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Abstract 

At present, there are three seriously considered options for the disposition of excess 
weapons plutonium: i) incorporation, partial bum-up and direct disposal of MOX-fuel; 
ii.) vitrification with defense waste and disposal as glass "logs"; iii) deep borehole 
disposal [l]. The first two options provide a safeguard due to the high activity of fission 
products in the iriadiated fuel and the defense waste. The latter option has only been 
examined in a preliminary manner, and the exact form of the plutonium has not been 
identified. In this paper, we review the potential for the immobilization of plutonium in 
highly durable crystalline ceramics apatite, pyrochlore, zirconolite, monazite and zircon. 
Based on available data, we propose zircon as the preferred crystalline ceramic for the 
permanent disposition of excess weapons plutonium. 

2 .  Introduction 

During the period from 1977 to 1982, there was a tremendous diversity in the types of 
nuclear waste forms under development. In the United States, much of this work ended 

'with the decision to use borosilicate glass as the waste form for defense waste at 
Savannah River. Synroc, a ceramic waste form, was selected as the alternative waste 
form, but further development in the United States ended in the absence of funded 
programs. Major research and development programs for the development of Synroc  
continued in Australia culminating in the construction of a "cold Synroc pilot-scale 
processing plant. Basic research on the properties of Synroc has been continued at the 
Australian National University and at the Australian Nuclear Science and Technology 
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Organization with collaborative work at the Japan Atomic Energy Research Institute and 
AERE Harwell in the United Kingdom. Synroc remains perhaps the most thoroughly 
studied ceramic alternative to borosilicate glass. Lutze and Ewing [2] have provided a 
summary of work on waste forms through early 1987, as well as one of the fist efforts 
to compare the performance of borosilicate glass with that of a crystalline ceramic waste 
form, Synroc [3]. 

Investigations into the properties and performance of other ceramic waste forms 
have revived during the past five years for application to special waste stream 
compositions. At Lawrence Livermore National Laboratory, a Mixed Waste 
Management Facility is being developed Cn order to demonstrate an alternative to 
incineration. The waste form is a derivative of a Synroc composition originally 
developed for the immobilization of reprocessed residues at Savannah River, and typical 
phases include zirconolite, perovskite, spinel; nepheline and rutile. Although the 
radioactivity is low, this does illustrate the ubiquity of a rather limited set of crystalline 
phases. Additionally, the zirconolite phase in Synroc has received increased attention as 
a host phase for actinides, particularly excess weapons plutonium [4]. At the Idaho 
National Engineering Laboratory, an iron-enriched basalt waste form has been under 
development, and the addition of ZrO2 and Ti02 has produced zirconolite crystals as an 
actinide host in a silicate ceramic. A "glassy" slag and a "vitreous" ceramic are being 
developed at Pacific Northwest Laboratory, both of which are composed of crystals 
which include zirconolite, perovskite and zircon (up to 80 volume percent) in a silicate 
glass matrix. At the Khlopin Radium Institute in St. Petersburg, Russia, a program has 
been initiated for the development of crystalline hosts for actinide wastes, with an 
emphasis on zircon, yttrium-aluminum garnet and cubic zirconia [5]. Most recently, 
spent fuel - a metal clad, ceramic oxide - has received important consideration as a waste 
form because its use eliminates the need for reprocessing, and it is highly stable under 
reducing conditions [6], and the MOX-fuel option for weapons Pu is a simple extension 
of the concept of direct disposal of spent nuclear fuel. Thus, there are considerable data 
and experience in the design, evaluation and selection of waste forms [7-91. We draw on 
this experience in evaluating crystalline ceramics as waste forms for the immobilization 
and disposition of weapons plutonium [lo]. 

3 .  Importance of the Waste Form 

Despite the great challenge of handling chemically complex wastes, which are highly 
radioactive and of gred volume, the greatest challenge still lies in the development and 
evaluation of the long-term durability of waste forms. Materials scientists will have to 
design materials to performance standards that are not measured in decades, but rather are 
measured in 104 to 106 years, particularly in the case of long-lived radionuclides such as 
239Pu. The issue of long-term durability is unusual in materials science and requires 

. interdisciplinary research programs with rather unusual combinations of subdisciplines -- 
processing/synthesis technologies, materials properties, mineralogy and geochemistry. 
Thus, even after issues of technological feasibility and cost are considered and settled, the' 
most difficult scientific question remains: What is the long-term durability of the waste 
form? and What is the effect of improved durability on repository performance 
assessments and the calculated dose to humans? 

Thus, the development of durable waste forms can play a critical role in 
reducing the uncertainty in performance assessments. The reduced uncertainty should 
lead to greater public acceptance of proposed disposition and disposal concepts. The 
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specific value of the waste form has been previously discussed [7], but it is useful to 
recall the requirements for waste form development and acceptance: 

i.) careful consideration of synthesis and processing -technologies; 
ii.) a detailed characterization of the wastes and the waste form after 
immobilization; 
iii.) an extensive data base of corrosion/alteration experiments over a wide 
range of conditions, and in some cases, for extended periods (both repository- 
relevant and special experiments designed to elucidate the corrosion 
mechanism); 
iv.) kinetic models of the corrosion/alteration process and thermodynamic 
models that predict the formation and stability of phases which will control 
solution compositions; 
v.) knowledge of the effects of other materials, e.g., canisters and bentonite 
overpack, on waste form stability; 
vi.) studies of relevant natural phases or systems to confirm experimental and 
extrapolated results. 

The last requirement is particularly important in the selection of waste forms 
for the disposition of weapons plutonium, as a twenty half-life durability criterion leads 
to dispbsal periods of a 500,000 years. This would reduce the Pu inventory of 100 
metric tons to well below a critical mass for Pu; however, the 100 metric tons of Pu is 
transmuted to fissile 235U. Using the same twenty half-life criteria, the disposal period 
of concern for the 235U daughter product is 14 billion years. Thus, the discussion in 
this paper of crystalfine phases is limited to those phases which occur naturally and for 
which some assessment of long-term durability is possible. Additionally, for 235U, the 
decay product of 239Pu, the waste form must provide a means of reducing the 
probability of criticality events. 

