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During the past half-century, the nuclear fuel cycle has generated approximately 1400 metric tons
of plutonium and substantial quantities of the “minor” actinides, such as Np, Am, and Cm. The
successful disposition of these actinides has an important impact on the strategy for developing
advanced nuclear fuel cycles, weapons proliferation, and the geologic disposal of high-level
radioactive waste. During the last decade, there has been substantial interest in the use of the
isometric pyrochlore structure-type,,B,O,, for the immobilization of actinides. Most of the
interest has focused on titanate-pyrochlore because of its chemical durability; however, these
compositions experience a radiation-induced transition from the crystalline-to-aperiodic state due to
radiation damage from the alpha-decay of actinides. Depending on the actinide concentration, the
titanate pyrochlore will become amorphous in less than 1000 years of storage. Recently, systematic
ion beam irradiations of a variety of pyrochlore compositions has revealed that many zirconate
pyrochlores do not become amorphous, but remain crystalline as a defect fluorite structure-type due
to disordering of the A- and B-site cations. The zirconate pyrochlores will remain crystalline even
to very high doses, greater than 100 displacements per atom. Systematic experimental studies of
actinide-doped and ion beam-irradiated pyrochlore, analyses of natural U- and Th-bearing
pyrochlore, and simulations of the energetics of the disordering process now provide a rather
detailed understanding of the structural and chemical controls on the response of pyrochlore to
radiation. These results provide a solid basis for predicting the behavior and durability of pyrochlore
used to immobilize plutonium. @004 American Institute of PhysicgDOI: 10.1063/1.170721]3
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commercially generated spent nuclear fuel, mostly in theand nonfissile actinides into an inert matrix fUiF). Inert
United Kingdom and France and destined for fabrication in anatrix fuels do not contain fertile nuclides, such?3J, that
mixed-oxide fuel of Pu and U, and the balance, over 900 MTJead to the production of more P&U becomes™%u by
remains in spent nuclear fuel stored on-site at 236 nucleameutron capture and subsequghtlecay reactions Zircon-
power plants in 36 different countrié$.Approximately 70  ate pyrochlore has been investigated as a potential inert ma-
to 80 MT of new plutonium, generally left in the spent trix fuel.® Thirty-five nuclear power reactors in Europe are
nuclear fuel(SNP), is added to the global inventory each currently using significant quantities of MOX fuel to produce
year. Reactor-grade plutonium>@0% 23%Pu) with any de- electricity. After a once-through burn-up, the MOX or IMF
gree of irradiation is a potential weapons material, and aised fuels would be sent to a geologic reposit@y.Direct
nuclear device can be made with less than 10 k§®®u2  disposal of spent nuclear fuel in a geologic repositoFie
The good news is that as part of the first and second Strategfall range of nuclear fuelflow-enriched uranium fuel, HEU,
Arms Reduction Treaties, as well as unilateral pledges byvlOX, and IMF] or Pu-containing nuclear waste forrnesg.,
both Russia and the United States, thousands of nucle@®u-containing ceramics embedded in a high-level nuclear
weapons have been dismantled since 1994. This disarmaraste glass or unirradiated MOX mixed with SN&re can-
ment process will produce between 30 and 40 MT, pure andidates for disposal in a geologic repositdtyn the 1990s,
impure, of weapons-grade plutonium in each country, as welthe United States pursued a dual-track strategy in which the
as hundreds of tons of highly enriched uranitfEU). De-  higher quality Pu from the pits of dismantled nuclear weap-
pending on one’s perspective, plutonium is either a valuablens would be used to fabricate a MOX fuel for once-through
resource to be generated and used in a closed fuel cycle orbairn-up and direct disposal of the used MOX fuel. The
serious threat, contributing to the global proliferation of “scrap” or less-pure Pu would be immobilized in a titanate
nuclear weapons. In a study by the National Research Courceramic, the dominant phase being a Hf-pyrochlore,
cil (1994, the “excess” plutonium from dismantled nuclear (U,Pu,Hf,Gd)Ti,O;. In 1997, the United States also initi-
weapons was described as ‘a.clear and present danger to ated, through Lawrence Livermore National Laboratory, an
national and international security extensive and continuing collaboration with Russian organi-
In addition to the plutonium and uranium, “minor” ac- zations and institutes for the immobilization of Pu from dis-
tinides such ag¥Np, 2*’Am+243Am, and?*“Cm are gener- mantled nuclear weapod5.A considerable amount of re-
ated in reactors, and global production rates are 3.4, 2.7, argkarch was completed on phases suitable for Pu-
0.35 MT per year, respectively. The long-lived actinidesimmobilization, including pyrochlore and related structure
(e.g., 2%Pu with a half-life of 24100 years*Np with a  types. In April of 2002, the United States stopped almost all
half-life of 2.1 million years, and®U with a half-life of 160  work on the Pu-immobilization strategy in favor of acceler-
thousand yeajsare among the most important potential con-ated conversion of Pu into MOX fuel. This still leaves unre-
tributors to the calculated exposures to humans over the longplved the fate of the “scrap” plutonium, approximately 5—7
periods envisioned for geological disposal, and after severdT that is not suitable for use in MOX fuel. In a recent
hundred years, the radiotoxicity of disposed nuclear fuel igeport(December 1, 20030 Congress, the Defense Nuclear
dominated by actinides, such &Pu and**’Np.* The re-  Facilities Safety Board has been critical of the present U.S.
lease of actinides from the spent nuclear f{i&\F or other  Department of Energy plan that does not yet have a strategy
actinide-bearing solids is a critical aspect of the evaluation ofor the disposition of the “scrap” plutonium. Although re-
the long-term performance of a geologic repository. search on the immobilization of Pu in crystalline ceramics
Thus, the renewed interest in expanding nuclear powehas mostly ended in the United States, work continues in a
production immediately raises the associated concerns afumber of other countries, mainly Russia, Great Britain, and
nuclear weapons proliferation and the geologic disposal oFrance.
spent nuclear fuel or other actinide-bearing materials. As an Regardless of the strategy pursued, either for the use or
example, a one gigawatGw) light water reactor generates disposal of actinides, particularly fissile Pu, the development
approximately 200 kg of Pu per year, enough for more tharof new materials either for storadéor tens to hundreds of
20 nuclear weaporsA ten-fold increase in global nuclear years or for disposal(for tens to hundreds of thousand
power production could place as much as five million kilo- years is still required*? The materials used for immobiliza-
grams of separated Pu into play in the global nuclear fuetion generally have relatively complex compositions, so that
cycle® Both issues, nuclear weapons proliferation andthey can incorporate actinidéas well as neutron absorbers,
nuclear waste disposal, are inextricably tied to a considersuch as Gd and Hf, and highly radioactive fission products,
ation of the production and use of actinides in the nucleasuch as Cs and Brtheir synthesis must be accomplished
fuel cycle and their fate after disposal in a geologic repositemotely, the phases must be chemically durable, and their

tory. physical and chemical properties should not be degraded by
In the broadest sense, there are two strategies for the-decay event irradiation from the incorporated actinides.
disposition of P8 (1) The use of nuclear reactors to In this article, we review recent developments in the use

“burn” or reduce the inventories of plutonium and the minor of pyrochlore structure-types for the immobilization of ac-
actinides This will involve reprocessing of nuclear fuels to tinides, particularly plutonium. Pyrochlores have long been a
reclaim fissile nuclides or the use of Pu from dismantledcomponent phase of a variety of ceramic waste fo(eng.,
nuclear weapons for the fabrication of a mixed ox(NEOX) Synrod?). Although many pyrochlore compositions, such as
fuel, consisting of U and Pu, or the incorporation of fissile Gd,Ti,O,, undergo a radiation-induced transformation from
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the crystalline-to-amorphous state upon irradiation,
radiation-resistant compositions, e.g., &g0O; and
Er,Zr,0-, of pyrochlore have recently been discovetéd-’
The potential for developing chemically durable, radiation-
resistant pyrochlore has led to increased interest in the use ¢
pyrochlore for the immobilization of actinidés!®

Finally, the diverse chemistry of the pyrochlore structure
is coupled to a remarkable variation of properties that have
many important technological applications, such as catalysis
piezoelectricity, ferro- and ferri-magnetism, luminescence,
and giant magnetoresistance. Electronic properties vary fron
being metallic or semiconducting to having a high ionic con-
ductivity. The manipulation of the pyrochlore structure-type
by radiation sources such as ion-beam irradiations opens th
door to a wide range of possible applications outside of the ic) id)
nuclear waste management field. As an example, investiga
tors have used ion-beam-induced order-disorder transforma#* cations —p. lﬁ“u i?? a #33_‘
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IIl. HISTORY e — &
;
There are over 500 synthetic compositiéhsncluding
actinidesz,l with the pyrochlore structure, and natural pyro- FIG. 1. (Colon Pyroch!ore_ structures_ described based on the_ polyhedral
. . etwork (a) and the derivative of fluorite structufe). Corresponding fluo-
chlores are also abundant in highly evolved rock types, SUChe unit cell (b, d are included for comparison.
as pegmatites and carbonatités>* A number of composi-
tions with thorium and uraniurf’,?® as well as transuranium
elementsie.g., Cm and Py have been synthesiZ&d**and In the 1990s, there was a renewed effort to develop
natural compositions may contain up to 30 wt. % 4hd 9  nuclear waste forms for the immobilization of plutonium
wt.% ThO,.%% Thus, it is not surprising that pyrochlore from dismantled nuclear weapons. More than 70 potential
structure-types were present as an actinide-bearing phase phases for immobilization were considered, but the final
the earliest nuclear waste form formulations. preference for immobilization was a titanate phase assem-
The first evidence of pyrochlore in a nuclear waste formblage, very similar to the original Synroc formulation, be-
was the discovery of rare earth titanates as an actinide host #ause of its chemical durabilit},and the principal actinide-
nuclear waste glasséTitanate pyrochlores were also iden- bearing phase was zirconolteHowever, in experiments in
tified in titanate ceramic waste fortfs® and in glass ce- which zirconolite was doped with Np and Pu at levels of tens
ramic waste form$/-**Ringwoodet al*® and Ringwood and  of percent, a pyrochlore structure formed that preferentially
Kelly*® proposed a polyphase titanate ceramic for high-levelncorporated the actinidé452 The final base-line composi-
nuclear waste, Synroc, and the principal actinide host in thision for Pu-immobilization in the United States was a crys-
Ti-assemblage was zirconolite CaZs@,. Monoclinic zir-  talline ceramic with a target loading of approximately 10
conolite is a structural derivative of the isometric pyrochlorewt. % Pu consisting mainly of a Hf-pyrochlore,
structure. Because of their high chemical durability, titanatg Ca,Gd,Pu,U,HTi,O,, with lesser amounts of a Hf-
waste forms have been the focus of considerable researclirconolite, (Ca,Gd)(Gd,Pu,UH)T@,, and minor
since the 19808** There were a number of studfs*in  amounts of brannerite, (U,Pu,Gd)T, and rutile,
which zirconolite was doped with?*®u (half-life  (Ti,Hf)O,.
=87.7 year) to studw-decay event damage. The monoclinic
zirconolite with 4 mole %*%uQ, swelled to a saturation
value of nearly 6 vol% under ambient conditions and be-
came amorphous at a dose of 210?° a-decay events/f Pyrochlore is isometric Kd3m, Z=8, a=0.9 to 1.2
Significantly, these early studies reported the formation of am), and the structural formula is ideally
“cubic” zirconolite,*” actually a disordered pyrochlore struc- V""'A,V'B, VX4 'VY (Roman numerals indicate the coordina-
ture, which was stabilized by higher actinide concentrationgion numbey, where the A- and B-sites contain metal cat-
of nearly 8 mole % Pu. Research on titanate and other wasiens; X (=0?") and Y (=0%~, OH™, F") are anion€’ The
forms was severely curtailed as a result of the decision in thetructure can be described in a variety of ways, most com-
United States to solidify high level nuclear waste in a boro-monly by describing the shapes and topology of the coordi-
silicate glass and the subsequent construction of the Defensation polyhedrdFig. 1(a)]. Pyrochlore is closely related to
Waste Processing Facility at the Savannah River Site ithe fluorite-structure (AX), e.g., cubic Zr@, except that
South Carolind® Research on nuclear waste forms duringthere are two cation sites and one-eighth of the anions are
this period has been summarized by Lutze and Ewing. absenfFigs. 1c) and Xd)]. The cations and oxygen vacan-

IIl. STRUCTURE AND COMPOSITION
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cies are ordered. The loss of one-eighth of the anions reduce Cubic zirconta, 1M Murataite, 3M

the coordination of the B-site cation from eight to six. The A ——— i -
X-anion occupies the 48f position; and the Y-anion, the 8b Py ' fFaoecogy
(when the origin of the unit cell is placed at the B-gitall Id:-ﬂ_? A RN AR

of the atoms in an ideal pyrochlore are on special positions. .t o b “-i‘;‘*' .-
except the 48f oxygen (f&g). Thus, the structure is com- Pyrochlore, 2M _.‘I., e i-c T @ e,'.“.“, ®
pletely described by the cell edgeand the fractional coor- : {o e ooioeo-eo
dinate ) of O,g¢. For the ideal structure, the coordinations e : ReceoBghoo e 1

of the cations and anions ar8XgY,, BXg, XA,B,, and Nee® POl oo/
YA,. Note that the unoccupied 8a position, the site of the
oxygen vacancy, is coordinated with four B-site cations,
[ 1B4. The structure can also be visualized as a network of

corner-linked B octahedra(a B,Xg-framework with

&
¢

S

"o/ /oee\ o/

QSeoceen
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A-site cations filling the intersticeFig. 1(a)]. The A- and : & i b Tt L/
B-site coordination polyhedra are joined along edges, and the D2 @A T }" n
@ cd ere> @ o> &

shapes of these polyhedra change as the positional paramet..
x of the Qug; Shifts to ac,commOd,ate 'catlons of dlﬁer.em SIZES.ig . (Color) Projection alond 111] direction for zirconiaa), pyrochlore
Forx=0.3750, the A-site coordination polyhedron is a regu-(y), and murataitéc) structures. Cubic zirconia has the ideal fluorite struc-
lar cube, and the B-site polyhedron is distorted to a trigonallyture. Note, M=1x1x1 multiples of the fluorite unit cell; ¥ =2x2
flattened octahedrofthe topology of the fluorite structure  *2: 3SM=3x3x3.

