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Research Objective

The objective of this research is to develop a basic understanding of the distribution and solubility of
radionuclides and neutron absorbers in waste forms and their release from waste forms by studying the local
structural environments of these constituents in representative materials.

Research Statement

Crucial to the near-term DOE/EM misr of developing waste forms for the disposal of specific
plutonium-containing wastes is a fundamental understanding of the radionuclide and neutron absorber
solubility in glasses and ceramics. This understanding is empirically based, making it difficult to provide a
defensible position on issues such as waste-form selection and development, assessment of waste form
criticality safety, stability, long-term performance, and waste-form qualification for repositmptance.

The elucidation of the fundamental relationship between the local structure of radionuclides and neutron
absorbers and their solubility in waste forms will advance material science and provide depth to the defense.

Research Progress

Introduction

We have been examining the solubility of surrogate oxides in a suite of baseline glasses that allow us to
vary the glass melt chemistry. Over the past year, we have found evidence to suggest that the solubility of
metal oxides in sodium boro-aluminio-silicate glasses is facilitated by the formation of nanometer
heterogeneities that we refer to as “clusters” of the metal-oxide moiety. We are uncertain as to the exact
composition of these clusters, but they appear to be rich in the metal being dissolved. In this report, we
discuss the results from several spectroscopic techniques. The presence of clusters appears to be pervasive
from very low metal oxide concentrations and appears to be a metastable condition for the metal oxide.

We have also examined uranium- and plutonium-containing glasses and found that the oxidation state
has an important effect on the solubility with the lower oxidation state of plutonium being more soluble.
Crystalline waste forms too have been investigated. Here, again, the oxidation state of the surrogate metal
plays an important role. We have looked at the crystal chemistry of pyrochlore, zirconolite, and perovskite.

We discuss the baseline glasses that we reported last year and the new glasses that we made this year.
We then discuss our results for gadolinium and hafnium glasses, followed by a discussion of the nuclear
magnetic resonance (NMR) and transiois®lectron microscopy (TEM) results. We then discuss our
results from our investigations of the uranium- and plutonium-containing glasses. We finish with a
discussion of crystalline materials as potential waste forms.
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Glasses St udied
Baseline Glasses

The compositions ofthe baseline glasses’ are designed acoordingto asimplifi ed PuL6MC3 sodium-
aumino-borosili cate glass developed for plutonium immobili zation (Darabet d. 1997). More complicated
basdline glasses are used in our uranim andplutonium studies (Feng et al. 1998. Normaly, baseline
glasses were prepared from well-mixed axide andcarbonae powders. Radionualide surrogdes (HfO,,
Gd,O3, LapOs, NdbOs) and neutron absorbers (HfO, or Gd,03) were then adakd to groundbasdline glasses
and mdted at 14501560C. The mdt wasquenched inwater. Resulting glasses or glass-crystal mixtures
were anal/zed with different techniquesto develop an undrstanding ofthe solution medanisms.

Clear glasses resulted from the mdting of the majority of the basdline compositions ator below 1450C.
Glasses did notform from compositionssuch as PA), PB0, PQ), and PA0, below 1450FC. However,
glasses could be formed when surrogde oxides were added to the mdt. Characterization of the baseline
glasss hasbeen carried out with NMR on 60Si O,-aB,03-bNa,0-cAl,O; glasses and TEM onthe B20
basdline glass.

Rare Earth Element Solub ility in Glasses

We reported Gd,O3 solubili ties in60Si0,-aB,0s-bNa,O-cAl,O3 basdine glassesin our last annual
report. Recantly, we foundthatthe solution behavior of LaO; in the basdline glasses is very similar to that
of gadolinium. A study of the La,O3 solubili ty wasneeded because we could not anafze gadolinium-
containing glasses with NMR (gadolinium hasa strongmagretic moment). Our results show thatthere is a
one-for-one subsitution of Lg0O; for Gd,Os in both the glassand the crystals that precipitate from the glass
mdt. A complete solid solution wasobserved inthe B15 glass forthe system
Na.l,x(Gd s La)9+x/3$ i6026 (O<X<l) .