4 .  Principles of Nuclide Isolation in Ceramic Waste Forms 

In contrast to glass waste forms in which the radionuclides are in principle 
homogeneously distributed throughout the waste solid, ceramic waste forms incorporate 
radionuclides in two ways: 

(1) Radionuclides may occupy specific atomic positions in the periodic 
structures of constituent crystalline phases, that is as dilute solid solutions. The 
coordination polyhedra in each phase impose specific size, charge, and bonding 
constraints on the nuclides that can be incorporated into the structure. This means that 
ideal waste form phases usually have relatively complex structure types with a number 
of different coordination polyhedra of various sizes and shapes and with multiple 
substitutional schemes to allow for charge balance with radionuclide substitutions. 
Extensive nuclide substitution can result in cation and anion vacancies, interstitial 
defects, and finally changes in structure type. One expects, and finds, the formation of 
polytypes and twinning on a fine scale. The point defects can themselves become sites 
for the radionuclides. Except in unusual situations (e.g., monazite, CePO4), the 
complexity of the waste composition results in the formation of a polyphase assemblage 
(e.g., Synroc consists of phases such as zirconolite, CaZrTi207; perovskite, CaTiO3; 
and "hollandite", BaAl2Ti6016), with unequal partitioning of radionuclides between the 
phases, and some elements which are not accommodated at all (e.g., Mo and Tc) and 

- 

- 



I 

may exist in the reduced metallic state.. In Synroc, actinides partition preferentially 
into the zirconolite phase [ll]. The polyphase assemblages are sensitive to waste 
stream compositions, and minor phases form, including glass, segregated along grain 
boundaries. Ideally, all waste stream elements, radioactive and non-radioactive, are 
important components in the phases formed. In some rare cases, a single phase (e.g., 
monazite or sodium zirconium phosphate, NZP) can incorporate nearly all of the 
radionuclides into a single structure. 

sludges, can be encapsulated in non-radioactive phases. The most common approach has 
been to encapsulate individual grains of radioactive phases in TiO2, A1203, or Zr02, 
mainly because of their extremely low solubilities. This usually requires major 
modifications to the waste stream composition and special processing considerations to 
maintain temperatures that are low enough to avoid volatilization of radionuclides. A 
similar approach may be taken with low temperature assemblages (e.g., mixing with 
concrete), but in this case there is the possibility of reaction between the encapsulating 
phase and the radioactive phases. Some phases, such as zircon, can both incorporate a 
radionuclide at the atomic scale (e.g., Pu substituting for Zr in the structure of zircon) 
and encapsulate unreacted materials from the synthesis (e.g., Pu02 as inclusions in 
zircon crystals). The combined incorporation and encapsulation can lead to a very 
durable waste form. 

Finally, the complexity of ceramic waste forms is mostly the result of the 
compositionally complex waste streams that must be solidified. In the case of weapons 
plutonium, the disposal of a pure nuclide is an ideal situation for the use of highly 
durable ceramics which have specific atomic sites for the incorporation of Pu and its 
decay product, U. 

- 
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5 .  Advantages and Disadvantages of Ceramic Waste Forms 

The main advantage of ceramic waste forms lies in the fact that they hold the potential 
for engineering a phase assemblage which provides unique structural hosts for specific 
radionuclides. Ideally these hosts should be thermodynamically stable, but .for most 
repository environments this is unlikely (a notable exception is titanite, CaTiSiOS, in 
the ground waters of the Canadian shield); but one can already demonstrate greater 
stability for some of the ceramic phases than for the metastable borosilicate glass. The 
development of ceramic waste forms which are stable at high temperatures has even 

higher waste loadings, and thus a reduction in the amount of material to be handled and 
space required for disposal; 2) higher thermal stabiQty means that disposal can occur in 
rock units at greater depth or in canister arrays with closer spacings. The decreasing 
stability of borosilicate glass with increasing temperature is well known, and in fact, 
disposal concepts for borosilicate glass" are shaped by the limitations imposed by its 
thermal instability. Even without the higher thermal stability, higher waste amounts 
are incorporated into ceramics because of their higher density (a factor of two over' 
borosilicate glass). 

A final consideration is that many of these ceramic phases occur in nature (e.g., 
zirconolite, pyroqhlore, perovskite, zircon, monazite, uraninite, and coffinite). This 
provides the possibility of evaluating the long-term'durability of these phases in the 
presence of aqueous solutions and at a-decay doses that reach values comparable to 
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disposal. The ability to validate projected long-term behavior is a critical part of the 
performance assessment of the nuclear waste containment strategies. 

The disadvantages of ceramic waste forms are an inherent part of their complex 
microstructures. First, for polyphase ceramics, the corrosion process may be inherently 
more complicated than the corrosion process of an essentially single phase glass 
(although most glasses contain a proportion of crystalline phases). Despite a 
considerable amount of experimental data, there is no confirmed model for the long-tern 
corrosion of Synroc. Second, the atomic periodicity of crystalline materials is disrupted 
by a-decay damage. Thus, there is the possibility of a radiation-induced transformation 
from the periodic-to-aperiodic state (amorphization or metamictization). This is a well 
known process in minerals which contain uranium and thorium and is observed in 
actinide-doped phases (e.g. Pu-doped zirconolite and zircon). The process is mitigated by 
natural annealing (which increases with higher temperatures), and some phases anneal at 
low enough temperatures that they are only found in the crystalline state (e.g., uraninite 
and monazite). Still, this transformation can result in decreased chemical durability, and 
the volume expansion associated with the transformation can cause microfracturing with 
an increase in the surface area exposed to corroding fluids. For any selected ceramic 
phase, there must be a through understanding of its behavior athigh radiation doses. 