In this case, materials have a defect fluorite structure, and the

occupancy of each anion site is 0.875. her0.3125, the éhe fact that it has four distinct cation sites, as well cation

B-site is a regular octahedron and the A-site is a distorte vacancies and the possibility of a variety of coupled substi-

trigonal scalenohedron, and materials have the ideal PY'% tions that can accommodate a wide range of complex
chiore structure? Thus, the 48f oxygen positional parameter nuclear waste stream compositions, particularly those with
x defines the polyhedral distortion and structural deviatior}"gh iron concentrations Depending' on the composition, 5
from the ideal fluorite structure. Simulations of a wide range, ot and 8<8x 8 murelltaite structures are also possFﬁIe’,

s 3+ 3+. p_ T4+
of p+y rocr_llore compos_mp ns (A Lu to.La ; B=TI"" to and these have been identified and studied in titanate waste
PE**) using energy minimization techniques suggest that th 63-65

X parameter also reflects some degree of disordering of the '
oxygen lattice for specific cation compositiotfs.

A number of defect structures can be created by couple
removal of cations and anionge.g., V'A,V'B,"VXq,

Via VI 1 H
A"By" Xe) so that the ~general formula s valence, as well as oxygen vacanci#&® The (3+,4+)

A1.,B,XsY0.1.2% In natural pyrochlore, molecular water and : .
hydroxyl may be part of the structure so that the generaPyrochlores are of greatest interest in nuclear waste manage-

) ment because of their ability to incorporate trivalent lan-
formula becomes: 4,B8,04(0,0H,F).1pH,0. ﬁnumbe,ry Of " hanides and tri- and tetra-valent actinide@320f the most
structural derivatives are possible, such as “inverse” pyro-

chlores, in which the A-site is vacant and monovalent catlont. pical B-site compqsmonée.g., .V, cr, _Sn, and Mp the .
. Vio Iy Ving 55 itanates have received the most attention because of their
occupy the Y-site[ 1V'B, " X5 V'M.>> The M-atom may be ; - . N
. . " chemical durability. There is extensive literature on the prop-
displaced from the 8a site to the 32e position, hence th%rties of lanthanide titanaté8 Data for actinide pyrochlores
rather unusual flexibility of this structure. Stanek al>® Py

. ; . __are limited; however, Chakoumakos and Ewfihgave used
have simulated the energetics of vacancy formation using a .
e pyrochlore cell geometry to analyze the potential of

energy minimization method and a Born-like description Ofthe pyrochlore structure to incorporate actinides. Actinides

; R +
the forces between the ions. In their study, fot*A:Lu to (3+, 4+, and 5+) are predicted to form the pyrochlore

. A+ __ T
La; B'"=Ti to Pb, they shovyed that a .stable pyrf)cmorestructure by substitutions on both the A- and B-sites. Higher
structure formed by the formation offA cation vacancies to n + .
valence statege.g., N8© and P§") can be incorporated

compensate for excess'B and, near the boundary to the into ideal or defect pyrochlores at the B-site. Because the

Q|sordered fluorite structure, interstitial oxygen also stabl-actinides are multivalent, the stability of the actinide pyro-
lized the pyrochlore structure.

Closely related to the pyrochlore structure is the mu_chlores is a function of oxygen fugacity. Oxidation+3to

) _ — 4+) can lead to the formation of a disordered pyrochlore
rataite structure, (\g\l@IZn.,Fe)m12029(O,E)10F4 .(F43m, [(AB)O,_,] or a fluorite solid solutior (AB) O,].%°
Z=4,a=1.489 nm)>’ Despite, the complexity of its compo-
sition, murataite is also a derivative of the fluorite structure
Just as the unit cell edge of pyrochlore is doublae (.9 to
1.2 nm by ordering of the A- and B-site cations on the The specific chemistries of the A- and B-site cations, as
fluorite lattice(a 2X2X 2 structurg, the murataite structure well as anion ordering on the 48f and 8b sites, constrain the
is based on a tripling of the cell edge X3x3) (Fig. 2. stability of the ordered pyrochlore structure. The ionic radii
Recent interest in murataite as a waste f8ff'is based on  of the A- and B-site cations are typically in the ranges of

In ternary metal oxide systems, the pyrochlore structure-
g/pe, AB,0,, is common because this isometric structure
Can accommodate a wide variety of combinations of A- and
B-site cations (3 and 4+ or 2+ and 5+ combinations of

V. STABILITY AND SYNTHESIS
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rn=0.087-0.151 nmyz=0.040—0.078 nm, respectiveﬁ?. in an Arrhenius plot between the formation energy of the
Many pyrochlore oxides, ZSTB‘Z”O% have been synthe- disordered structure and the temperature of the order-
sized, e.g., titanate, stannate, zirconate, and hafnium pyrglisorder transformation. These results suggest that the local
chlores, because a number of th&"Aand B'" cations have energy for disorder is related to the order-disorder enthalpy.
suitably sized ionic radi{Note, A** B®* pyrochlore does not Pyrochlore can be synthesized by high temperature
form because cations with the appropriate size and charge dwlid-state reactiof’’*"*However, it is difficult to achieve
not exis). The A**-site cations are typically lanthanides, Sc, an equilibrium distribution of cations even at temperatures as
Y, or Bi; whereas, the 88 -site cations can bed, 4d- or  high as 1500°C° The general approach is to prepare an
5d-transition metalse.g., Ti, Zr, H or any of the group IVA  atomic-scale mixture of the component oxides to enhance the
elements(e.g., Sn, Pp The relative ionic radii or the ionic solid-state diffusion required to produce homogeneity. Co-
radius ratioy o /rg, and the 48f oxygen positional parameter precipitation of oxides from solution, e.g., the sol-gel pro-
x determine the phase stability of pyrochli®¥é® As the cess, is an alternate approach in which the homogeneity of
A-site and B-site cations become more similar in size, thethe precursor liquid is presumably maintained. Pe&hidé-
structure can transform to an anion-deficient fluorite strucveloped a liquid-mix procedure, by which the metal-organic
ture, (A,B),O;, by disordering of A- and B-site cations compounds of the cations were mixed in citric acid and eth-
[Figs. 1(c) and Xd)]. An upper limit to the radius ratio also ylene glycol solutions. The mixture was evaporated to dry-
exists, above which the cubic pyrochlore cannot form. Thisness to form a porous resin mass. This precursor was heated
cation ionic radius ratio for the stable phase of the orderedt 700 °C to oxidize the organic material and then calcined at
pyrochlore lies between 1.46 (&r,0;) and 1.78 g higher temperature to provide a powder with the pyro-
(SmyTi;O7) under ambient conditions. The cation radius ra-chlore structure. More recently, rare-earth pyrochlore pre-
tio for the pyrochlore formation may be extended to thepared by a sol-gel route have been sintered to near theoretical
range of 1.29-2.30 by high pressure-high temperature syrtensities by hot-isostatic pressing at 1773 K at 200 KfPa.
thesis(e.g., germanate or silicate pyrochlorés®® Single crystals of titanate pyrochlores can be grown at high
Recently, atomistic simulations based on energytemperature using flux techniq&®in a molten mixture
minimization techniques have been used to evaluate the egpnsisting of the specific rare-earth oxide (RE), titanium
ergetics of the disordering proce$$® All combinations of  ,yide (TiO), and lead fluoride (P. The technique re-
A-si1e cations (Ld" to La®") and B-site cations (17" to quires the slow evaporation of the flux (RpFduring the
Ce'") were simulated, and the results were plotted on conpjgh temperature synthesis period. The industrial scale syn-
tour maps of the cation antisite and anion Frenkel defecf,qgig of actinide-containing pyrochlore will require handling

energies. The calculations are generally consistent with th?elatively large volumes of material remotely; thus, a variety

radius ratio criteria for the observed compositions that formof techniques are under investigation, including inductive

t_he_z pyrochlore stru_cture at atmospheric pressure. Cat_lon arPﬁelting in a cold crucible or self-sustaining high temperature
tisite defect energies for pyrochlore are generally in thesynthesi§3'64ln studies of the Gd—Zr—Ti—O system, pyro-
range of 3 to 6 eV, but these may be lowered by approxi ) ’

mately 1 eV by defect clustering. chlore formation was fastest for Ti-rich compositions and

70 . , slowest for Zr-rich compositions. For gdi,Zr;_,),0;,
Roth ™ reported the synthesis of ERi,O; (Ln wherex=0.4, even at temperatures as high as 1600 °C, tens

=Sm-Yb, and Y pyrochlores. Pyrochlores with l=nLa, fh red 1o f inale-oh hi
Pr, and Nd do not crystallize in the pyrochlore structure peo! NOurs were required to orm a singie-phase. pyrochiore
atrix by solid-state sinteriny.

cause the cation ionic radius ratio requirement is nof" . .
Some pyrochlore compositions, e.g., zirconate and

satisfied’! The pyrochlore structure can form for the stannate " .
series, LpSn,O, (Ln=La-Lu, and ¥.”>7* Bi,Sn0, hafnate compositions, are not stable and disorder at elevated

forms, but adopts a distorted pyrochlore structure at roonf€MPeratures to a nonstoichiometric fluorite —structure
temperature and transforms to ideal pyrochlore above 958%B)4O7. This thermally induced order-disorder transition
K. Phases with A Sc, In, and Tl do not exist. Zirconate often occurs for compositions close to the pyrochlore/fluorite
pyrochlore compositions can be easily synthesized foPhase boundare.g., GdZr,0,), and the transition tempera-
Ln,Zr,0, (Ln=La—Gd)’*"® For Ln=Dy-Lu and Y, cubic fure decreases with the decreasing ionic size difference be-
zirconate pyrochlores are not stable because the cation ionf&een A- and B-site catiorf§. For example, the transition
radius ratio limit precludes their formation; thus, these com-temperatures for N@r,O;, SmyZr,0;, and GgZr,0; are
positions form a disordered fluorite structure. Hafnate2300, 2200, and 1550 °C, respectivéiyThe increasing ten-
pyrochlore&®”” with compositions of LpHf,O, (Ln  dency to an order—disorder transition can also be correlated
=La—Tb) are easily formed and have an ordered pyrochloré0o an increasing value for the parameter for the & as
structure. Similarly, for Le=Dy—Lu and Y, these composi- compositions change from Nd- to Sm- to Gd-zirconate pyro-
tions have a disordered fluorite structure. This is consisterghlores. This also suggests that the deviation from the ideal-
with the results of Stanek and Grimisvho used atomistic fluorite structure determines the energetics of the order—
simulation calculations to determine the energetics of disordisorder structural transition in different pyrochlore
dering in the series &1f,0,. For compositions, ALa to  compositions. No thermally induced, order—disorder struc-
Gd, the pyrochlore structure was stable, but fer Fo to Lu  tural transition has been observed in any of the titanate py-
a disordered, defect fluorite structure was stable. Based amchlore series due to the strong tendency for structural or-
the calculations, the results demonstrate a linear relationshigering on the A- and B-sites.
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Chemical substitutions can also induce the structurations overlap to a large extent the range in ¢de Ti)-solid
transition from an ideal ordered-pyrochlore structure to asolution, no disorder in the anion sites has been observed,
completely disordered, defect fluorite structure. The binaryand the cations remain completely ordered. These results
systems of G§(Zr,Ti;_,),0,2"®and Y,(Zr,Ti;_,),0,2°°  suggest that other factofg.g., chemical bondinghave an
have been extensively studied. Raman spectroscopynportant effect on the order—disorder transformation and
studie&”® indicated that the level of short-range fluorite- the degree of disorder in the pyrochlore structure.
type disorder in the Gq4Zr,Ti; _,),0; system increases sig- Pyrochlores with a structure closer to the disordered
nificantly with Zr substitution for Ti, despite the retention of fluorite structure are energetically more susceptible to under-
long-range pyrochlore structure when<0.75. The end going an order—disorder structure transition to form a defect
member GdzZr,0; (x=1) displays an anion deficient- fluorite structure upon ion irradiations, and may be more
fluorite structure. This chemically induced, order—disorder‘resistant” to ion-beam-induced amorphizatidh®® Further-
structural transition is closely associated with the decrease imore, the disordering processes in pyrochlore structure are of
the average cation ionic radius ratio of the A- and B-sitetechnological importance in the application of solid-oxide
cations. The ordered pyrochlore structure forms only above el cell because some pyrochlores are important ionic con-
critical value of the radius ratior/rg, and GgZr,0, is  ductors. The variations in the ionic and electronic conductiv-
near the boundary of the ordered pyrochlore structure transity of pyrochlore compounds are strongly related to disorder-
tion to the disordered fluorite structure. As the size of theing of the A- and B-site cations and the oxygen anion
A-site cation approaches that of the B-site cation, the drivingracancieS*** Gd,(Zr,Ti; ) ,0; pyrochlore is an extrin-
force for structural ordering decreases, and the structure BC ionic conductd® at low values ofx, but it becomes an
stable as the disordered fluorite structure, (A®). In this  intrinsic fast-ion conductor at large_and oxygen vacancies
case, the cation sites disorder, as well as the anion vacancige the dominant migrating specfés’® The substitution of
The same is true in the case of more complex compositiong! for Ti in the Gd(Ti;-,Zr,) 0, system results in a two-
for example (Cg<GdAn, 2 Zr,O;, where An=Th for a py- orders-of-magnitude increase in ionic conductivity in going
rochlore structure-type, or U for a fluorite structure-tfpe.  from Gcb(ZrosTip)20; to GaZr,0;.94% This increase is