Our results indicate thatthere is a small temperature dependence of the Gd,O; solubili ty. Between
1400°C and 1550C, the Gd,O3 solubili ty in the B15 glass increases less than 7mass%. Our results indicate
an enthalpy change of Gd,Os dissolution in this basdline glass is dout 40 kJ/mol.

Figure 1 shows GgO; (GdO; ) solution behavior in 60Si0,-15B,03:-xNa,O-(25-x)Al0; glass ystem.
Similar results were foundfor La,O3; and NdOs, which indicates thatthey have similar solubility. The Gd,Os
solubili ty changed rapidly with the Na,O/(Na,O + Al,O5) ratio in the glass. At NgO/(Na.O + Al,O3) equal
to 0.50, its solubili ty reaches aminimum. Asthe Na,O/(NaO + Al,Os) ratio increases from 0.50 to 1.00 or
deaeases from 0.50 10 0, GO solubility increases from 5to 46 and fran 5 to 63 mass%, respectively.
When NgO/(NaxO + Al,O3) is<0.35, Gd,O; addtionsto the baseline glass aid glas fomation. In this case,
there are two solubili ty limits a lover and an pper.

1 Glassesra lbeled and naned in thefollowing fashion: in theystam 60SiO,[@B,03BNaO0IEAl,O3 Where
a=5t020, b=10to 30, c=2to 15 glassB15hasa= 15, b= 20, andc = 5; in the system 6030,
15B,0:XNa0[R25x%)Al,03, X was vaied from 0 to25 and daignatedPLr, PAr, PBr, andPCr, whae r= NaO/(Na,O
+ Al,O3); in the gstem aSIO,[BNaONAI 05, o was varied from 383310 66.67, 3 15to 33.33,

ardy 0to 46.67.
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The lower solubility limit is defined by the
existence of mullite (A5O3, ideal
formula). Increasing the G0O; causes
mullite to dissolve. The lower solubility
decreases from 28 to 0 mass% agMa
(N&O + Al,Os) increases from 0 to 0.35.
For NgO/(N&O + Al,Os) between 0 to
0.20 and 0.70 to 1.00, W@ dy,/2SicO02
(x=0 to 1) crystals (upper solubility) and
mullite [(Al4SiOg); > (formula for XRD),
lower solubility] were identified with
XRD. For NaO/(N&O + Al,Os) in range

0.35to0 0.625, the glasses exhibit
opalescence, indicating liquid-liquid phase
separabn. When examined in the TEM,

the average size of the dispersed phases
was about 50 nm. We found that the dispersed phase was gadolinium rich compared with the continuous
phase. Another much smaller dispersed phase (several nm) was found for both in the liquid phases.

Figure 1. The Dependence of Gadolinium and Hafnium
Oxide Solubility on Glass Composition

In the B20 glass, as the concentration of@dncreases from 0 to 47 mass%, the glass density increases
from 2.4 g/cmto 3.7 g/cm. We used the density, composition, and published ionic radii to calculate the
vacancy volume for each glass. The vacancy volume reaches a maximum whecoBcentration is about
5 mass%. Further increasing the,Gglconcentration causes the vacancy volume ration to decrease. This
has implications about the structure surrounding the gadolinium. These samples were also studied with laser-
induced, time-resolved fluorescence spectroscopy and lifetime regasur The intensity of the emission
bands was found to increase from 1 to 20 mass%@4zhd then to decrease at highep@toncentrations.

In parallel, the fluorescence lifetime decreased rapidly when the concentratioOgfad greater than 20

mass%. This indicated that a significant decrease in Gd-Gd distance occurred. Under TEM, we observed
that a small dispersed phase, as seen in the phase-separated glasses discussed above, increased as the Gd
concentration increased.

In our efforts to find another spectroscopic tool to examine the nature of these gadolinium-containing
clusters, we determined that small additions of4dor GdO; could be used as a probe of the gadolinium
site(s). The presence of M@} in these glasses allows us to use UV-Vis spectroscopy to examine these
glasses. While the resulting spectra are complex, there is one peak that is uncomplicated, i.e., it appears to be
a single peak whereas the others appear to be composed of several overlapping peaks. We are able to see
some differences in the peak position and the maximum width at half height. We are still trying to interpret
these data. The solubility behavior of R is similar to that observed for &ok and LaOs.