6 .  Waste Forms for PIutonium 

There has been no concerted research program to develop ceramic waste forms 
specifically for the disposal of excess weapons plutonium; however, there is extensive 
enough experience with crystalline phases to review at least five possible phases: 
apatite, pyrochlore, zirconolite, monazite and zircon. We restrict ourselves to these five 
phases, as they all occur in nature and may often contain uranium and thorium; thus, all 
five of these phases may be evaluated in terms of their long term durability in their 
natural geologic occurrences. 

Additionally, one must note the special features of excess weapons plutonium 
which distinguish it from typical radioactive waste: 

i.) The plutonium is almost isotopically pure 239Pu; therefore, it is ideal for 
the synthesis of specific phases of high durability. 
ii.) 239Pu has a long half-life (24,500 years), as compared to most fission 
products; therefore, extended, confirmable durability is a highly desired 
attribute. 
iii.) 239Pu is fissile; hence, one must always be concerned.about criticality 
events; furthermore, 239Pu decays to 235U which has a half-life of 700 
million years and is also fissile. Thus, the durability of the waste form is not 
only essential to the retention of Pu and U, but is also required in order to 
maintain the presence of any added neutron poisons (e.g., By Li, Gd, or Hf). 
iv.) The multiple oxidation states of Pu .and U make the processes of 
dissolution, oxidation, transport and reconcentration (= supergene enrichment) 
over geologic periods a possible event in the development of scenarios for 
performance assessments, particularIy in oxidizing environments (e.g., the 
dissolution of volcanic glass, where U is in ppm concentrations, with the 
subsequent release and concentration of uranium to form high concentrations of 
uranium in roll-front ore deposits). 



6.1. APATITE 

Rare-earth silicates with the apatite structure have ueen observed or proposed as actinide 
host phases in a borosilicate nuclear waste glass [12], a multiphase ceramic waste form 
[13], a glass ceramic waste form [14], and a cement waste form [15]. These apatites 
generally have. the compositions: Ca4-xREE6+x(Si04)6-y(P04)y(F,0H70)2 (where 
REE = La, Ce, Pr, Nd,.Pm,-Sm, Eu,.and Gd) and are isostructural with the naturalw 
mineral apatite, Ca10(P04)6(F70H)2. Plutonium and other actinides readily substitute 
for the rare earths in this hexagonal crystal structure. At least 6 wt. % actinides (244Cm 
and 24%) have been incorporated into an apatite phase in a devitrified waste glass [12], 
and a phase-pure apatite containing 1.8 wt % actinides (244Cm and 240Pu) has been 
prepared [19]. Much higher weapons Pu-loadings are feasible in the rare-earth apatites 
by substitution for the rare earths. In addition, rare earths, such as Gd, can be included 
as neutron poisons. 

Natural apatites with appreciable Th- and U-contents provide analogues for the 
performance and properties of actinide-containing apatites over geologic periods. For 
example, natural apatites with significant amounts of rare earths and Th are reported to 
be partially metamict as a result of self-irradiation damage from the a-decay of Th [16]. 
Fission track analysis in U-containing natural apatites is used for geologic age dating, 
and annealing studies provide data on fission track recovery kinetics [17,18]. Of more 
relevance is the recent discovery of natural apatites formed near the oklo natural reactors 
that indicate significant amounts of 239Pu and U were incorporated into the apatites, 
leading to 235U enrichment that has been retained for 2 billion years [17]. 

Natural apatites [16] and rare-earth silicate apatites containing actinides 
[ 12,13,19] do undergo an a-decay-induced crystalline-to-amorphous transformation. 
The mechanism [20] and temperature dependence [21] of this transformation is well 
understood and modeled. The macroscopic swelling associated with the amorphization 
process is 9.5 percent and has also been modeled [20]. Other property changes associated 
with this a-decay-induced transformation have been summarized in a recent review by 
Ewing et al. [22]. Fission track annealing studies of natural apatites [17] and ion-beam 
irradiation studies of natural and synthetic apatites [21,23] suggest that simultaneous 
thermal recovery processes will minimize or even prevent amorphization in Pu- 
containing apatites under deep borehole conditions (temperature > 150-200°C). The 
chemical durability of natural apatites is well demonstrated by the 2 billion year old, 
235U-enriched Oklo apatites [17]. In a study of a rare-earth silicate apatite containing 
mCm and 24% [24], the dissolution in deionized water at 90°C occurred congruently, 
and the measured Pu dissolution rate for the undamaged crystalline phase was 0.035 
g/m2d (this dissolution rate does not account for the 22 percent porosity of this 
material). Alpha-decay-induced amorphization increased the average Pu dissolution rate 
in this apatite by a factor of 12. 

6.2. PYROCHLORE and ZIRCONOLITE 

Pyrochlore (F&m, 2 = 8), vn1A2v1B2rvX61vY is a derivative of the fluorite structure 
type in which the A-site contains large cations @a, Ca, U, Th, Y and lanthanides) and 
the B-site consists of smaller, higher valence cations (Nb,Ta, Ti, Zr, Fe3+). The 
essential feature of the structure is sheets of comer-sharing, BX6 octahedra parallel to the 
(11 1) plane which are arranged into three- and six-membered rings (the hexagonal 
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tungsten bronze structure). Monoclinic zirconolite (the principal actinide bearing phase 
in Synroc) is a derivative of the cubic pyrochlore structure. Actinides may be 
accommodated in the A-site, and charge balance is maintained by cation deficiencies in 
the A-site and substitutions on the B-site. Rare-earth titanates with the pyrochlore 
structure have been observed as actinide-host phases in nuclear waste glasses, in titanate 
ceramic waste forms, and in a glass ceramic waste form. A full summary of work on 
pymchlore and zirconolite can be found in references [2,4,22]. 