Pyrochlore is an unusual oxide in that the order—disordefelated to an increasing occupancy at the vacancy 8a site
transformation occurs simultaneously on both the cation, afilled by displaced 48f oxygen with increasing Zr-content,
well as the anion lattice among three anion sites: 48f, 8a, an¢thich provides a preferential pathway for oxygen ion migra-
8b. However, the cation and anion disordering may occur téion — through —an oxygen-ion 48f vacancy-hopping

. . . H 9,100
different degrees and at different temperatures. Using nednechanisn?.
tron diffraction and Rietveld analysis, Heremaasal®®
studied the chemically induced order—disorder transition in
the YZ(ZrXTil,X).207 sy;tem by analyzing the frgctional OC- \/ CHEMICAL DURABILITY
cupancy of the interstitial 8a site and the effective scattering
length for the A- and B-site cations, a measure of the extent The most important property of a nuclear waste form is
of cation antisite disorder. With the increasing concentrationgts chemical durability in contact with an aqueous solution,
of Zr at the B-site, the structure of the,¥Zr,Ti;_,),0; as the release of radionuclides to the biosphere will certainly
solid solution progressively changes to a defect-fluoriteoccur mainly by contact and reaction with water followed by
structure ak=0.9. The anion disorder precedes the disordertransport of dissolved and colloidal radionuclide complexes.
ing of the cation lattice. The interstitial 8a site was filled However, “chemical durability” is a broad term that is actu-
immediately with the oxygen ions displaced from theally a measure of a variety of properties, e.g., thermody-
nearest-neighbor anion site, the 48f oxygen, upon the addiramic stability and corrosion resistance, each of which are
tion of the larger Zr-cation. The occupancy of the interstitialdependent on the geochemical environment, i.e., tempera-
8a site increases linearly with Zr-content over the entireture, pH, redox conditions, composition of the solution, and
range of the solid solution. The onset of cation disorder ocflow rate. For most safety analyses, the amount and type of
curred atx>0.45 and was coupled with disordering of an- radioactivity released into solution by the solid waste form
ions at the 8b site. Complete mixing of all three cation spe-are the critical parameters, and a number of standard tests
cies occurs abruptly in the compositional range of<06 have been developed to provide this information. One of the
=<0.9. The positional parameter for 48f oxygen has beemost commonly used methods is a high-flow-rate Soxhlet
found to increase sharply to 0.375 for the ideal fluorite structest in which the material is exposed to high volumes of
ture due to the occupancy of oxygen at the interstitial 8a sitalistilled water at 100 °C, and the release rate is measured for
and the decreasing average ionic radius difference at the Andividual elements in units of g/fid. There are now hun-
and B-sites as the extent of cation mixing increases. dreds of studies of waste form corrosion and alteration over a

Although the size difference between A- and B-sites iswide range of temperatures under a variety of well-controlled
believed to be the driving force for cation-ordering in the conditions'®:1°2 A detailed discussion of how these data
pyrochlore structure, no significant order—disorder structuramay be used to compare waste form performance in a geo-
transition occurs in the solid solution for which there is logic repository can be found in Lutze and EwitigFor
strong covalent bonding, e.g., in the systems ofactinide-bearing waste forms, a principal concern has been to
Y,(SnTi;_),0,% and Gg(SnTi;_,),0,.% Despite the understand the effect of alpha-decay event damage on the
fact that the cation ionic radius ratios f(8n, Ti) solid solu-  structure and long-term durability of the material.
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During the past 20 years, the interest in titanate wast@ommon rare-earth mineral containing up to 30 wt. %,J0O
forms has been motivated by the fact that they are mor® wt.% ThQ,, and 16 wt.% REED,.? Betafite is the
durable, particularly at elevated temperatures, than borosilititanate-end member of the pyrochlore group. Alteration ef-
cate glass, the most typical nuclear waste form. Forwardects, particularly the loss of U and Th, have been studied in
rates of releasée.qg., for high-flow conditions where the con- detail}*>~'1’Although betafite is a relatively durable mineral,
centrations in solution are not reduced by solubility limits generally surviving the complete breakdown of the surround-
for the borosilicate glasgglass matrix, 90 °C) are typically ing host rock, it can be altered by hydrothermal solutions and
>1g/n?/d'% and for the titanate-based SYNRQ@atrix, lower temperature weathering over periods of hundreds of
90°C), forward rates are 16 g/m?/d.'® Dissolution rates millions of years. In some samples, substantial amounts of
for both the borosilicate glass and titanate waste forms degranium (20—-30 at% may be lost during low temperature
crease with time by several orders of magnitude. The lowesdlteration, but generally there is limited evidence for loss of
leach rates are generally attained at intermediate pH, 6—&h or U. Alteration appears to be due to an ion exchange
Among the actinide-bearing titanates,  zirconolite process controlled by the valence of the A-site cation. To a
(CazrTi,O;) and pyrochlore (G4Ili,0;) are the most im-  first approximation, leachability decreases according to the
portant. In a systematic study (pt2-12; temperature type of A-site cation in the order NaCa>REE
=25-75°C) of the dissolution kinetics of pyrochlore, zir- >actinides. In contrast, zirconolite, a much less abundant
conolite, and brannerite (UfDs), Robertset al'® found  mineral, rarely shows evidence of alteration. Although the
that pyrochlore has a slightly higher dissolution rate than thewo structures are derivatives of the basic fluorite structure,
zirconolite. At 75°C, the leach rate for pyrochlore was onemonoclinic zirconolite is a condensed, more tightly packed
order of magnitude greater than that of zirconolite, but at astructure of layers of corner-sharing BOctahedrgthe hex-
pH of 8, leach rates were nearly identicat, 10" ° g/n?/d  agonal tungsten bronze structurghe three-dimensional py-
(based on release of U to solutjorThe very low release rochlore structure has large voids through which ion ex-
rates for U are consistent with other experimental results fOf;hange may occur; zirconolite does not, and hence has
actinides released from Synroc({D which the actinides are always been found to be slightly more durable in laboratory
mainly incorporated in zirconoli)leand typical values are on experiments and in natural occurrences.
the order of 10° g/n?/d.®**% Although the dissolution Recently, there has been great interest in the zirconate
mechanism may change as a function of pH and temperaturgyrochlore GgZr,0, because of its high resistance to radia-
the low release rates that further decrease with time are ation damagéfh15 however, there are only limited data on the
tributed to the formation of a layer of TiCthat becomes a chemical durability of zirconate pyrochlores. Kamizono
diffusion barrier. Icenhoweet al!% used single-pass flow- et all® investigated the chemical durability of three Zr-
through(SPFT) apparatus, 90 °C at pH2—12 for flow rates  bearing waste forms: ZrQ La,Zr,0;, and CaZrQ. The
of 2,5, and 10 mL/d, to measure leach rates for L@iand  experiments were conducted at 90 and 150 °C, under static
Gd,Ti,O;, as well as some compositionally complex pyro- conditions, using deionized water for 32 days. TheZraO,
chlores. Leach rates for pyrochlore were between*l@nd  pyrochlore showed excellent chemical durability with leach
1075 g/n?/d (based on Lu, Gd, and Ti releas¢he highest rates<10™* g/m?/d (based on release rates of impurity ele-
leach rates being for the higher flow rates. There are relaments Ce(1.30 wt.%), Nd (2.08 wt.%, and Sr(0.53.
tively few leach data available for actinide-doped pyro-wt. %)) and<10"® g/n?/d (Zr). The very low leach rates for
chlores. Yanget al!%” used the product consistency testZr are thought to reflect the larger bond energie<zfO)
(static conditions, 90°C, 7 days in deionized water with aover those of (La-O) and (Ce-O in the pyrochlore
surface area to volume ratio of 1000/o determine the structure'!® Hayakawa and Kamizon® further investigated
leach rate of a pyrochlore-rich titanat85% CaUT;O;). La,Zr,0;, and showed that the leach rate decreased to
The normalized mass loss rates were 4@based on Ca 10 ° g/m?/d under alkaline conditions (pH10, 90°C).
1078 (Ti), and 107 (Nd,U) g/m?/d. Zhanget al®used the Icenhower etall®® have studied the  binary,
SPFT test (70°C, pHb5.6, flow rate 14 mL/d low Q, Gdy(Tiq_Zr,),0; wherex=0.0, 0.25, 0.50, 0.75 and 1.0
>150 day$ to study the leach rates of powdered samples ofising the SPFT apparatus at 90 °C atp® The pure end-
two Pu-doped pyrochlores. The normalized leach rates obmember composition, Gdr,0,; had the disordered, defect
tained were 0.1-1Ca), 104 (U, Gd, Ti), 10 6~10"° (Hf, fluorite structure. The bulk samples were exposed to ion
Pu g/m?/d. For specific repository environments, solution bombardment(to simulate radiation damapgeand were
compositions are changed accordingly. Shetupl!®inves- tested in the unannealed and annealed states. For the
tigated the leach rates of titanates, doped with Ce, Er, and PG&d, Ti,O; sample the lowest leach rate was for the annealed
in a WIPP-A brine,(0.1 M NaC), taken to be representative sample, followed by the unannealed and ion-bombarded
of fluids at the Waste Isolation Pilot Plant in New Mexico, a samples (2.3910 3; 1.57x10 2, 1.12x10 ! g/m?/d, re-
repository for transuranic waste. Results were comparable tspectively. The two-orders of magnitude increase in leach
previous work with calculated releases of 2y/m?/d (Pu). rate parallels the increase in damage accumulation of the
Again, zirconolite was found to be slightly more durable ion-bombarded sample. With increasing Zr-content, there
than the pyrochlore. was a decreasing difference between the damaged and un-

Another approach in evaluating the long-term durabilitydamaged sample, because the structure of the Gd-zirconate is
of nuclear waste forms has been to look for naturally occurthe same for the irradiated and annealed sample. The lowest
ring structural analogue¥:*°~*"Pyrochlore is a relatively leach rate 1.38 10" * g/m?/d was for Gd(Tig »Zr 79 207.
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The pure end-member Gar,0; yielded rates nearly equal -40

to that of crystalline Gslli,O,. Although there is a great 53 'Zg: . R?=0.9566
need for more systematic studies of the leach rate of Gd- ‘gg ol i

zirconate pyrochlore, present data suggest thaZ&®, and 8 wol o

Gd,Ti,O; are of comparable chemical durability. This is ~5§ 90| f‘\{\
consistent with the generally low solubilities of zirconia and 2 X 100} t- .
titania compoundsthe solubilities of TiQ polymorphs are S e 10} f {5{
between 107 to 10 8; for ZrO, polymorphs, 10 to E & 120}

10719, +130 : : ‘
250 450 650 850 1050 1250

Critical amorphization
VI. THERMOCHEMICAL PROPERTIES temperature (T, K)

Until recently there were very few thermochemical dataFIG. 3. The correlation between the formation enthalpies from the oxides
on pyrochlore structure-types. Formation enthalpies of lanAHf.o. and the critical amorphization temperatufe of fitanate pyro-
thanide hafnates and zirconates were measured by Paputsiiiores under 1 MeV Kr iradiation (see Ref. 125
et al,’? and these experimental values were used by
Reznitskit® to estimate the formation enthalpies of other relative “resistance” of pyrochlore structure-type to

Iantharzlisde zirconate and titanate pyrochlores. Reznitski's, giation-induced amorphization. A comparison of the criti-
modef** was based on assggnmg an enthalpy change 10 they) temperatures for amorphization measured for the same
change in coordination of Zr [from 7 to 6 for the pyro-  3m51e% ang the enthalpies of formation from the oxitfés
chlore structureé40 kJ/mo); from 7 to 8 in the fluorite struc- show a remarkably consistent tretfig. 3). The more exo-
ture (20 kJ/mo); note, the coordination of 2¢ in the stable,  ,ormic the enthalpy of formation, the wider the temperature
moncl)2§:1|n|c structure of Zrg), paddeleyne, is ¥ Helegn range(higherT.) over which the pyrochlore composition is
et al. _ completedl a system_auc study of the enthal_mes Ogusceptible to radiation-induced amorphizafigh.