Glasses B20La5, B20La20, and B20La47 (peralkaline) were analyzedBvithd*’Al solid-state
nuclear magnetic resonance (NMR). In all of these glasses, theahmccurs in predominantly fodold
(tetrahedral) coordination, while boron occurs as a mixture of three-fold (trigonaf)pdena four-fold
(tetrahedral) coordinated species. It was found that, as mgide Wwas added to the B20 base glass, the
boron environment became more three-fold coordinated.
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Hafnia Solubility in Glasses

Solubility studies of Hf@in sodium boro-alumino-silicate glasses have been extended from the
peralkaline [NaO/(N&O + Al,Os) >0.5; molar ratio] to the peraluminous PE(NaO + Al,03)<0.5]
compositional rangd{gure ). Optical microscopy, soaing electron microscopy (SEM), NMR, anday
absorbance fine structure (EXAFS) have been used to documerttatagiipal, mineralogical, compo-
sitional, and atomic-level structural differences for the glasses. Results from electron microprobe quantitative
microanalyses of selected Hf@lasses compare favorably with our target glass compositions. These results
also confirm that sodium was lost during the pregon of high NaO-containing glasses. Four sodium
alumino-silicate glasses without boron have been prepared to help elucidate the role of borgn in HfO
solubility. We also prepared mixed &43-HfO, glasses to evaluate the possible competition between the
two absorbers/surrogates.

Hafnia (HfQ,) has been identified as a precipitate in both peralkaline and peraluminous glasses with x-
ray diffracion (XRD). The only other crystalline phase found is mullite, and it occurs only in peraluminous
glasses and in Na1l0Gd2Hf19. Hafnia in perahams glass occurs as pinacoidal prismatic crystals that are
compositionally zoned or twinned with sections that are mainly ldffd others that contain hafnium,
aluminum, oxygen, and perhaps sodium. Only a limited number of peraluminous glasses could be made
(Figure J because these compositions could not be melted at the upper limit of the fUBTHEE). In the
peralkaline glasses, crystals are also zoned or twinned, but with respect to hafnium, silicon, sodium and
oxygen, not aluminum: one sector is essentially hafnia, while the other that appears epitaxial contains little
hafnium and significant silicon and sodium.

We have performed TEM analyses on three NalOHf10 glasses, homogenized for one, three, and seven
hours, and for the B20 glass series, homogenized for two hours. There appears to be a similarity between
B20 glasses with varying amounts of Hf@hd Nal10Hf10. All samples examined exhibit a similar feature:
light and dark “spots,” approximately 5 nm in diameter, randomlydmrnsgly homogeneously distributed
throughout the material studied. As with the gadolinium-containing glasses, we have tentatively identified
these as clusters. The density of the clusters does not seem to change withgndf@asontent, although
a more rigorous examination is needed. Some of our results (see the discussion below) suggest that the
hafnium-containing clusters may be compositionally different than the gadolinium-containing clusters.
Stereoscopic TEM photographic pairs from the gadolinium-glasses illustrate that the clusters are spherical
and separated. They occurabghout the glass volume. Results from our TEM examination of the glasses
annealed for various durations indicate that the grains of &if©residual from the glass batch. The
existence of the clusters persistotighout the annealing. Our TEM analyses also show that the glasses are
inhomogeneous with respect to hafnium. Locally, energy dispersive spectroscopy (EDS) of B20Hf5 (5
mass% HfQ) gives a scaled hafnium peak area very similar to that for B20Hf31 (31 mass)s Hif@
composition and structure of the clusters remains to be determined.