The effect of a-decay on the pyrochlore phase Gd2Ti207 containing 244Cm 
and 240Pu has been extensively investigated by x-ray diffraction analysis and 
transmission electron microscopy [25,26]. At a dose of 3.1 x 10l8 a-decay events/g, 
the material became fully amorphous with no evidence of any residual crystallinity. 
Wald and Weber [a] studied the radiation-induced changes in dissolution kinetics of Cm- 
doped Gd2Ti207 by testing fully-damaged (amorphized specimens and a second set of 
specimens that had been fully recrystallized to the original structure by a 12 hour anneal 
at 1,lOO"C). Specimens were immersed in distilled, deionized water at 90°C for 14 days. 
The measured 240Pu release rate was 0.009 g/m2d in the crystailine material and 
increased by a factor of 50 due to amorphization. The concentration of Ti in solution 
was below the detection limit, suggesting some dissolution resistance of the titania 
network. Analysis for non-network Gd was not performed. These results suggest that 
the dissolution may occur incongruently, selectively leaching the non-network ions. 
Similar behavior is observed for zirconolite [24]. The increase in dissolution rate due to 
amorphization is probably due to the increase in the size of the network tunnels as the 
structure disorders and expands. 

Systematic studies [27-301 have been completed of a-decay event damage of 
natural, isometric pyrochlore structure types. Actinides may be accommodated in the 
A-site, and in natural pyrochlores the substitution of uranium can be extensive (up to 30 
wt. %). Charge balance is maintained by cation deficiencies in the A-site and 
substitutions on the B-site (typically, Nb, Ta and Ti). Depending on the age of the 
sample, the total calculated displacements per atom, dpa, may be as high as 80. Careful 
analysis of samples from the same deposit, e.g., the Harding Pegmatite in New Mexico 
which is 1300 million years old, have allowed detailed studies of radiation damage over a 
range of dpa (0.2 to 49) as function of the uranium concentration (0.05 to 8.6 wt. % 
U02). Members of the pyrochlore group are quite susceptible to hydrothermal and 
lower-temperature surface alteration [32-341. In general the alteration involves the loss 
(or ion exchange) of large cations (Na and Ca) and the loss of Pb due to long-term 
diffusion. The alteration effects are enhanced by amorphization and fracturing due to the 
ailecay damage. 

6.2.1. Zirconolite (monoclinic CaZrTi207) is one of the three principal phases of 
Synroc, and zirconolite is one of the most extensively studied waste form phases, as it 
is the primary actinide host. Monoclinic zirconolite is a fluorite-derivative structure 
closely related to pyrochlore. The (001) layers of the comer-sharing arrangement of 
Ti06 octahedra are similar to the (1 11) layers in pyrochlore and the (001) layers in the 
hexagonal tungsten bronzes. The A-site cations (Cay Zr and actinides) are "sandwiched'' 
between the (001) sheets of B-site cations (comer-sharing Ti06 octahedra). There can be 
several polytypes depending on the stacking arrangements of the sheets. In this section, 
we discuss the damage response as investigated by study of synthetic compositions 
doped with the short half-life actinides, 238Pu (87.7 y, a-decay to 234U) and 244Cm 
(18.1 y, a-decay to 240Pu), and natural zirconolites damaged by a-decay of uranium 
and thorium. 



6.2.1 .I. 238Pu-substituted zirconolite can be synthesized with the substitution of 
PuO2 for 2102. X-ray absorption spectroscopy demonstrated that the 238Pu was 
incorporated into the A-site [35]. The effect of this chemical substitution is to convert 
the zirconolite composition to an isometric, pyrochlore derivative structure [36,37]. A 
major change in CaPuTi207 with increasing dose is the large decrease in density. 
Storage at ambient temperature (approximately 350 K, due to self-heating) resulted in 
macroscopic swelling, up to a saturation value of approximatelyb5.5 vol. % in material 
that had reached an a-decay dose of 2-3 x loz a-decay events/m3. Storage at 575 K 
resulted in less swelling, which required a longer time (300 days) to reach saturation. 
When this material was held at 875 K, swelling was minimal. 

Transmission electron microscopy conducted after various storage times and 
temperatures [36,37] showed that with sufficient a-decay damage, Pu-zirconolite at 350 
and 575 K converts from the crystalline to the aperiodic, metamict state. 

EXAFS/XANES studies completed on 238Pu-substituted zirconolite held at 
350 K for at least 500 days helped to identify details of the damage state [35]. For 
comparison, measurements were made on essentially undamaged material (that is, 
substituted with 239Pu with a half-life of 24,500 years, as compared to that of 238PU 
of 87.7 years). In the heavily-damaged material, the Pu/O nearest-neighbor bond length 
contracted by 0.003 nm, while expansion was observed for the more distant coordinating 
atoms, corresponding to a 6 to 7% overall volume expansion. This observation is close 
to the measured volume swelling of 5.5 %. 

6.2.1.2. 244Cm-doped zirconolite has been synthesized and self-damage studies of 
zirconolite have also been carried out by substituting 244Cm, an a-active isotope with 
a half-life of 18.1 y, and 240Pu for Zr [26]. Changes in swelling, microstructure, 
hardness, fracture toughness, leachability, and recrystallization behavior were assessed. 
The Cm-doped zirconolite retained the monoclinic structure; whereas, the 238Pu-doped 
zirconolite was isometric (although up to concentrations of 5 mole % Pu02, the 
monoclinic, zirconolite structure was retained [36]). More importantly, the composition 
of the Cm-doped zirconolite was not greatly changed by the substitution; whereas, the 
Pu-substituted structure was significantly changed by replacement of ZrO2 by PuO2. 