formation for the binary Gg{Ti,,Zr,) O, . X-ray diffraction Recently, the high-temperature heat capacity and thermal
dat.a sggg(_ested structural chgnges \{\nth increasing Zr_'conte'?,tonductivity of NgZr,0, pyrochlore have been measured
which is either the gradual disordering of A- and B-site cat-yy gitferential scanning calorimetry and the laser flash tech-
ions to a defect fluorite structure or the formation of dlstlnctnique respectivell?’ The thermal conductivity, which was

domains with the defect fluorite structure. In either case, alljotarmined over the temperature range from 500 to 1500 K
compositions were stable with respect to their constituenis +,5 |ow for the safe use of N@r,O, as an inert matrix ’

oxides, and the enthalpy of formation became more enddge| for the transmutation of minor actinides. The low-

thermic with increasing Zr-content. Based on the SeleCte‘Pemperature heat capacity of Ntt,O, has also been re-
area electron diffraction patterns for the £26,0; composi-  caniy determined by adiabatic calorimetry and an adiabatic

tion, the cations are ordered, but there was nearly completgy|ayation method over the temperature range from 0.45 to
disordering of the oxygen vacancies. A £Z6,0; COMposi- - 400 K 128 and the results were used to determine the thermo-
tion with the disordered fluorite structure was also St“dieddynamic functions(e.g., heat capacity and enthalpy as a

and theAH for the pyrochlore-to-fluorite transforma.tion Was fnction of temperatupefor Nd,Zr,0O, .
small, approximately of the same order as the configurational
entropy (~10 kJ/mol at 1530 °C). Heleaet al1?° have also
quantified the formation enthalpies of Ce-rich, U-rich, and
Gd,Ti,O; pyrochlores. Again, all three phases were stable Radiation effects from alpha-decay events in many crys-
relative to their oxides. The Ce-pyrochlore, considered aralline oxides proposed for the immobilization of actinides
analog for Pu-pyrochlore, was metastable with respect to are well known to result in amorphization, macroscopic
perovskite plus oxides assemblage. Importantly, proposesiwelling and order-of-magnitude increases in dissolution
pyrochlore compositions for Pu-disposition were in therates'?*~'3!Actinide-containing pyrochlores will likewise be
stable regions of the phase diagram. the subject of self-radiation damage from alpha-decay
The most systematic study of thermochemical propertiegvents. In the study of a Cm-doped celsian glass ceramic, the
has been performed by Heleanal ?° using high tempera- pyrochlore phase, (N@GCMy 19 2(Tiq 62l 39,07, was re-
ture oxide melt solution calorimetry on a suite of well char- ported to transform to an amorphous state due to self-
acterized single crystals of REE,O; (REE=Sm to Lu. radiation damag& Similarly, in a Cm-doped devitrified
All REE-titanates were stable in enthalpy with respect toglass, the pyrochlore phase (Gd,Gifi)O; was observed to
their oxides: LyTi,O;, was the least stable (56.0 wundergo a radiation-induced crystalline-to-amorphous
+4.0 kJ/mol) and the most stable were Gd-, Eu-, andransformatiort>? Following these two studies, a detailed
SmyTi,O0; (—113.4-2.7, —107.0t4.1, —115.4-4.2kJ/ study on the effects of alpha decay in single-phase
mol, respectively. In general, as the radius ratio of the A- (Gd,Cm),Ti,O; pyrochlore showed that amorphization oc-
and B-site cations decreases, the pyrochlore structure beurred at a dose of about X110 alpha-decay events per
comes less stable because the structure can be more eagiham and was accompanied by macroscopic swelling of
disordered to the defect fluorite structure. The energetics adibout 5% and an increase, by a factor of 20 to 50, in the
the disordering processes has important implications for thaqueous dissolution rate of the non-network €rfrt33

VIl. RADIATION EFFECTS
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Similar amorphization behavior has been observed for minresult in self-heating. In addition to self-heating, ionization
erals of the pyrochlore grou3:}**The amount of radiation- and electronic excitations produce a large number of
induced phase transformation and magnitude of the changedectron-hole pairs that can result in covalent and ionic bond
in swelling and dissolution rate are greatly dependent on theupture, charged defects, enhanced self-ion and defect diffu-
pyrochlore composition and irradiation conditions. Becausesion, localized electronic excitations, and in some ceramics,
self-radiation damage from alpha-decay can significantly afpermanent defects from radiolysis.
fect the atomic-scale structure and the physical and chemical Ballistic processes cause direct atomic displacements
properties of actinide-bearing pyrochlore-based waste formghrough elastic scattering collisions and are responsible for
long-term assessments of performance must take into athe atomic-scale rearrangement of the structure. The alpha
count the effects of alpha-decay at relevant temperatureparticles dissipate most of their energy by ionization pro-
dose rates, and times. In this regard, it is fortunate that sysesses over a range of 16 to gin, but undergo enough
tematic experimental studies using short-lived actinides anélastic collisions along their path to produce several hundred
ion-beam irradiations, studies of radiation effects in U- andisolated atomic displacements that form Frenkel pairs. The
Th-bearing minerals, and the development of models of ralargest number of displaced atoms occurs near the end of the
diation damage processes over the past 20 years have ledatpha particle range. The more massive but lower energy
significant improvements in understanding the processes @fipha-recoil particle accounts for most of the total number of
damage accumulation in pyrochlore and related defectdisplacements produced by ballistic processes. The alpha-
fluorite structures. This fundamental scientific understandingecoil loses 80% or more of its energy in elastic collisions
now provides a basis for predicting the effects of self-over a very short range0 to 30 nm that produce energetic
radiation damage on the performance of pyrochlore-baserkcoils, which in turn lose 60% or more of their energy in
waste forms over the range of relevant temperatures, dosaastic collisions. As a result, about 50% of the energy of the
rates, and times. One of the recent successes of some of theseoil is deposited as “damage energy” in a highly localized
studies has been the discovery of a class of radiationdisplacement cascade, where 500 to 2000 atoms are energeti-
resistant pyrochlore/fluorite structures that can readily aceally displaced by elastic collisions. The displacement of at-
commodate actinide$:1¢%"such phases can serve as highlyoms within a cascade produces Frenkel pairs but may also
durable, radiation-resistant host phases for the immobilizaresult in the direct formation of a topologically disordered or
tion of plutonium and “minor” actinides. amorphous state in the core of the cascade. The total density
In this section, the results from studies of self-radiationof energy deposited over distances of approximately 25 nm
effects in several pyrochlore and related ceramics due toto the crystal structure by an alpha-recoil cascade can be
alpha-decay of incorporated short-livétfPu or?*Cm iso-  very high (up to 1 eV/atom and occurs over a very short
topes, natural pyrochlore minerals that contain long-lived actime (<10 *?s), which may lead to local melting in the
tinides %% and 2%2Th), and heavy-ion irradiation studies cascade or additional atomic relaxations and rearrangements
are reviewed. In addition, it will be shown how these accel-that contribute to the topological disorder. Both the partition-
erated test methods and confirmatory results from minerahg of the energy loss between ionization and elastic colli-
studies contribute synergistically to the understanding andions and the distribution of displaced atoms will depend on
predictive modeling of radiation effects in pyrochlores usedthe composition and structure of the pyrochlore phase.
for the immobilization of actinides. In an alpha-decay event, the alpha particle and alpha-
recoil particle are released in opposite directions and produce
distinct damage regions separated by several microns. Based
A. Radiation damage processes on full cascade Monte Carlo calculations using $em-2000
Alpha-decay releases energetic alpha particles with erfode™ and assuming a threshold displacement energy of 50
ergies typically in the range of 4.5 to 5.8 MeV, and energetic€V for all atoms, the average number of atomic displace-
recoil nuclei(alpha-recoils with energies of 70 to 100 kev. Ments generate?fj in G@i,O; by the 5.2 MeV alpha-particle
The effects of the interactions of the alpha-particles andNd the 86 keV*U recoil released in the decay &tPu are
alpha-recoils with the atomic structure lead to radiation dam100 and 570, respectively. Many of these displaced atoms
age. These interactions fall into two broad categories for bot!'ill recombine instantaneouslyithin one or two picosec-

alpha-particles and alpha-recoils: the transfer of energy 1gnd9, and the number of defects surviving the cascade will
electrons (ionization and electronic excitationsand the be less than the calculated number. Recent molecular dynam-

transfer of energy to atomic nuclei, primarily tyallistic €S calculation§® of threshold displacement energies in

processes involving elastic collisions. An alpha-particle willL82£7207 (6 keV U cascadgsindicate minimum threshold

predominantly deposit its energy by ionization processesdiSPlacement energies of 53, 68, and 7 eV for La, Zr, and O,

while the alpha-recoil will lose most of its energy in elastic "eSPectively. These values suggest that similar numbers of La
collisions with the nuclei of atoms in the solid. In addition to @"d Zr displacements are produced, with the number of O

the transfer of energy, the particles emitted through radioacdiSPlacements being a factor of 40 to 50 higher. Large frac-
tive decay can themselves, in some cases, have a significafi"s (80% to 90% of the O displacements are replacement
chemical effect on the host material as a result of their depo€VeNts on equivalent O lattice sites. The molecular dynamics

sition and incorporation into the structure. simulation$®® of 6 keV U cascades in LZr,0, also indi-
The high-rate of energy absorption through ionization

cate that the lifetime of the displacement cascades is about
and electronic excitation from alpha-decay in ceramics caif-9 PS; however, continued relaxation of the O defects occurs
for about 3 ps. While the minimum displacement energy for
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O is rather low along one directiofihe direction with the sponses over a wide range of compositions and structures,
minimum displacement energy for O-(7 eV) is[012] for and develop the fundamental understanding and predictive
O,g¢ and[114] for Ogy,, respectively, the results suggest that models necessary to assess the impact of alpha-decay events
many of these displacements either are replacement eventsam long-term performancé*1*°As a result, ion-beam irra-
recombine within several picoseconds. Along other direcdiation studies have been completed on a wide range of py-
tions, the displacement energies are higher, and more highlpchlore compositions, as well as on many related composi-
separated, stable O Frenkel pairs may be produced. This réens and structures; however, ion-beam experiments are
sult is consistent with the displacement energy of:&&eV  performed at greatly accelerated rates, which is a concern
for O that has been recently measured fos2raO, . >’ that continues to be investigated. Fortunately, recent models
of radiation-induced amorphizatitf§ and a broad range of
data have identified temperature regimes and conditions

B. Irradiation methods where dose-rate effects are minimal, as well as where they
The effects of alpha-decay events have been studied minate behavior. For consistency in the_ comparis_on qf
incorporating short-lived actinides, such’d®u (half-life of ~ data on alpha-decay damage and data from ion-beam irradia-

87.7 years and 2%Cm (half-life of 18.1 years into pyro- tions w.ith i(_)ns of different mass e}nd energy, .the doses re-
chiore and related structures. Such experimental studies aB9rted in this review are primarily in units of displacements
celerate the damage rates by one to several orders of magRe’ alom(dpa, which have been calculated based on full
tude compared to the actinides of interest for immobilization.C""SC"J;EIe Monte Carlo calculations using  tseim-2000

In the study of the pyrochlore, Gi,O,, 3 wt%2%4Cm was codé* and assuming a thre_shold dlsplz_icement energy of 50
substituted for G2 In another study?*®u was substi- eV for all atoms. For actinide-containing pyrochlores, the

tuted for Zr in zirconolite, which yielded CaPy0, with a  'adiation-damage should be uniformly produced, and the
fluorite-derivative structure that is related to pyro- bulk average dose is reported. Because the dose in ion-beam

chlore*4547 |n addition, there are ongoing studies on irradiatiqns varies_ with depth, a local dose is used._For ion-
23%p-containing ceramics that investigated the behavior ofhanneling experiments, the results have been derived from

pyrochlore phases and pyrochlore-based waste ceramics dghavior at the damage peak, for which a unique dose can be
several temperaturd®-4"While studies involving short- defined. In the case af situ TEM experiments, the dose for

lived actinides provide realistic irradiation conditions and@morphization ata given ion fluence is defined in this review
bulk damage, they can be time-consuming, involving one of'S the local dose at a depth of SQ nm, which is the region that
more years to complete, and generally provide only limited®©COMes amorphous last and is unaffected b){ﬁg‘?\lar—surface
data under just a few sets of experimental conditions. Fur€ffects that can extend to depths of 10 to 20 fifmNote,
thermore, detailed characterization and study of such highlf©Me research groups use the local dose at a depth of 100 nm
radioactive samples was problematic twenty years ago an@® @n avergge_value to calculate the c_rltlcallamorphlzanon
remains so today. Of all the studies to date on alpha-deca§eSe: considering the fact that the typical thickness of the
effects in oxide phases containing short-lived actinides, only EM specimen under ion irradiations 15200 nm. _
two have attempted to evaluate the effects of temperature, 'On-beam irradiation can be used to produce a highly
which are critical to modeling both the effects of dose ratedamaged or amorphous state that may not differ greatly from
and temperature. One study was on CaR@Tiwith the that produced by alpha-decay over long times. While sgch
fluorite-derivative structur&“ and the other is a current highly damaged_states are confined to near-surface regions
study on several 2%u-containing pyrochlore-based (up to several micronsthe damage layers of pyrochlore are
ceramicgL38139 generally stable and not affected by electron beam irradia-
Natural minerals also can contain large concentrations ofonS- This allows the application of advanced methods, such
U and Th impurities(up to 30 wt.%; thus, natural pyro- &S TEM and Rutherford-backscattering spectroscopy, in the
chlores can serve as analogues for self-radiation efté%ts. determination of the structure of each damaged stage. Like-
Studies of natural pyrochlorési® complement the studies wise, by controlling or varying the ion-irradiation conditions,
involving short-lived actinides. In mineral samples, the dose! S POsSsible to produce a nearly uniform damage state over
rates are extremely low, with damage having accumulated Micron or more. The chemical durability of such irradiated
over hundreds of millions of years, and the compositions ang@mMples can be readily testeq,ﬂand as recently demonstrated
dose rates can vary, particularly with regard to U- and Thfr some pyrochlore samplés ' the results are consistent
content. Likewise, the thermal and environmental histories ofVith tests on the highly damaged states of Pu/Cm-containing
minerals are not as well constrained as in laboratory studiegaterials. Such measurements and testing of ion-beam irra-
The variations in U- and Th-contents, however, provide giated materials provide a reasonable representation of the
broad range of damage levels over geologic timescales arfjorst-case effect of radiation effects on chemical durability
the minerals provide bulk material that can be characterize@V€" the long periods of interest for actual actinide-
by a wide variety of advanced techniqUé8.The models Containing waste forms.
developed for radiation damage may be tested by comparing
model predictions to observations of minerals of great ag
that have experienced a range of alpha-decay dBses.
lon-beam irradiation studies have been used to more rap- As indicated above, many pyrochlore compounds are
idly evaluate the effects of temperature, survey radiation resusceptible to a radiation-induced crystalline-to-amorphous