Analyses with EXAFS spectroscopy have been completed, and the data have been modeled successfully
for two series of glasses. We examined the effect of changingddf®ent with the series NalOHf5 through
NalOHf20 (10 mol% N, 5 to 20 mass% Hi) We looked at the effect of changing the@#NaO +
Al,O3) while holding BOs; and SiQ in the same molar proportions. The EXAFS data indicate a distinct
difference between peralkaline and peraluminous glasses, with the sample representing the boundary between
the two compositional ranges [M&(N&O + Al,O3) = 0.5] being distinct from or intermediate between the
others. Changes in the calculated hafnium coordination are found as the boundary is crossed. While these
data are preliminary, they indicate that the hafnium in peraluminous glasses has oxygen near neighbors and
oxygen and aluminum as next nearest neighbors. On the other hand, the peralkaline glasses are best modeled
without aluminum as next nearest neighbors. None of the XAFS spectra from the glasses resemble HfO
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(actual) or HfSIiQ (simulated) reference spectra.

Glasses NalOHf5 through Nal0OHf20 (peralkaline), and PL50Hf6 through PL30Hf8 (peraluminous) have
been examined with solid-state NMR'B, >’Al). The preponderance of aluminum is inrtdald
coordination for both peraluminous and peralkaline glasses, while the boron coordination is a mixture of
three-fold (trigonal plaar) and four-6ld (tetrahedral). In general, it was found that peraluminous glasses
contain far less boron in tetrahedral aboation than in trigonal coordination, whereas the opposite is true
for peralkaline glasses. In both the Nal0 series and Na30 series peralkaline glasses, the boron coordination
changes similarly with the addition of hafnium: the more H@ded to the same base glass, the more three-
coordinate boron is found.

Interpretation of Solub ility, NMR, and EXAFS Data

For the Nal10 and Na3feralkaline glass series, the boron environment was found with NMR to become
more three-fold coordinateith increasing additions of HfQO Likewise, for the B20 peralkaline glass series,
the boron environment was also found to become more three-fold coowditheitecreasing additions of
La,0Oz. As association of sodium with the boron is required to maintain the borom-folidgoordination,
an immediate conclusion one might be tempted to draw from these results is that Hf(IM) ordcagre
some sort of association with sodium during the dissolution process and that Hf(IV) B¢ d=apete
more strongly for the available sodium than does boron. Hence, as mgrerHif0; is added, sodium that
in the absence of these oxides, would stabilize four-coordinate boron, instead aids in the dissolution of Hf(IV)
or La(lll) and the boron becomes more threletcoordinate. One might also contend that some equilibrium
might eventually be reached where the boron will not give up any more sodium to the Hf(IVjlpabd(
the solubility limit of the system is reached.

If the above model were true, however, the solubility limit of HfCthese glasses should increase with
increasing “free sodium.” The free sodium is the total sodium in the glass minus the concentration of
aluminum, which very strongly achieves fdald coordination by association with sodium, minus the
concentration of faufold coordinated boron at equilibrium. Thus, glasses with no aluminum or boron and
high concentrations of sodium (e.g., NaSiO-X) should show maximum $4fi0bility. As a matter of fact,
the NaSiO-X along with the other glasses with no boron, in spite of their high concentrations of “free
sodium” exhibit less-than-expected Hf&blubilities Figure J.

Thus, we believe that the boron is playing an important role in the dissolution of thepEif@aps by
allowing a more energetically favorable route through which sodium can become associated with Hf(IV). We
are currently developing chemical equilibrium-based models to calculate the solubility.df¢tfQhe
relative amounts of 3, Al O3 and NgO in these glasses.

As the composition of the base glass approaches that where the concentrati afidNALO are
equal, i.e., the boundary between peralkaline and peraluminous regions, the concentration of free sodium
approaches zero. At this point, regardless ofrteehanism by whichoslium could become associated with
Hf(1V) there is little free sodium and the solubility of Hf@pproaches a minimum.

Finally, in the peraluminous region, there is lesgNthhan ALO; and it is difficult to maintain four-fold
coordinate aluminum. Theoretically then, NMRaddcterizabn of peraluminous glasses containing, for
example HfQ, should indicate that the aluminum environment becomes more six-fold coordinate as more
NaO is removed. In actuality, the NMR results show that the aluminum environment maintaifsdfou
coordination and there is very little fefold coordinated boron in the hafnium-containing peraluminous
glasses. Additionally, the EXAFS results indicate that aluminum is associated with the hafnium as a second
nearest neighbor. One interpretation is that, in order to maintaifiolducoordination, one or more
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aluminum become associated with a Hf(IV) as more sodium is removed in the peraluminous region. This
would explain the NMR data, the EXAFS data, and the increase indaiGbility, as more N® is removed
in peraluminous glass compositions.