Density measurements at 350 K indicate a saturation swelling value of 6.0 
vol.% at a dose of 2 x a-decays events/m3. These results are in good agreement 
with those for the Pu-substituted material, which exhibited saturation swelling of 5.5 
vol.% at nearly the same darnage level [36,37]. TEM images and diffraction patterns 
confirmed that Cm-doped zirconolite amorphized by the accumulation of damage tracks 
produced by the 24% recoil ions that are emitted during a-decay of 244Cm. 

The dissolution (leaching) characteristics of the Cm-doped zirconolite were 
determined [26] by testing fully-damaged (amorphized) specimens and a second set of 
specimens that had been fully recrystallized to the original structure by a 12 h anneal at 
1,lOO"C. Testing was performed in distilled, deionized water at 90°C for 14 d. The 
measured 240Pu release rate was 0.002 g/m2d and increased by a factor of 15 due to 
amorphization. The high final pH is believed to limit the solubility of the Cm. The 
low concentrations of Ti, as compared to that of Ca, suggests that the dissolution is 
incongruent, with the Ti ions (which are part of the Ti06 octahedra comprising the 
network structure) being more resistant to leaching than the interlayer cations (e.g., Pu 
and Ca). The mechanism for the enhanced leaching of the radiation-induced amorphous 
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state may be associated with the broken bonds and the increased free volume (a more 
open framework) of the amorphous state. 

6.2.1.3. Nuhcral zirconolite Occurrences are rare, but selected specimens have been the 
subject of extensive studies [38-431. Samples from Sri Lanka (550 million years old) 
typically can have concentrations of U02 of 2 weight percent and of Tho2 of 20 weight . 

This is a dose equivalent to nearly two displacements per atom. 
X-ray diffraction analysis of fully-metamict zirconolite shows no diffraction 

maxima, confirming that zirconolite is X-ray diffraction amorphous. Because of the 
paucity of samples which span a range of a-decay event doses, it is not possible to 
follow the change of diffraction maxima intensity and position with increasing a-decay 
event dose. A zirconolite annealed at 1130°C did give a diffraction pattern with sharp 
peaks which could be refined on the basis of a monoclinic unit cell [a]. 

High resolution transmission electron microscopy showed no evidence of 
crystallinity 1441, and in approximately ten percent of the grains examined, there were . 
subspherical microvoids ranging in diameter from 100 to 400 nm [39]. The microvoids 
are attributed to He-gas accumulation which is a result of the radioactive decay. 
Annealed samples (l,lOO°C) recrystallized producing crystals up to 2,000 nm in length. 
The crystallites were often twinned at the unit cell scale as a result of different stacking 
sequences of the Ti06 sheets, thus resulting in laminar intergrowths of the various 
zirconolite polytypes. The same texture of fine-scale twinning has been observed in 
synthetic zirconolite in Synroc C [45] and synthetic zirconolite of 
CaO.6SmO.4ZrNbO.4MgO.4Til.207 composition [46]. The defects along the twin 
boundaries may become sites at which actinide elements are incorporated. In some 
instances [44], there was evidence for the formation of crystals (5-100 nm) with d 
-spacings similar to those of the fluorite structure type. Lumpkin et al. [a] suggested 
that metamict zirconolite may recrystallize initially with a disordered, fluorite-type 
structure. Continued heating to higher temperatures (l,OOOo to 1,200"C) appears to 
favor the highly twinned, monoclinic zirconolite structure. Differential thermal analysis 
(30" to 1,200"C) showed exothermic recrystallization at 780°C with a heat of 
recrystallization of 50 J/g for a zirconolite with a total dose of > a-decay 
events/m3. This is similar to the value obtained by Foltyn et al. E471 for synthetic 
CaPuTi207 at nearly the same a-decay event dose of 1026 a-decay events/m3 after 
1,200 days. Although the measured energy release for the natural zirconolites and Pu- 
doped zirconolites of equivalent dose are nearly identical, both of these values are 
distinctly lower than the value (84 J/g) measured for Pu-doped zirconolite that had 
experienced a smaller dose (approximately a-decay events/m3) [47] or for Cm- 
doped zirconolite (126 J/g) and (GdYCm)2Ti207 at doses of 2.0 X a-decay 
events/m3 [26,48]. Foltyn et al. [47] have suggested that the decrease in released energy 
with increasing dose is due to a continuing damage process than results in a reordering of 
atoms in the metamict state. 

Leaching studies of natural zirconolites (which have accumulated significant a- 
decay event damage) have leach rates in the range of 1 to .001 g/m2d at temperatures in 
the range of 95 to 200°C (based on Ca release) at times between 10 to 100 days [49]. 
The chemical durability of natural zirconolite has been confirmed by microprobe 
analyses which-reveal only minor alteration (comparison of core to rim areas in the 
natural samples) [a]. The low release of actinides has been confirmed in laboratory 
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experiments with Synroc-C formulations. Measured leach rates are in the range of lo4 
to 10-8 at 70°C in experiments that have run up to 1200 days [SO]. . 

6.3. MONAZITE 

Monazite has been proposed as a single-phase ceramic to incorportate a wide 
variety of nuclear wastes, particularly those rich in actinides [51,52]. The mineral 
monazite is a mixed lanthanide orthophosphate, LnPO4 (Ln = La, Ce, Nd, Gd, etc.), that 
often contains significant amounts of Th and U (up to 27 we. % combined). As a result, 
many natural monazites have been subjected to significant a-decay event damage over 
geologic time (some samples are over two billion years of age). In spite of the large 
radiation doses received by natural monazites, Ewing [53,54] has noted that monazite is 
always found in the crystalline state. The apparent resistance of natural monazites to 
radiation-induced amorphization was an important factor in the initial proposal of 
monazite ceramics as potential candidates for the immobilization of nuclear wastes. 
Further, the durability of monazite has led to its increasing use in U/Pb dating of 
minerals in both igneous and metamorphic rocks [55]. One should note that the closure 
temperature for Pb-loss for monazite (approximat@y 725°C) is lower than that of zircon. 

