinetic Monte Carlo techniques can be used ceramics as a function of dose and grain size.

to model diffusion processes and defect interactions. The (vi) In all these studies, the results from different
extension of already existing models may be useful inrradiation techniques and conditions must be correlated
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to some standard basis of dose, such as the ballistic. Attract talented scientists

damage dose (i.e,, dpa) or, in the case of ionization  tjs field does not, in general, readily attract or sup-
damage, the absorbed ionization dosgX In addition, 51t young scientists, and much of the relevant knowl-
these correlations and models of damage accumulatlo(gdge and experiences will disappear with the passage of

and annealing should be validated by comparison gime \with the long-time scales envisioned for immabi-
computer simulations and data from mineral analogueg,ation of HLW. Pu. and other nuclear waste streams
that have experienced high radiation doses due to U anflore is a need for a relatively small but stable pool

Th dePay over long times>100 m_|II|on years)._ of expertise and continued training of new scientists in
(vii) Most importantly, corrosion (dissolution) ex- yhis area. It is important to attract and involve bright
periments or test methods must be developeat are oy minds with new ideas to this field. Increased oppor-

specifically designed to relate the effects of radiation on,ities need to be made available to support graduate

structure to changes in the dissolution rate or releaseg;qents and provide postdoctoral experience at univer-

of radionuclides.In general, the standard tests used tOgjties the national laboratories, and other government
investigate the chemical durability of waste forms are nogjins A long-term research program, with a continuity

appropriate or sensitive enough to elucidate the effectss ,nose, is essential to attracting and retaining high-
of radiation damage on the corrosion process. caliber scientists.
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