%. Defects and amorphization
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transformation as a result of alpha-decay events. The amor- o [ ' ' "

phous state is generally characterized by the loss of long- ':- 1.0 //"/"""

range order; however, short-range order is often retained to 2 o8t / /” .
varying degree$® In general, the cumulative amount of 8 s

amorphous material increases nonlinearly with dose, and the uw 0.6 ,/ / ]
rate of amorphization decreases nonlinearly with temperature 2 04 J S — Cd,Nb,0,, 300 K .
due to the kinetics of damage recovery proces&:3he '§- /:/" === 8m,Ti,0,, 300 K
atomic-scale processes contributing to the production of the g 0.21 44 - MCm-Gd,Ti,0;, 340 K]
amorphous state control the functional dependence of the < ot . . . .
amorphous volume fractiofi, with dose. The amorphous 000 005 0.10 0.15 020 025
fraction is difficult to define uniquely, with the definition Dose (dpa)

often being dependent on the resolution of the measuremeEFG. 4. Amorphous fraction as a function of dose in,8H,0; and

technique being employed, as well as on how ComribUtiqn%sziZQ irradiated with 1.0 MeV Ad" ions (see Refs. 150, 151and in
to the measurements from simple and complex crystallingd,Ti,O, containing 1.24 wt %*Cm (see Ref. 145

defects, generated in the crystal structure by irradiation, are
considered. Even with a given method, the dose dependence
of f, is difficult to measure for radioactive materiglsnited
methods availab)eand ion-irradiated samplegonuniform
damage profiles Consequently, there are limited data of this

dynamic recovery processes may be more active at 300 K in
Sm,Ti,O;. The results in Fig. 4 were derived from the dam-

; X ! age peak region in the irradiated pyrochlores, where the den-
type for the materials of interest. lon-channeling methiddls, sity of damage energy deposition from the Au ions in

which require high-quality single crystals, are sublattice SeszTi207 is only about 15% higher than that from alpha
lective techniques that have been used to obtain quantitative,yils in G@Ti,0,. Thus, it is not surprising that the amor-

data on the accumulation of relative disorder in irradiatedphizaﬁOn behavior for SgTi,O,, which has identical be-
materials, and by using a disorder accumulation m&tfel, havior to G@Ti,O, under heavy-ion irradiatioft is in rea-

the crystalline and amorphous contributions to the disordeg,4pie agreement with the amorphization behavior shown
in ion-irradiated pyrochlores can be obtaiféd!** Raman Fig. 4 for 24Cm-containing GglTi,O, at 340 K45

spectroscopy, nuclear magnetic resonance, and x-ray absorp- \yhjle the results in Fig. 4 describe the amorphization

tion spectroscopy are among other techniques that have begf,cess in several pyrochlores, it is important to note that the

used to quantify dam_zlggg accumulation and estifgtéh  4amage accumulation processes involve both amorphization
other irradiated materiafs” and that could be applied to s- 5y gefect accumulation processes in the residual crystalline

timate amorphous fraction in some pyrochlore compositionSgctyre. Radiation damage leads to the formation and accu-

~ There are several models that describe different mechay, jation of Frenkel pairs in the residual crystalline material.
nisms of amorphization that are consistent with many of therpe rejaxation of cation interstitials onto vacant lattice sites

observations of amorphization in pyrochlore. For consistencyy the “other” cation-site leads to cation disordering. Like-
in the analyses of data and the predictions of behavior, th@se the relaxation of oxygen interstitials onto the vacant 8a
d|r_ect-_|m|i?6ct, defect-stimulated modéDI/DS) for amor-  jtes jeads to anion disorder. The disordering of cations and
phization,™ which has been validated in molecul_arl dynfm'anions can result in a transformation from the ordered pyro-
ics simulations and experimental measurements in Sic,  chlore structure to a disordered defect-fluorite structure

is ut|I|_zed in this review. In this model, amorphous domams[Figs_ 1c) and 1d)]. The order—disorder structure transfor-
are directly produced in the core of a cascade, and thg,aiion is a complex process that occurs in the pyrochlore
irradiation-induced point defects accumulate and furthegy,cyre during irradiation due to the independent disorder-
stimulate amorphization at the crystalline-amorphous mtermg kinetics for the cation and anion sublattices. lon
face. In Fh'SAEnOdeL the amorphous fractifjis given by the i radiation-induced cation and anion disorder both contribute
expressiort: to the transition from the ordered-pyrochlore to a defect-
fo=1— (o, ol{oet ouexf (o.+ oD}, (1) fluorite structure. An intermediate ;tage of anion—d@sordered
pyrochlore has been observed prior to the formation of an

wherea, is the amorphization cross sectian, is the effec-  anion-deficient fluorite structur@® These results suggest
tive cross section for defect-stimulated amorphization,and that cation disorder and anion disorder occur independently
is the local dosédpa. and that the disordering of the anion sublattice occurs prior

By iterative fitting a disorder accumulation model to ion- to the disordering of the cation sublattit®. A significant
channeling datd’ in which the amorphous fraction is de- amount of relative disorder was observed during an early
scribed by Eq(1), the dependence df, on dose has been stage of radiation damage in the titanate pyrochlore single
derived for CdNb,O; and SmTi,O; irradiated with 1.0 crystals, which may be due to the lower displacement thresh-
MeV Au?" ions at 300 K%' These results, which are old energy for the anion sublattice, as compared with that of
shown in Fig. 4, indicate that GNb,O; is much more sus- cations, as suggested by the molecular dynamic simulation
ceptible to radiation-induced amorphization than,$x0;  on LaZr,0, pyrochlore structuré®® For titanate pyro-

under similar irradiation conditions, which suggests that thechlores, this anion-disordered pyrochlore structure is meta-
threshold displacement energies for,88,0; may be less stable and transforms to a defect fluorite structure upon ion
(or damage cross sections largiran those in SpTi,O,, or  irradiation. This is further evidenced by a recent ion chan-



5960 J. Appl. Phys., Vol. 95, No. 11, 1 June 2004 Ewing, Weber, and Lian

T T 1021
1.0 -
- Q
I3 i -7 | 8o
g 08 /575K 2% 10
= | ‘ g 8
' 0.6 CaPuTi,0, 9
= Fluorite Structure NT
_g 0.4 .g-g 1010
& gs
g 0.2 N £ 8
lo 875K < . . .

[~ ¢ i 1018

0.0 : : . ' 108 107 108 10°  10™°

0 2 4 6 8 10

Time (years
Dose (108 alpha-decays/g) (yoars)

FIG. 6. Amorphization dose in natural pyrochlore minerals as a function of
FIG. 5. Amorphous fraction in CaPyD; derived from swelling and x-ray  geologic age(derived from Lumpkii (see Ref. 32

diffraction data(see Ref. 4%

materials’®2%444'minerals in the pyrochlore grou3;*** or

neling study on Au-irradiated SiiipO; where a much ¢ 5o G gioreq pyrochlore¥:!® Unfortunately, there are

higher degree of relative disordénterstitial is measured limited dat tinide-containi hi d related
on the anion sublattice than on the Sm sublattice, suggestinIml ed data on actinide-containing pyrochiores and re'ate
that the damage occurring on the cation sublattice may drivgat_?_.r%ls'h-rheb amodrph|zat_|0nd ?ose Iln act_mulje—_condtglr_nng
the amorphization process. Cation disorder has also been re 02Tl ; ggzgfgnF eteCrmI;n(?r Oor only a ;mgt_e wrz lation
ported to dominate irradiation-driven order-disorder transi-c Perature. or Larulily, amo&g)églza. lon doses
tions in Ga(Zr,Ti;_,),0;.% However, whether direct- have been determined at two temperatufes with results
impact or defect accumulation mechanisms control theCOnSIStent with those shown in Fig. 5. In the case of pyro-

irradiation-induced structural transformation and amorphiza-Chlore minerals, the amorphization dose has been determined

tion process remains unclear. Other ion-irradiation studie&s @ function of geologic time, as shown in Fig. 6. The in-

have indicated that this pyrochlore-to-fluorite order—disordei reea?eenlqn :rr;&rrpehgfaggg dgcs)g cygthgzg:?g:ﬁjgszf‘eg Tr:gr;ime
transformation occurs concurrently with the amorphization 9 P N ) y

process in GglTi, 0, ,%5157and high-resolution TEM images dependence of the damage accumulation kinetics.

of Xe" irradiated GdTi,O; show evidence of amorphous act'rmr:a"-iegﬁ]re arfoclmgid mda?te?'a?sn t?\rgofrzz?“hqnat!gn
domain formation that could be the result of direct-impact Nl ng py 1as, phizal

amorphization and cascade quenching effects. However, réj_ose in ion-beam irradiated pyrochlores has been determined

cent studies suggest that the ordered pyrochlore to the defed} & wide range of compositions as a function of ion mass

fluorite structure transformation locally precedes significan dln(: t(jer\r,va;[ﬁrzti;rer, ﬁfilll:strarl]tgdmln F'gr' ijOfizr?UziOﬂ;El”i?-
amorphization in CgNb,O; irradiated with N& and Xe" awe erent lons a casured using elinesitu

158 TEM technique¥® or ion-channeling methods? The re-

ions,*® as well as in Glli,O; irradiated with X ions:> ults in Fig. 7 show a significant increase in the amorphiza
Such observations are consistent with a very small cross segs 9- . : signific . P
tion dose under irradiation with Neions as compared with

tion for direct-impact amorphization relative to defect pro-. . X
P P b irradiation by X& or AU?" ions at low temperatures. At

duction cross sections that are illustrated by the data i . . )
Fig. 4. room temperature, there is a systematic increase in the amor-
phization dose with decreasing ion mass. Likewise, there is

an apparent increase in the critical temperaffy¥® above

which amorphization will not occur, for Xeirradiation rela-

tive to Ne" irradiation. The change in both the baseline
The competing processes of damage production and re-

covery control the temperature dependence of amorphiza-

D. Kinetics of amorphization

tion. While the kinetics of amorphization in pyrochlores can = 10 ' v

be determined from the dependence of amorphous fraction 3 4 280 keV Ne*

on dose at different temperatures, such data are not easily 3 : 13 mex §62+

obtained for all compositions. However, using an iterative a Tt VeV Ad 3
fitting procedure, the dependencefgfon dose and tempera- 5

ture has been previously derivd from the macroscopic ® 0.1 i
swelling and x-ray diffraction data for CaPy®,,** as is -

shown in Fig. 5. The decrease in the rate of amorphization 3 CdoNb,0,
with increasing temperature is clearly evident. These results E 0.01 L

for CaPuT}O, are similar to the behavior recently observed 0 200 400 600 800
at 300 and 700 K in SgTi,0,.1%? Temperature (K)

In general, the dose for amorphization for specific com-FIG 7 Depend  dose | | hizat g
positions and irradiation conditions has been most often de- &: /- Dependence of dose for complete amorphization on temperature an
. . . . - -ion mass in CgNb,0;, based orin situ TEM studies of Né and Xe" ion

termined from electron-diffraction analysis of TEM speci- jadiations(see Ref. 158andin situ ion-channeling studies of &4 irra-

mens for actinide-containing pyrochlores and relateddiations(see Ref. 15D



J. Appl. Phys., Vol. 95, No. 11, 1 June 2004 Ewing, Weber, and Lian 5961

T

0.6 MeV Ar* GdzTizo7

T

0.6 MeV Bi* irradiation

08 ° 0.8
e 1.0 MeVKr s Y,Ti0,
0.6F ° 1.0 MeV Kr* 0.6 v Sm,Ti,0,
a 0.6 MeV Bi* o Gd,Ti,0,
. 'Ly, TLO,

244Cm Decay

o
[N
o
[
T

0 200 400 600 800 1000

Amorphization Dose (dpa)
(=) o
(=) »

Amorphization Dose (dpa)
o
S

o
(=]

200 400 600 800 1000
Temperature (K) Temperature (K)

o

FIG. 8. Amorphization dose in Gli,O; for different ions(see Refs. 14,  FIG. 9. Amorphization dose in rare-earth titanate pyrochi¢ses Ref. 81
15, 81, 146 and for a sample containing 1.24 wt9%Cm (see Ref. 145

If thermal recovery processes are dominant, then the

amorphization dose and the temperature dependence f6fitical temperaturd(th) is given by the expressidt?
Cd2Nb2Q7 is re_lated to enhanced dz_image recovery kin_etics To(th) = Eg/[K IN(vi/ oadh)], 3)
for the lighter ions, as well as possible change in dominant ] o )
amorphization mechanism. This enhanced recovery proce¥{€reEy is the activation energy for the dominant thermal
may be associated with the much higher rate of energy losRrocessk is Boltzmann's constantyy, is the thermal jump
by ionization processes for lighter ions, which is consistenf‘req{elncy’ o4 is the local cross-section for amorphization
with the observation that enhanced Cd and O mobilities leaddPa ), and# s the local damage ratelpa/s. Thus, when
to Cd nanoclusters and bubble-induced cleavage ifhermal recovery processes dominale,is strongly depen-
Cd,Nb,O, irradiated with 3 MeV Hé ions and 10 MeV C dent on damage rate. For convenience, ion-beam experi-
ions*’ In contrast to the results in Fig. 7, the amorphizationMents are often performed under nearly constant amorphiza-
dose and critical temperature in Gd,0; are largely inde- tion or damage rates,¢. SinceEy, and vy, in Eq. (3) are
pendent of ion mas¥;'“°as shown in Fig. 8. The results also Material-dependent constant&,(th) is largely independent
show that there is good agreement between the dose f&f ion massli.e., damage-energy densitwhen thermal re-
amorphization in GglTi,O, under ion irradiation and that COvery processes dominate, as illustrated in Fig. 8 for
from 2%Cm alpha-decay near room temperatusignifi- Gd,Ti,O;. In addition, when thermal recovery processes are
cantly belowT,). dominant, the dose for amorphization should be relatively
Complete amorphization will not occur if the amorphiza- iNdependent of dose rate at temperatures belew where
tion rate is less than or equal to the damage recovery ratél€re is very I|tt|9 thermgl mob|I|ty_of defects. Despite the six
Thus, the temperature at which the rate of damage recoveigfders of magnitude difference in damage rates, the good
equals the rate of amorphization defines the critical temperaigreement between the ar‘rlorphlzatlon doses i130; un-
ture for amorphization for a given set of irradiation der ion irradiation and fro@**Cm decay near room tempera-

conditions™® The damage recovery processes affectingur® confirm some degree of dose-rate independence
amorphization may be associated with both irradiation0€low Te. o

assisted and thermal recovery processes. If irradiation- The temperature dependence of amorphization is shown
assisted or irradiation-induced recovery processes dominat# Fig. 9 for several rare-earth titanates irradiated with 0.6