Karioris et al. [56] have established that natural monazite (Ce,La,Y)P04 can be 
readily transformed to an amorphous state by irradiation with 3 MeV AI+ ions to, 
moderate doses. In natural monazite that was irradiated to a partially amorphous state 
(diffraction intensities were reduced by one-third), complete recovery of the fully 
crystalline state occurred after annealing at 300°C for 20 hours. The apparent stability of 
natural monazite is attributed to this relatively low temperature of recovery of the 
radiation damage. Differential scanning calorimetry @SC) measurements of natural [57] 
and synthetic [57,58] monazites irradiated with 3 MeV Ar+ ions have been performed. 
In natural monazite, the stored energy released during recrystallization was 33 J/g, the 
peak in the release rate occurred at 45OoC, and the activation energy associated with the 
recovery process was estimated to be 2.77 eV. For synthetic monazite, CePO4, the 
stored energy release was 30.5 & 1.3 J/g, the temperature for maximum release was 
slightly lower at 37OoC, and the activation energy was estimated to be 2.7 rf: 0.3 eV. 

Leaching studies on synthetic monazite containing 20 wt. % simulated 
Savannah River waste (MCC-1 leach test, 28 days at 90°C) show release rates of 
uranium to be on the order of -001 gm/m2d [59]. The leach rate of the host matrix of a 
synthetic monazite, LaP04, containing asimulated waste remains low even ifter the 
material has been transformed to an amordhous state by irradiation with 250 keV Si+ 
ions. However, work by Eyal and Kaufman [60] on natural monazite indicate that there 
is a preferential dissolution of the radionuclide daughter-products, 234U, 230Th, and 
228Th, by factors of between 1.1 and 10 relative to the structurally incorporated parent 
isotopes 238U and 232Th. This isotopic fractionation is attributed to radiation damage 
in the tracks of the recoil nuclei emitted during a-decay of the parent isotopes. While 
there have been some concerns regarding these results [52], the increases in dissolution 
rates are similar to those observed in other actinide-host phases. The same phenomenon 
has been identified in Th-doped borosilicate glass [61]. 

6.4. ZIRCON 

Recently, zircon, ZrSiO4, (I41lamd; 2 = 4) has been-proposed as the preferred 
crystalline ceramic for the disposal of excess weapons plutonium [5 and 62, note 
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extensive references therein]. Zircon occurs in nature with uranium and thorium 
concentrations up to 5,000 ppm. Zircon is an extremely durable mineral, often found as 
a heavy mineral in stream sediments that after transport over great distances shows 
limited chemical alteration or physical abrasion. Indeed, zircon has been extensively 
studied, because it is a phase commonly used in the U/Pb dating of samples that may be 
as old as four billion years. Numerous studies have analyzed the conditions under 
which the U/Pb systematics are disturbed as a result of radiation damage, thermal events, 
or alteration. Additionally, zircon has been identified as an actinide-bearing phase in 

The zircon structure is well known, consisting of triangular dodecahedral ZrO8 
groups which form edge-sharing chains parallel to the a-axis, and Si04 tetrahedral 
monomers which form edge-sharing chains with alternating ZrO8 groups parallel to the 
c-axis. In natural zircons, U and Th replace the Zr in low concentrations; however, 
compositions of ASi04, in which A4+ = Zr, Hf, Thy Pa, U, Np, Pu and Am, have been 
synthesized. The regular increase in the unit cell volume with the increasing ionic 
radius of the A-site cation confiis  the homologous topologies of these structures [63]. 
Four of these compositions, hafnon (HfSiO4), zircon, coffinite (USi04) and thorite 
(ThSi04), occur naturally. Present structure refinements and structural analyses suggest 
complete miscibility between ZrSiO4 - HfSi04, but there are miscibility gaps on the 
ZrSiO4 - US04 - ThSiO4 joins [a]. Zircon with 9.2 atom percent plutonium (8.1% 
Pu238; 1.1% Pu239) substituting for Zr has been synthesized. This is equal to a waste 
loading of 10 wt.% Pu [65], but the maximum extent of the solubility of Pu in zircon 
has not been determined. The fact that a pure, endmember composition, PuSiO4, has 
been synthesized suggests extensive substitution of Pu for Zr is possible. 

6.4.1. Radiation damage studies of zircon have a long history. Zircon undergoes the 
radiation-induced transformation from the periodic-to-aperiodic state (metamict state) at 
doses over the range of 10l8 to 1019 a-decay eventslg ( = 0.2 to 0.6 dpa) with'a 
density decrease and a corresponding volume expansion of 18% [66-711. These studies 
include analysis of natural zircons which have accumulated &decay event damage up to 
doses of 0.7 dpa over 550 million years, 238Pu-doped zircons (238Pu has a half-life of 
87.7 years), up to doses of 0.7 dpa in 6.5 years and heavy ion beam irraidiations using 
2 Mev He+, 0.8 MeV Ne+, 1.5 MeV Ar+, 1.5 MeV Kr+, 0.7 MeV Kr+ and 1.5 MeV 
Xe+ to doses of 0.2 to 2.3 dpa in times of less than an hour. All three types of damage 
experiments include detailed studies of annealing kinetics [72]. These experiments cover 
a dose rate range of >lo8 and provide a firm basis for predicting the microstructure of the 
radiation-damaged zircon as a function of dose, temperature, and type of radiation. There 
are few crystalline ceramics for which such a wide variety of data are available. Based on 
these data, for a waste loading of 10 wt.% of 239Pu, the zircon will reach the saturation 
value of damage (1.2 x 1019 a-decay events/g or 0.8 dpa) in approximately 1,700 
years; thus, the properties of zircon must be considered in light of its radiation-damaged, 
aperiodic state. By comparison a borosilicate waste glass with a similar waste loading 
will attain an apparent saturation damage at a dose of 3 x 10l8 a-decay events/g in 
approximately 400 years and will have a partially decomposed network containing a 
significant concentration of helium/oxygen bubbles. Studies of borosilicate glasses to 
higher doses have never been performed; consequently, the effects at high doses are not 
predictable. Finally, transmutation effects ( 2 3 9 ~ ~  decays to 235U) are important in 
crystalline materials, as they may lead to phase instability. In the case of zircon, the 
solubility of U in zircon is only known approximately (4 fi 2 mole percent); thus, for 
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higher concentrations of U one may expkt the formation of USiO4 which also has the 
zircon structure. 

6.4.2. Stored energy values have been carefully determined by transposed temperature 
drop calorimetry over the range of the periodic-to-aperiodic transition on a suite of zicons 
from Sri Lanka (550 million years old) [73]. The energy released during annealing 
varies sigmoidally as .a function- of a-decay event dose reachingx saturation value of 
322 & 16 J/g at doses greater than 5 X 10l8 a-decay events/g. This is greater than 
values typical of nuclear waste glasses, which are generally less than 150 J/g and 
saturate at dose on the order of 10l8 a-decay events/g; however, sudden release of this 
energy is not anticipated to cause a signficant rise in temperature for either the glass or 
zircon. The magnitude of the enthalpy of annealing suggests that the damage is 
pervasive on the scale of fractions of nanometers, perhaps leading to the formation of 
micro-domains of amorphous SiO2-rich and 21-02-rich regions in the metamict state. 
This suggestion is consistent with observations made by secondary ion mass 
spectrometry (SIMS) and high resolution transmission electron microscopy (HRTEM) 
and extended x-ray absorption fine structure spectroscopy (EXAFS) of annealed zircons 
[69,70,74]. 

6.4.3. Alteration of natural zircons has important implications to the use of U/Th/Pb. 
techniques in geochronology; thus, there is h extensive literature that describes the 
alteration [75-79]: Physical degradation can occur due to microfracturing that is the 
result of the volume expansion caused by the defect accumulation with increasing a- 
decay dose and results in an increase of surface area [68]. Chemical alteration can 
involve disturbed U/Pb systematics due to diffusion of Pb and an increase of leach rate. 
Under extreme geologic conditions, e.g., zircons subjected to deformation in shear zones 
and altered by hydrothermal solutions, disturbed U/Pb systematics are clearly 
documented. Differential etching experiments (using 48% HF) have shown by scanning 
electron microscopy the removal of radiation damaged zones, with improved concordance 
of U/Pb systematics in the remaining, unaltered material. Despite this evidence of 
alteration in samples that may be hundreds of millions to several billions of years old, 
one must state that the alteration is minor and the disturbed U/Pb systematics are of 
elements that are present in concentrations of hundreds to thousands of ppm: The minor 
alteration of zircon over long periods of time and under rather extreme conditions (e.g., 
meteorite impact [75]) stands in contrast to the observations of natural glasses which 
are readily altered and rarely have ages in excess of tens of millions of years. Natural 
glasses have been studied extensively as natural analogues for the long-term behavior of 
nuclear waste borosilicate glasses and are certainly less stable than zircon [84]. 

6.4.4. Leaching studies of natural zircons under extreme laboratory conditions have 
confirmed the loss of U, Th and Pb under hydrothermal conditions (e.g., 2 molal NaCl 
solution at 500°C and 1,000 bars pressure) . The lead loss can be the result of grain 
boundary or volume diffusion (in which there is no dissolution of the zircon), or with 
time the dissolution of zircon [77]. However, at lower temperatures,.(< 8OOC) and near 
neutral pH values, i.e., conditions more pertinent to nuclear waste disposal, zircon is 
extremely insoluble [78]. There are much less data in the literature than necessary for a 
full evaluation of zircon as a waste form. Crystalline zircon is stable to such an extent 
that the equilibrium concentrations of Zr and Si are in the order of moles/L (0.1 
ppb) at 25°C. Dissolution of amorphous zircon (cyrtolite) followed a first order 
reaction, based on Si concentrations. Zr concentrations remainea below 0.05 ppm, the 
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instrument detection limit, due to precipitation of 2102 and ZrSi04. The dissolution of 
natural zircons at 87°C as a function of a-decay event m a g e  causes an increase in 
weight loss (lo3 to 10-1 weight percent for the transition from the crystalline (< 10l6 
a/g) to the amorphous state (> 1019 a/g)). To detect zirconium in solution, these 
experiments had to be performed in KHC03 solution. Comparing the dissolution rate 
for cyrtolite , R = moles/m2/d at 80°C, pH = 5, with the long-term rate of a 
nuclear waste borosilicate glass, R = moles/m2/d (= 10-3g/m2/d) in water at 98°C 
shows that @e dissolution rate of amorphous zircon is still considerably lower than that 
of glass in stagnant, silica-saturated solutions. In an open system (e.g., moving ground 
water), the leach rate for zircon used in this comparison does not increase; however, the 
leach rate of borosilicate glass may increase by three orders of magnitude until reaching 
the forward rate of reaction. Thus, one of the main advantages of zircon may be its high 
durability where large volumes of water have access to the waste form, as this allows 
considerably greater flexibility in repository design. 

. 

6.4.5. Physical properties of zircon have been determined as a function of increasing a- 
decay event dose, 0.15 to 0.65 dpa [68]. The radiation-induced softening leads to a 
decrease in hardness of 40 percent and of the bulk elastic modulus of up to 70 percent, 
but there is an increase in fracture toughness probably caused by crack-tip blunting by 
the aperiodic domains. 