. . 81 .
the critical temperaturd@,(irr) is given by the expressidff ~ MeV Bi™ ions™ In general, the results show that amorphiza-
tion under these heavy-ion irradiation conditions is relatively

T.(irm)=Ej, /[kIn(o, /03)] 2) independent of the rare-earth species. The results in Figs. 8
and 9, along with those shown in Fig. 4, confirm tlagtis

whereE;, is the activation energy for the irradiation-assistedsimilar for heavy ions and alpha-decay damage in these rare-
processk is Boltzmann’s constanty, is the cross-section earth titanate pyrochlores. Thus, the shiffTinfor the lower
for the dominant irradiation-assisted process, apds the  dose rates associated with alpha decay in actinide-containing
local cross-section for amorphization. As discussed and illusrare-earth titanates can be easily calculated using(8qg.
trated in detail elsewheré® T, is independent of damage based on the dose rate afg(th) from heavy-ion irradiation
rate under these conditions, and the radip/o, can be experiments.
highly dependent on ion mass, which leads to shiftd in While T, appears to be independent of ion mass for
with ion mass when irradiation-assisted recovery processdsd,Ti,O; (Fig. 8), this is not true for all titanate pyrochlores.
are dominant, as shown in Fig. 7. If irradiation-assisted reThe values ofT. as a function of A-site ionic radius are
covery processes are dominant, the critical temperature, ahown in Fig. 10 for ATi,O, irradiated with Bi ion&' and
defined byT(irr), is independent of damage rate and, con-with Kr ions*®¢*%” Bearing in mind that different groups
sequently, cannot be used to predict the critical temperatureonducted the Bi and Kr irradiation experiments and that the
under lower dose-rate conditions, where irradiation-assistedritical temperature can be significantly affected by damage
processes are negligible, as in the case of actinide-hosate, the results in Fig. 10 suggest that the critical tempera-
phases in a repository. ture for amorphization is somewhat independent of ion mass



5962 J. Appl. Phys., Vol. 95, No. 11, 1 June 2004 Ewing, Weber, and Lian

Lu Y GdEuSm

g1100 : - §6~° e G4,Ti,0,
5 . ] g 50} o BwTiO,
51000 5 3 b o Sm,Ti,0, A
g © 40} a TH,Ti,0,
g_ 900 | & Krimadiation . by m Dy, Ti,0, "
K o Bi lrradiation % 3.0 Ho,Ti,0,
w800 A,Ti,O, 1 2 + ELTi,0,
:‘é s 2.0} 4 Y,Ti)0,
S 700 ' : T
0.095 0.100 0.105 0.110 8" 0 Lu,Ti,O,
a
A-Site lonic Radius (nm) 8 0.0
E 0 200 400 600 800 1000 1200

FIG. 10. Critical temperature as a function of A-site ionic radius Tib0O;
irradiated with 0.6 MeV Bi iongsee Ref. 8land 1.0 MeV Kr ions(see
Refs. 156, 15\

T (K)

FIG. 11. Temperature dependence of the critical amorphization fluence of
rare-earth titanate pyrochlores under 1 MeV'Kon irradiation (see Ref.
92). The legend is ordered accordingTg.

for Gd and Sm titanates. The slight difference betweerthe
results for Gd, Eu, and Sm from the two different groups
may be due to a higher dose rate being employed in the casanorphization. With increasing ionic radius ratio from
of the Kr" irradiations. For A-site cations smaller than Gd, Lu,Ti,O;(~1.61) to GgTi,0,(~1.74), thecritical amor-
there appears to be a significant effect of ion mass, similar tphization temperature increased from 480 to 112QHqQ.
behavior observed in other systefi8The results in Figs. 9 12). When the ionic radius of the A-site cation was increased
and 10 show thaf is relatively constant, independent of the from G* to Sn?*, the critical temperature decreased from
A-site ion, under irradiation with heavy Bi ions. Based on 1120 to 1045 K(Fig. 12. The fact that GgTi,O; has the
the above discussions, this would suggest Théth) for the  highest critical temperature indicates that this composition is
A,Ti,O; pyrochlores is independent of composition and hassusceptible to ion irradiation-induced amorphization to
a value of about 100040 K under irradiation with heavy Bi higher temperatures than other rare-earth titanate pyro-
ions. At this temperature, the oxygen vacancies, which havehlores. This observation is consistent with the results of 1
similar migration energies in all the /A&i,O, pyrochlores MeV Kr™ irradiations on polycrystalline Eu-, Sm- and Gd-
considered her®° begin to become highly mobile, which titanate pyrochlore¥® The cation radius ratio has been used
suggest they may play a contributing role in the thermalto predict the stability of pyrochlores under irradiation in
recovery processes that defiriegth) for this system under recent energy minimization simulatiof$As the A-site cat-
irradiation with heavy ions, such as Bi. For compositions inion radius approaches that of the B-site cation radius, the
this system with ionic radii smaller that Gd, the valuesTpf  material has a higher capacity for accommodating the anti-
determined under irradiation with Kr ion{&ig. 10 suggest site cation defect due to a lower cation antisite defect forma-
more dependence on irradiation conditiqne., ion masg  tion energy. Under irradiation, the lattice energy increases
which may indicate the dominance of irradiation-assisted rerapidly—especially in materials with a high defect formation
covery processes or changes in the amorphization procesznergy. When the free energy of the crystalline structure dur-
Whether this might be related to ionization processes, as hasg irradiation is greater than the free energy of the aperiodic
been suggested for the §\b,0; results in Fig. 7, needs to state, then the material is more easily amorphiZe@ener-

be determined by additional studies. Since Y is rather light

compared to the rare-earth cations, there may be additional

impacts from the partitioning of greater energy losses to ion- 1200 - T T T T - T

ization processes that may not be observed in other rare-earth w Gdy(Tiy,Zr),0, :

titanates with ionic radii smaller than Gd. g 1000F  RE,TI,O, 1
A different perspective on the effect of A-site cations has 5 soo | ¢ REZnO; |

been presented in a recent systematic ion beam irradiation 2 s G4SN0,

study of a series of titanate pyrochlore single crystals g 600 | ]

A,Ti,0; (A=Sm-Lu, and Y using 1 MeV Kr" andin situ £

TEM observatior?? In addition to the effect of irradiation f—‘_’ 400 | .

conditions, such as ion mass differendesy., Kr® versus 8

Bi*), the response of the pyrochlore structure-types is highly g 200 Kr* Irradiation

compositional dependent. The temperature dependence of

the critical amorphization fluence for titanate pyrochlore o *! . ) ! :

single crystals under 1 MeV Krion irradiation is shown in 140 145 1'50_ 15 ,1'60 1j65 170 1.75 180

Fig. 11. A significant difference in the radiation response of lonic Radius Ratio, rafrg

titanate pyroghlores Wlth dlﬁerem,lamhamde elemem,S Wans—IG. 12. Critical temperaturel, as a function of cation ionic radius ratio
observed, which Conﬁrmsl th?t A-site cgtlons have an imporor pyrochiore compositions irradiated by 1.0 MeV'Kions. La.Zr,0; was
tant effect on the susceptibility of the titanate pyrochlores tarradiated by 1.5 MeV X& ions (see Ref. 168
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ally, the energy minimization simulation results, based on the T [ox00 Bi* ' '
defect formation energy, agree well with the increasing criti- :.%10 Fu x=0.25, Kr* E
cal amorphization temperatures for the titanate pyrochlores @ ;i:g:gfk’rﬁy
A,Ti,O; as the ionic radius of the A-site cation increases a 8x=0.5, Xe*
from Lu* (0.0977 nm to Gt (0.105 nm), even though g ©x=0.5, Au*
there is a small difference in the calculated antisite defect 5 Ty ]
formation energy® 8

However, the fact that Gdi,0; has the highest critical g' Ga,(Zr.Ti, ),0
amorphization temperature suggests that the cation ionic ra- Eo.1 L A s G

) 200 400 600 800 1000
Temperature (K)

dius ratio criterion, as well as the associated defect formation
energies, cannot be used exclusively to predict the response
of the pyrochlore structure-types to ion beam irradiations.
The electronic configuration®.g., bond typeof the cation ~ F!G- 13. Temperature dependence of amorphization i(BTi; )20,
. . . . _...__unpder irradiation with 0.6 MeV Bi ions (see Ref. 8}, 1.0 MeV Kr' ions

and associated polyhedron distortions a]so have a S|gn'|f|(?(:1r(§ee Ref. 15 1.5 MeV Xe' ions (see Ref. 165 and 0.4 MeV A ions (see
effect on the energetics of defect formation and the radiatiomer. 165.
stability of pyrochlore compoundé:°31®1 For example,
Gd,Ti,O; is more sensitive to ion-beam-induced amorphiza-
tion at high temperature, as compared with other titanatgn the Gd(or En or Zr-site$%® and as previously discussed
pyrochlore compositions, and this may be attributed to itshe zirconate pyrochlores are chemically durable. In the case
greater structural similarity to the ordered pyrochlore superof the Gg(Zr,Ti;_,),O, binary, it has been shown that there
structure which has less distortion of the fi@ctahedra. s a systematic increase in the radiatfoesistance(decrease
This is evident because it has the smallegd® parameter in T, and increase ifD,) with increasing Zr-content under
as a result of the strong ionic character of*Gdiue to the 1.0 MeV Kr* irradiation® which is an important benefit if
specific electronic configuration of thef 4ubshell of G&*  zr-rich rather than Ti-rich pyrochlore compositions are used
(half-filled).?” The effect of cation electronic configuration is to immobilize the actinides. These results are consistent with
further evidenced by the comparison between the radiatiorecent molecular dynamics results that indicate some amor-
responses of G&n,O; and Gg(Zrg7sTig 29,07 Although  phization directly within  displacement cascades in
the cation ionic radius ratio of G8n,O; (~1.526) is simi-  Gd,Ti,0,, while in Gd,Zr,0O,, displacement cascades tend
lar to that of Gg(Zrg 75Tig 29,07 (~1.523), there is a dra- to produce only point defect§* While the amorphization
matic difference in the radiation “resistancérFig. 12. No  behavior and critical temperature in Gd,0,, as shown in
amorphization occurs in G{Zrg 75Tig 29 ,0; with an ion ir-  Fig. 8, are relatively independent of ion mass, recent
radiation at 25 K; whereas, G8n,O; can be amorphized at result3® shown in Fig. 13 demonstrate a shift in the critical
room temperature at a dose 3.4 dpa®>*®* The covalent temperature with increasing ion ma@amage energy den-
character ofSn—Q bond and the associated decrease in thaity) in the Gd(Zr,Ti;_,),0; system. With increasing ion
(Sn—0 bond distanc€ imply a lesser degree of distortion of mass, the critical temperature for tie=0.25 composition
the Sn@ coordination octahedron, resulting in a structurebecomes identical to the end membet 0.0, composition,
more compatible with the ordered pyrochlore superstructureand the critical temperature for the=0.5 composition in-
This leads to a greater susceptibility of £SO, to ion-  creases by about 160 K as the ion mass increases from Kr
beam irradiation-induced amorphization, as compared witho Au™. For compositions in this system wit®0.75, irra-
Gdy(Zro75Tip 29,0;. First-principle calculation$? using  diation with 1.0 MeV Kr" ions has demonstrated thg{ is
density functional theory reported a significant covalency forless than 25 K2 and irradiation with 2.0 MeV Ati" ions has
the (Sn—0 bond and mainly ionic character for t&i—0O) confirmed that amorphization does not occur at 300 K for
and (Zr—0O) bonds. Additionally, the charge density aroundthese high Zr-compositions at higher damage energy
the Qg in the stannate pyrochlore showed significantly densitie$’ These results provide the necessary data to define
greater distortion from spherical, in comparison with theT.(th) at these damage rates in the,G&t, Ti; _,),0; sys-
more ionicly bonded titanates. The greater degree of covaleém, which in turn can be used to defifig(th) at the lower
bonding betweekSrf** —0) as compared witkTi**—0) or  dose rates expected for materials used for the immobilization
(Zr** -0 results in defect formation energies otherwise un-of actinides. Based on E@3), the critical temperatures for
expected solely due to the radius ratios of the cation speciesompositions in the GqZr,Ti,_,),0; containing 10 wt %
For example, ¥Sn,O, shows a 2—4 eV greater defect for- 2**Pu are given in Fig. 14 as a function of Zr-content. The
mation energy than otherwise predicted by the use of théargest uncertainty is for the=0.75 composition because of
average B-site cation size. This again underscores the impoinsufficient data to accurately determifig(th) under ion-
tance of the electronic configuration of cations on the crystabeam irradiation. While the most radiation-resistant phase in
chemistry and the radiation “tolerance” of the pyrochlore this system is GgZr,O,, amorphization will not occur under
structure. the temperature condition@00 to 550 K expected in a

One of the more exciting outcomes from fundamentalgeologic repository for any compositions containing more
studies of irradiation effects using ion beams is the discoveryhan 50% Zr substitution for Ti. The behavior illustrated in
of radiation-resistant G&r,0; and EpZr,O;, pyro- Fig. 14 is similar to the decrease in activation energy for
chlores!*~1®87These materials can readily accommodate Puwxygen vacancy migration reported for this systéfr.®’
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700 TABLE I. Amorphization dose at 340-350 K from alpha decay
3 . eventg®444547.135nd at 300 K from heavy-ion irradiation data in Fig. 13 or
® 6001 Gdz(erT|21_x)207 reported by other$"16°Values of dosgdpa are based on a displacement
S 5007 10 wt% 239Pu energy of 50 eV for all elements.