6.4.6. Criticality must be a concern for any Pu-waste form, both during processing as 
well as in the final waste form configuration. This concern can be mitigated by 
adjusting the waste loading in the zircon, and also by including neutron "poisons" in the 
formulation. 'Natural zircons can contain up to several thousand parts per million rare 
earths, including up to 500 ppm of Gd (or up to 5,000 ppm at Oklo [17]). Thus, 
neutron absorbing nuclide may be incorporated into the zircon structure as dilute solid 
solutions or, at higher concentrations, used as a binding material intimately mixed with 
the zircon: There is no evidence of selective loss of gadolinium from zircons, but 
laboratory experiments with natural and synthetic material should confirm this 
observation. 

6.4.7. Production technologies are always an important consideration in the adoption of 
a waste form, as one should not underestimate the difficulties of processing large 
volumes of radioactive material. In the case of zircon, phase relations in the system 
ZrO2 - Si02 were investigated as early as 1967 and the system 2102 - Si02 - Tho2 - 
U02 has been investigated by Mumpton and Roy [64] in which they report the 
solubility limits of Th (< 4 mole %) and U (4 rfr 2 mole %) in zircon. As already 
discussed, Pu-doped zircons have been synthesized with 9.1 mole percent Pu. The 
apparent increase of solubility of Pu over U and Th in zircon is expected as the ionic 
radius of the A4+-site cation approaches that of Z#+. Komarneni and Roy [80] have 
reviewed the well established hydrothermal and solid-state synthesis of zircon as either 
single crystals or powders, as well as sol-gel synthesis. Most recently, Mori and others 
[Sl] have synthesized zircon by sintering (1,200 to 1,300"C) and have obtained yields of 
nearly 90 percent in less than one day. Although larger-scale pilot demonstrations are 
required, as well as detailed studies of the effect of Pu (and any potential impurity) on 
zircon synthesis conditions, much is already known about the requirements for 
synthesis. In the case of weapons plutonium, one can take advantage of the essentially 
reagent grade of the waste in engineering the process and the waste form. The final 
processing technology can draw on the experience of producing mixed-oxide fuels from 
powders. Some modifications of the industrial MOX process are necessary to make 
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zircon. Safeguard and criticality aspects of the MOX process have been reviewed by the 
IAEA and need not be reestablished if zircon is produced by this process. Theft and 
recovery of Pu from zircon may be a concern prior to disposal in deep borehole; 
however, this will be difficult, as zircon is a highly refractory substance (melting point 
> 1,500"C). 

In summary, zircon is an extremely durable phase which'may be used as a Pu- 
host for the d q ~ o s a l  oE weapons.plutonium. The long-term durability is confirmed.from 
natural occurrences in diverse and extreme geologic environments over geologic time. 
Leaching experiments confhn the extremely low solubility. The very low solubility, 
as compared to borosilicate glass, will insure that Pu is not concentrated by later cycles 
of geochemical alteration to values that might lead to criticality. Several processing 
options, sol-gel or sintering, have been demonstrated on a laboratory scale. Zircon does 
experience a radiation-induced crystalline-to-amorphous transition, but even the aperiodic 
(metamict) material is extremely durable. Finally, the lower volume (due to higher 
waste loading and the higher density of zircon as compared to glass) and greater 
durability, particularly at elevated temperatures, expand the range of geologic disposal 
possibilities, e.g, deep boreholes, a third, less studied option suggested byethe U.S. 
National Academy of Sciences. In fact, retention of the most mobile element, Pb, in 
zircons to depths of over 4,000 meters (>3OO0C) has already been demonstrated [82,83]. 

,. 

7. Conclusions 

There is every reason to expect that waste form performance can be much 
improved over what is now accepted for borosilicate glass. Ceramic phases, such as 
zircon or zirconolite, have already demonstrated this improved performance under certain 
conditions (e.g., hydrothermal, up to 300°C). Prudence requires that further research and 
development of these ceramic waste forms be conducted for the following reasons: 

i.) Any strategy of  isolation should emphasize the nearLfield containment of the 
radionuclides. This is primarily a function of waste form or "waste package" 
performance. Strategies that rely solely on long travel times, dispersal or dilution; 
implicitly presume release and movement of radionuclides. In the case of the 
disposal of weapons plutonium, this leads inevitably to concerns over criticality. 

ii.) The long-term performance assessment of the success of radionuclide 
containment requires the development of deterministic models of the future physical 
and chemical behavior of each part of the barrier system. Although difficult, it is 
certainly easier to model the chemistry and physics of corrosion and alteration of 
waste forms, with the subsequent release or retention of radionuclides over some 
range of conditions, than it is to develop coupled hydrologic, geochemical and 
geophysical models of the movement of radionuclides through the far-field of a 
geologic repository or a deep borehole. The extrapolation of corrosion behavior 
over long periods rests on a firmer scientific foundation for a waste form as 
chemically simple as zircon than the extrapolated behavior of, as an example, 
hydrologic systems that are site specific and highly dependent on idealized boundary 
conditions (e.g., climate and hydrologic recharge). This is a particularly important 
consideration in proposals for deep borehole disposal where the geophysical, 
geochemical and hydrologic regimes are more uncertain and less amenable to 
engineered barriers. 
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ui.) Natural phases, minerals, provide a means of "confirming" the hypothesized 
long-term behavior of waste form phases in specific geochemical environments to 
very high a-decay event doses. Indeed, the study of natural phases provides an 
essential confirmation of performance assessments in which the corrosion or 
alteration behavior of waste form phases over long periods is an essential 
component. 

* .  iv.) Finally, the availability of a well established process (e.g., the modified 

fissile material is certainly an important criterion in the selection of a waste form 
for plutonium. 

Considering each of the above criteria and based on the present state-of-knowledge, we 
propose that zircon is the preferred crystalline, ceramic waste form for the disposal of 
excess weapons plutonium. 

MOX-process for the production of zircon) for the handling of large quantities of 
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