s

@ 400 -

8. Amorphization dose

E 300T Material (alpha-decayg) (dpa, alpha decay (dpa, ion$

- i

§ 2 G,Ti, O 3.1x10'8 0.16 0.18

= 1001 Gd,ZrTiO, - — 0.42

S 0 : . . L CaPuT}O;, 4.0x10'8 0.18 -
00 02 04 06 08 10 (Ca,U), Ti,2r),06 7 - - 0.21

Zirconium Content, x CazrTp0; - - 0.20

FIG. 14. Predicted critical temperature, based on By.as a function of

zirconium content for the G@zZr,Ti,_,),0; system containing 10 wt %

2%y, results, such as that shown in Figs. 7 to 9 and 13, and cor-
rected for dose rate, as was done in Fig. 14. The critical
temperatures from several ion-beam experiments on materi-
als most relevant to actinide immobilization are summarized

in Table I, along with the predicted critical temperatures at

In addition to GgZr,0; and EpZr,0, it has been dem-  |,yer dose rates associated with samples containing 10 wt %
onstrated that Spar,0; and NGZr,O; exhibit an 238 a5 in current ongoing studit&:*or actual actinide

irradiation-induced pyrochlore to defect-fluorite structuralp gt phases containing 10 wt89Pu (or a similar activity
transformation under irradiation with 1.5 MeV Xéons, and from other actinides Results from the ongoing study on
the resulting defect-fluorite structure is resistant to amor%sPu-containing samplé%s*lsgmay provide some validation

phization at 25 K for doses up to 7 df.in contrast, the  ¢or these predictions. A significant decreaseTith) is ob-
irradiation-induced pyrochlore to defect-fluorite transforma-gap/eq particularly for th#*%u dose rates that are represen-
tion was reported to occur simultaneously with irradiation-iative of conditions for actinide-host phases. Since ion-
induced amorphization in Lar,O7, and the critical tem- i agiation resul®®® have been used to predict the critical
perature for amorphization was estimated to be about 310y nerature for G3%PuTiLO, in Table II, the existing data

K.™" Recent molecular dynamics simulations of 6 keV U (gjg. 5) and the predicted’, can be used to define the tem-
displacement cascades in,Za,0; at 350 K indicates the  heratyre dependence in this material. The results are shown
formation of a small number of point defects and a transition, Fig. 15, along with the ion-beam data for Caz@j. The

toward the defect-fluorite structut&, consistent with the ex- o<y its demonstrate the dose-rate shift of about 100 K. In the
perimental observations. There was no evidence for dirqu)”DS model for amorphization[Eq. (1)], the defect-

amorphization in the cascade simulations in,2@07,  gimulated cross sectiom, goes to zero al,, and the tem-

which is sirglilar to the behavior observed in £hO;  perature dependence of is given by the expressioff
simulations'®* This might suggest that amorphization in

which may again suggest some dependencE,ah oxygen
vacancy mobility as discussed in connection with Fig. 10.

La,Zr,0O; may be driven by defect accumulation processes.  0s= Tso~ ¥/ ¢ exp(—E/KT), (4)
where o, is the cross section at 0 K, and the other param-
E. Model predictions eters are the same as defined for B). The fit values for

o, from the data in Fig. 5, and the value of zeroTatare
shown in Fig. 16, as a function of temperature, along with a
fit of Eq. (4) to the data. The value aof is assumed to be
%010 s™!, which is a reasonable value for diffusion

The two quantities most useful for predicting amorphiza-
tion behavior in pyrochlores for the immobilization of ac-
tinides are the baseline amorphization d@ggunder ambi-
ent temperature conditions, preferably determined in studie
employing short-lived actinides, and the critical temperature
T,(th)'*® due to thermal recovery processes. The dat®fpr  TagLE 1. Critical temperaturesT(th), associated with thermal recovery
based on studies using short-lived actinides are summarizeiocesses that are predicted for Pu-containing materials based ¢8) End
in Table | for several materials of interé§t‘,‘4'45’47'l33’145 experimental results for Gili,O; irradiated with Bi ions® Gd,ZrTiO,
along with the results for heavy-ion irradiation of Fi,0, iradiated with AU ions (Fig. 13, and CazrTjO, irradiated with Xé&

i 157

and G@ZrTiO; from Fig. 13. Also included in Table | are the o
results for a (Ca,U)(Ti,Zr),0g - pyrochloré®® irradiated Material Dose rate T.(th)
with Kr* jons and CaZr%iO, irradiated with X& ions1® (irradiation conditions (dpa/s (K)
since these are the only available ion irradiation data on ma-  gq,7i,0, (0.6 MeV Bi*) 3.3x 103 981
terials similar to CaPu}0;,. The results demonstrate rather Gd,Ti,O, (10 wt% 23¢Pu) 2.3x10°° 662
good agreement in the values Df, from alpha-decay and Gd,Ti,O; (10 wt% 2%Pu) 8.5¢ 10 12 587
heavy-ion irradiation at these ambient conditions. While it ~ G%ZrTiO; (0.4 MeV Au’) 3.3x10°° 561
would be preferable to determirie(th) from the tempera- G, ZITiO7 (10 W% ***Pu) 8.5¢10 2 332

A . CazrTi0; (1.5 MeV Xe') 3.3x10 710
ture dependence of amorphization in samples containing CEPUT}O, 13x10°° 503
short-lived actinides, the necessary data do not currently ex- C&¥PuTLO, 4.8x10° 1 522

ist. ConsequentlyT ;(th) must be determined from ion-beam
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Temperature (K
Temperature (K) P (K)
ization Fi%eaTi FIG. 17. Predicted temperature dependence of amorphization in pyrochlore-
FIG. 15. 'Ten'ﬁperature depgndence of amorphization aT,0, based related phases containifgiPu. Also shown is the range of expected reposi-
on data in Fig. 5 and predictef. (Table Il) based on data for CaZpl, tory temperatures.-
irradiated with 1.5 MeV Xé& ions (see Ref. 15\ '

processes® and ¢ is based on the actual damage rate oftne case of C&%uTi,O,, amorphization will not occur for

2.86x 10"' alpha-decays/g/s. Using these values, the fitZeveraL.det?adesfzgg;" _the te.mperéture_rfglls *_3”9|ng52_0 K.
yields a value of 2.810" 8 g~ for o, and an activation ~morphization of “"Pu-containing GZrTiO, will be de
energy of 1.8 eV for the thermal recovery process, which jd@y€d for 1000 years or more, until the temperature falls

reasonable for defect diffusion processes at about 600 K2€lOw about 330 K; at which time, amorphization will occur

This analysis demonstrates that the dose rate dependenceeoh-_aar?ggh slower rate because of the higher dose for amor-
ization.

fined by Eq.(3) does provide reasonable predictions that ar
y Ea.3) P P Because of the fundamental understanding and models

consistent with experimental results. o :
One of the predictions that can be provided for perfor-on radiation effects that are emerging from complementary

mance assessment is the temperature dependence of {Hddies on alpha-decay damage and ion-beam damage in
amorphization dose for specific actinide host phases. Thik1eSe and related materials, it is possible to predict the dose

can be predicted from the type of data provided in Tables ANd: thus, time dependence of amorphization in several
hctinide-host phases under repository conditions. This is il-

and Il for specific phases and compositions using an apprd‘fl _ _ X .
priate model for the temperature dependence of amorphizadStrated in- Fig. 18 for Ggs 20, G&,ZrTio;, and
9%3%Pul’®While Gd, Ti, O, will

tion. The predicted temperature dependence of amorphiza§d2z_r2o7 containing 10 wt ; )
require about 1000 years to amorphize under these condi-

tion using an expressioff derived from Eq(1) is shown in
g P ald) tions, amorphization in GZrTiO; will be delayed about

Fig. 17 for amorphization in Gdi,0,; and GgZrTiO; con- ) o
taining 10 wt%23%u and for CE%PuT,O,. The results in 1000 years while the te.mperature cpoL_% to b_elow the critical
Fig. 17 do not include the effects of any irradiation-assisted€mPerature, at which time amorphization will proceed, and

recovery process, which could slightly increase the slope beull @morphization will occur after about 3000 yeats.the

low T,(th). Thus, these results are a somewhat conservative?Se 0fGtZr,0;, amorphization simply will not occur
prediction, but one that may be sufficient for engineering

assessments. The predictions clearly show that the criticd. Macroscopic property changes

temperature f'oF39Pu-conta|n|ng _Ggr 1207 is aboye t.h € €X"  For radiation-stable structures such as,Bdo,, radia-
pected repository temperatures; thus, amorphization in th'ﬁon damage leads to formation of point defects and a trans-

p_has_? will oceur at the o!oses indicated in Table | without &ormation to the disordered defect-fluorite structure. The
significant influence of simultaneous recovery processes. In

Equivalent Storage Time (years)

3 1 L} T
10! 102 103 104 105
Ca?®pPuy,Ti,0, g g T T
c 1.0 Ceramics with !
o 1 S 10 wi% 2Py i ]
& % 0.8 i
> G = G - Vb exp(-E/KT) ] !
i L ) 1 A,
= c,=23 ® 0.6 Gd,Ti,0, 'I/Gdzer|O7
e 1 ] VN ]
vip=3.5x101® S 04r ;
= g !
Ea=18eV /Tc g 02t ! Gazn0, 1
0 1 1 |t < /I /
300 400 500 600 700 0.0 , , e ]

Temperature (K) 106 107 10%® 110%™ 10%
Dose (alpha-decays/g)

FIG. 16. Temperature dependence of the defect-stimulated cross section in
Ca&3%PuTi,0,. The solid line is a fit of Eq(4) to the data, and the fit FIG. 18. Predicted amorphization dependence on time and dose in pyro-
parameters are shown. chlore ceramics containing 10 wt #%Pu.
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macroscopic swelling is due primarily to the accumulation of " i i

. . . ;\? 6 r Total N
point defects in the structure, which generally leads to swell- o Swelling -2
ing of no more than a few percent in typical actinide dioxides £ ,"’ (Gd,Cm),Ti,0,
with the fluorite structuré’*1"2 Unfortunately, we are not g 4l Pyrochlore Structure -
aware of any specific data on swelling related to point defect an ,,/\ Amorphous
in pyrochlores and the pyrochlore to fluorite transformation. -% /  Component
When amorphization occurs, self-radiation damage in pyro- § 2 L Crystalline 1
chlore materials can result in substantial macroscopic swell- ° VAN Component
ing. Due to the composite nature of the radiation-induced é , \\_
microstructural changes, the macroscopic swelling during the 0 O’ 2 = ; 6
amorphization process is composed of contributions due to Dose (10'® alpha-decays/g)
defect-induced volume changes in the residual crystalline
phase and structural expansions associated with th@g. 19. Swelling in GgTi,O, containing 3 wt%2*Cm (see Refs. 29,
crystalline-to-amorphous transformation. 123.

While it is important to know whether or not an actinide-
host phase will amorphize under repository conditions andnitude of the swelling in this material, there has been no
the time frame for that process, the impact of amorphization . s - :

. : . evidence for any significant degree of microcracking due to
on performance will depend on the macroscopic SWemng'amor hization, which may be due to the phase-pure nature of
changes in system ener@yr stored energy changes in me- h P | ' d th ty d f P hi F; i d

. . : : - ese samples and the tendency of amorphization to render
_che_m_|cal properties, and changes n chem_|cal durability Of’naterials rgore isotropic Basedyon the da[ia in Figs. 18 and
individual phases. The macroscopic swelling may lead to19 the swelling of GglTi, O, containing 3 wt%2%Cm can
microcracking between phases, thereby increasing the sur—e’determined as a funétio7n of time in the repository
face area for actinide release. Likewise, increases in systeFﬁ The temperature dependence of the Macrosco i.c swell-
energy can affect the driving force for dissolution. For a fewingl has beer? determineg for CaPy}, which has thg dis-
phases of interest, the macroscopic swelling, stored energ%hjered defect-fluorite structui’é“s"”, The macroscopic
mechanical properties, and increases in dissolution rates due " =" . . : . )

o . .Sswelling in this material, which has been corrected for the
to amorphization have been measuggpm alp?ﬁgeczagygasgtum%% porosity, is summarized in Fig. 20 as a function of
employing bulk samples containing™Pu or m.=> ’ L -

. ; . O . temperature. At 350 K, the macroscopic swelling increases to
While using short-lived actinides in bulk samples may be aan iFr)litiaI saturation value of about 20% at agdose of 4.1
preferred method for determining alpha-decay-induced prop;< 10 g-decays/g: above a dose Of(ﬂ.blg a-decays/g, the '
erty changes, it is not always practical, expedient, or cost: . ' . : . U
effective to do so. Fortunately, ion-irradiation methods Canswellmg undergoes some minor relaxéatmn to a final swelling
be used to determine, with some degree of confidence th\éalue of 5.85% at dose of 9:0L0" a-decays/g. Self

. LT ' Irfradiation of this material at 575 K results in less swellin
magnitude of some irradiation-induced property changesand requires a higher dose to reach saturation due to CE]Ihe

h welling, mechanical properti n issolution . .
falljt(;s as swelling, mechanical properties, and disso utomcreased rate of simultaneous damage recovery during the

long damage accumulation times. When CabR@7iis held
at 875 K, amorphization is suppressed, and saturation swell-
G. swelling ing is only 0.38%.

The total macroscopic swelling\V,,/V,, in these ma- H. Stored energy

terials can generally be expressed*as _ .
g y P The defects and structural changes introduced by radia-

AV Vo= FAV Vot AV Vot fey, (5)  tion damage increase the free energy above the minimum
wheref, is the mass fraction of crystalline phade,is the ~ €N€rgy configuration. The stored energy in irradiated materi-
mass fraction of amorphous phagg/,./V, is the fractional
unit-cell volume change of the residual crystalline phase, r T
AV, 1V, is the fractional volume change associated with the Ca?%pPuTi,0,
amorphous state, arfg, is the volume fraction of extended
void-like microstructures(e.g., bubbles, voids, pores, and
microcracks. For most pyrochlores of interest and under
most conditions involving immobilization of actinidek,, is
negligible, and Eq(5) reduces to that proposed for other
complex oxides containing actinidtS. In the case of
Cd,Nb,O;, fo, may not be negligible, since irradiation at s
room temperature can lead to bubble formation. 00 2 ",' é é 10

The dependence of macroscopic swelling on alpha-decay
dose is shown in Fig. 19 for 2*‘Cm-containing Dose (10*alpha decays/g)
Gd,Ti,0;,%*% along with the crystalline and amorphous gig. 2. Temperature dependence of swelling if*&Ti,0, (adapted
contributions to the swelling. Surprisingly, despite the mag-rom Clinardet al#*9

6}
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als is associated with point defects in the crystal structure, g
the chemical and topological disorder of the amorphous 10
state, and the high strains from formation of amorphous do-
mains within the residual crystalline material. The maximum
contribution from strain to the total stored energy has been
estimated in the case of CaPu®j, to be 18%:"* Only lim-

ited data exist on the accumulation of stored energy as a
function of dose in CaPuJO,,*!"®but it is generally ob-
served that the stored energy increases with dose until the
fully amorphous state is reached. The total stored energy
released during recrystallization of the amorphous state in
CaPuTiO; is 100 J/gt’® and in the case of natural metamict
pyrochlores, the stored energy release ranges from 125 to
210 J/gttt

Gd,Ti,0,
—— Amorphous State

—= As-Prepared Crystalline
=== Highly-Ordered State

LR R

100

10"

102

Ty

Dissolution Rate (g m?d™)

103

lon-Irradiated Alpha-Decay
I. Mechanical properties

. . . FIG. 21. Effect of structural state on dissolution rates in ion-irradiésee
The fracture tothneSS n Cm-doped ZGQO7 in- Refs. 81, 121and Cm-containingsee Refs. 29, 1335d,Ti,O; pyrochlore.

creased with cumulative dose to a broad maximum and then
decreased slightk#®1*3The increase in fracture toughness is
attributqd to the.composite nature pf the microstructqre. AK_ Dissolution rates
low to intermediate doses, the microstructure consists of ) o )
amorphous domains in a crystalline matrix that can inhibit "€ increase in dissolution rates due to alpha-decay-
crack propagation and increase the fracture toughness. As tffguced azg1i)3r3ph|zat|_on in Cm-doped G&,0; is illustrated
amorphous phase becomes the dominant matrix at high dossFi9- 217" ~""The dissolution rate of the amorphous state is
with remnant crystallites, the fracture toughness decreasés factor of 50 higher than the undamaged crystalline state.
slightly as some of the internal stresses are relieved. This §/S0 shown in Fig. 21 is the increase in dissolution rate due
supported by the observations in zirconofitéwhich sug- to |_on—beam_—|ndl;§:ed amorphlza'uon pf the _as—prepared crys-
gest a relaxation of disorder at high doses, and the analysf@lline Ga&Ti>O;* along with the dissolution rate of the
of strain accumulation in natural pyrochlor8d3* highly ordered state of Gdi,O; produced by long-term
Self-radiation damage in Cm-doped B0, (9.5% po- annealing?! The ion-beam results are in good agreement
rosity) resulted in systematic decreases in hardness and ela&ith the results due to alpha-decay in bulkGgO;, which
tic modulus with dosé® While the porosity of the samples validates the use of ion-beam methods to determine the in-
affects the absolute values, complete amorphization in ccrease in dissolution rate of the radiation-induced amorphous
doped GdTi,O, resulted in a 24% decrease in hardness angtate relative to the initiali.e., undamagedcrystalline state.
a 48% decrease in elastic modulus. In fully dense &, Similar studies were carried out on unirradiatedystalling
irradiated with 4 MeV A" ions to produce a thick amor- &nd irradiated@amorphous Lu,Ti,O; and Y,Ti,0;.% The _
phous layer, nanoindentation results indicate a 42% decrea&gSUlts indicate that the dissolution rate of crystalline
in hardness and 15% decrease in Young’s modulus of thkU2T1207 i approximately equivalent to crystalline
amorphous state relative to the initial crystalline st&fe. G02Ti207; however, the dissolution of the amorphous state

Similar decreases in hardness have been reported for tig LU2Ti2O7 was only a factor of 3 higher than the crystalline
defect-fluorite CaPug0;,.% state. In the case of Yi,O,, no effect of amorphization was

evident in the dissolution rate, which was a factor of 10
higher than the dissolution rate of crystalline &g O, .

The results for LyTi,O; and Y,Ti,O; suggest that free
energy might be an important consideration in amorphiza-

Detailed x-ray absorption spectroscopy stutliesf the  tion. Consequently, a series of dissolution experiments with
radiation-induced amorphous state in CaB@%ireveal that the same well-characterized, but unirradiategTibO; pyro-
the Pd" retains eight-fold coordination in the amorphous chlores has been carried out in® and B,0-based solu-
state, and there is a slight decrease in the Pu—O bond lengthi®ns [pH(D)=2] at 90°C using the single pass flow-
In CaPuTjO,, the amorphous state can be characterized athrough (SPFT method to evaluate the dependence of
one in which long-range order is lost and the polyhedra arelissolution rates on free enertf§. The release rates of Ti
rotated and tilted relative to each other. X-ray absorptionvere relatively slow and showed no correlation with the
spectroscopy of Gdi,0; and Gd4(Zrg ,sTig 79,0, irradi-  chemical composition of the pyrochlores. In contrast, the
ated with 2 MeV Ad" ions indicates that the irradiation- normalized release rates of rare-earth elements increased
induced amorphous state can be characterized by rotatiofi®om Lu,Ti,O; to Gd,Ti,O; to Y,Ti,O;. Dissolution rates
along shared TiQand GdQ@ polyhedral edges and between in D,O-based solutions were indistinguishable from rates in
shared TiQ polyhedral corners that lead to disruptions of theH,O, which indicate that the release of elements is not dif-
long-range ordef® fusion controlled:’® Based on ligand-exchange theory, the

J. Structural changes
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rate of reaction should increase in inverse order of the cation [ ' ' e
field strength, LyTi,O;<Y,Ti,0,<Gd,Ti,O7, which is not (Gd,Cm),Ti,0;
observed. Evaluation of the thermodynamic stability of the
three solids was performed using a linear free-energy model
and the free energies of formation. The calculations indicate
that reactivity should follow in the progression JTi,O;
<Gd,Ti,0;<Y,Ti,O7, as is observed in the results of the
dissolution experiments. These results imply that the relative
reactivity of pyrochlore-group ceramics can be ascertained 0300 6I00 9'00 1500 1500

through thermodynamic calculations; furthermore, the in- Temperature (K)

crease in dissolution rate in irradiated pyrochlores may sim-

ply scale with increase in free energy, as was suggested ByG. 22. Recovery of density in 3 wt % Cm-containing &3O, (adapted
the results for the irradiated sampfés. from Weberet al**9).

As llustrated in Fig. 21, the dissolution rate of
Gd,Ti,O; is very sensitive to differences structural state. In
contrast, the dissolution rate of &ft,0; is rather insensi-
tive to structural state, whether it is highly ordered, disor-
dered, or irradiated?* and dissolution rate is comparable to i
that of the as-prepared state of G@O;. In the Ga,Tix0;.

. . . While the onset temperature for thermal recrystallization
Gdy(Zr,Tiy_y)»20; system, the dissolution rate decreases. . : L
wi??]( inxcrelasxi)rfg 7Zr Btl:ontent 0 a minimum at the-0.75 1N G&Ti20; annealed 12 h is 973 K, which is on the order of
the critical temperaturé81 K) for amorphization under ion

compositiont?* Further increases in Zr content lead to in- . diation (Fig. 8 and Table deration of th
creases in dissolution rate. Thus, the most dissolution resi%r—ra lation(F1g. & and fable I, consideration of the recrys-

tance phase in this system is toe 0.75 composition, which allization kinetics suggests that thermal recrystallization
has a factor of 20 lower dissolutioﬁ rate than qu may not be a significant process in defining the critical tem-
The forward dissolution rate iﬁ38Pu-conta?ning 7rﬁu|ti- perature under these ion-irradiation conditions. Some of the

phase pyrochlore ceramics has been measured at about 3%'6121-'207 specimens 'Frad'ated to amorphous states below
K using high flow rates over a range of pH valugs to room temperature in Fig. 8 were subsequently thermally an-

12).24% The results compared dissolution rates in amorphout eeaslgda'm'\(l)? E\cl)ll?:gcic];(r::e;escgf?::;;?nn ‘;\(’;IT']S g?:'ci:\éesdulnto
samples with those measured in identical annealed sample P P 9 P P

The results suggest that the forward dissolution rate is na OGdS. T or fo.trht'T&S \lijtf one goqr; howeverr ' Slﬁ:ullgaGnSe &us
significantly affected by amorphization. Unfortunately, no'"@ II? :jof‘ V\]f' I N ¢ "r. |ct>_ns _unnbg a?neal?‘g%_rh
details are provided on the annealing conditions, sample corfesuited I TUll recrystaliization in about one hotlr. These
dition after annealing, changes in stored energy, or th(5esults confirm that thermal recrystallization does not play a

amount of time that lapsed between annealing and the dissgjgniﬁcqnt 'role. in .determini'ng t.he' critical' temperature for
lution measurements. Because of the dependence of the dgr_norphlzatlon in Fig. 8, but irradiation-assisted recrystalliza-
solution rate on free energy, the lack of a significant effect oil'on may contribute o some recovery processes.
amorphization on the dissolution rate may indicate that the

difference in free energy between the crystalline and amorM. Other applications

phous states may be small for these more complex pyro-

chlore compositions.
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K and releases 120 to 200 J/g of stored enétyFhe tem-
perature range for natural pyrochlores is in reasonable agree-
ment with the isochronal recovery behavior of Cm-doped

The compositional versatility in the pyrochlore structure
leads to remarkable variety of properties and other applica-
tions. Compounds with the pyrochlore structure exhibit wide
variations in ionic and electronic conductivity, catalytic ac-
tivity, electro-optic and piezoelectric behavior, ferro and fer-
Isochronal (12 h) annealing of fully amorphous Cm- rimagnetism, and giant magnetoresistatfchany of these
doped GdTi,O; shows a linear recovery of density with properties are often related to disordering of the cations and
temperature up to the temperat{f¥3 K) where recrystal- oxygen anion vacancies. As noted above, irradiation of
lization is observed to begin under these annealing condi€d,Nb,O; with light ions can result in the formation of
tions, as shown in Fig. 223 The 35% change in density of nanoscale clusters of metallic Cd that lead to a high intensity
the amorphous state prior to recrystallization suggests af luminescence with wavelengths in the visible spectrum
range of amorphous states as a function of irradiation temstimulated by the exposure of the metallic nanocluster sur-
perature, similar to the behavior observed in Fig. 20 forface to ion beam¥?® The order—disorder structural transfor-
CaPuTj;0O;. Recrystallization results in a sharp peak in themation and the effects of cation and anion disordering on the
density recovery rate under 12 h annealing at 1023 K. Fultonductivity of pyrochlore allow the use of ion-beam tech-
recovery of the density and recrystallization of the originalniques to fabricate nanoscale microstructures by controlling
pyrochlore structure are essentially complete at 1123 Kthe degree of disorder so as to alter the electronic/ionic con-
Thermal recovery studies of natural minerals of the pyro-duction properties of pyrochlore materials. lon-beam irradia-
chlore group indicate that recrystallization is an exothermidion has been used to produce strain-free, nanoscale buried
reaction that peaks in the temperature range from 923 to 97layers of the defect-fluorite structure in a Gt,O, pyro-

L. Thermal recovery
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chlore substrat&’ lon-beam techniques provide a method for dents are responsible for much of the work summarized in
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by varying the energy and mass of implanted ions. One majumin Wang, Wendy Panero, and Jian CHé&miversity of
also anticipate separately controlling the degree of order oMichigan); Lynn Boatner and Matt FarméDak Ridge Na-
the cation and anion sublattices, as ion-beam irradiation hasonal Laboratory Al Meldrum (University of Alberta; Greg
been used to create an anion-disordered pyrochlore that stllumpkin (Cambridge University Alex Navrotsky, Kate He-
retains the cation-ordering® In addition, the flexibility in  lean, and Sergey Ushak@WC-Davis; Nicolai Laverov and
the composition and degree of disorder in the nano-domainSergey Yudintseylinstitute of Geology of Ore Deposits, Rus-
can be obtained by combining radiation-induced disordesian Academy of SciencgsRam Devanathan, Jonathan
from ion-beam implantatiofZr implanted into the G4Ili,0O; Icenhower, Nancy Hess, and Yanwen ZhdRgcific North-

or Ti implanted in ZrQ to form pyrochloré®®) with subse- west National Laboratoly Bruce Begg(Australian Nuclear
guent thermal treatments. Thus, ion-beam techniques conscience and Technology OrganizatioR. Ewing is particu-
bined with subsequent thermal treatments offer materials sclarly grateful for the support of the John Simon Guggenheim
entists a great deal of freedom in the manipulation of theMemorial Foundation for a Fellowship during the prepara-
chemical and electronic properties of pyrochlbte. tion of this paper.
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