Since the trends in solubility for Hi@nd for (La/Gd/Nd)O; are similar, but different in magnitude,
perhaps similar mechanisms with differentidéfgrium constants can be used to describe the solubilities of
these and other types of cations (such as actinides or other troublesome traasigotsglin glass.

Microprobe Analyses

Electron microbeam techniques, such as electron microprobe analysis (EMPA), backscattered electron
(BSE) EDS, and x-ray mapq, have been used toashcterize distribuns of each individual ement and
actual contents of elements in the glasxlpcts. The gadolinium- and hafnium-glasses studied are
homogeneous in composition except for the sample containing a precipitated gadolinium-bearing crystal
phase. Good agement was obtained between the analyzed corpsdnd the target compositions. The
gadolinium-containing crystals took more gadolinium from the glass matrix and made it heterogeneous in
composition.

In the gadolinium-containing glass that is above saturation, theadeg crystals are up 200 pum in
length. Backscattered electron images of the samples showed that the crystals are elongated, acicular,
prismatic, or dendritic. Cross-sections of the crystals are often hexagonal, sometimes with hollow hexagonal
features (Figure 2). The different shapes of the crystals indicate that they were probably formed during the
different stages of crystallization as the glass cooled. Chemical compositions of precipitated crystals are
more enriched in gadolinium than in the glass matrix. Crystals of different shapes have the same
composition, and each crystal is homogeneous in composition. The composition of the crystals is consistent
with the XRD results described above. The glass compaosition near the precipitated crystals was depleted in
gadolinium and richer in the other glass components. This is consistent with the composition of the crystals.

Solubility and Local Structure of Uranium in
Silicate Glass

A standard soda-lime silicat8RM 1830, was obtained from
National Institute of Standards and Technology and selected for
our studies of the uranium solubility and local structure under
oxidizing and reducing conditions. This glass contains (in
mass%) 73.1 Si913.8 NaO, 8.6 CaO, 3.9 MgO, 0.1 ADs,

0.1 FeO;3, plus small quantities of O, TiO,, and SQ. This
glass was selected for its good chemical durability and its
relatively high concentration of Ma. The high NgO favors
high uranium solubility.

e The uranium solubility study was previously summarized
Figure 2. Backscattered Electron (Feng et al. 1998). The results are briefly summarized here:
Images of the Crystalline Phase in the under oxidizing conditions, the solubility was 30 mass% UO
Gadolinium-Containing Glass Matrix at 1500C based on optical, XRD, and TEM studies. At 31
mass% U@and above, uranium crystallizes agJin the
oxidized glasses. Under reducing conditions, the solubility was less than 30 mass% anecipdated.

The XAFS have been collected on these glasses at room temperature at the Stanford Synchrotron
Radiation Laboratory. The U Lnear edge of the oxidized and reduced glasses doped with uranium was
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reported (Feng et al. 1998). From these analyses, we determined that, on the average, U(V) was present in
oxidized glasses above 10 mass% and U(1V) in reduced glasses. The axial and equatodedide@is

can be derived, but the extraction of the structusehmeters beyond these shells, except for the

identification of U-U scattering, which is clearly evident in some of the U40 materials (~4A), is not practical.
The respective trends in coordination number and bond distances with increasing uranium content are
consistent prior to formation of U(IV).

The bond-valence mod@rese and O’Keef@é991) was use to calculate the valence from the U-O bond
distance and U to O coordination number. Goodemgent wasdund suggesting the majority of the U is
U(VI) in the oxidized glasses, with 10 and 20 mass% & U(IV)in the reduced glasses. The bond-
valence model results further suggest a trend that id¢v§ases as UQOncreases above 20 mass% in the
oxidized glasses. Combining the uranium solubility data with results of the XAFS, bond-valence model,
XRD, and TEM results, the uranium oxidation state that favors the uranium stability in the melt is in the
order U(VD)> U(V) > U(IV).

Plutonium Solubility and Local Structure in Borosili cate Glasses

A reference borosilicate composition (Pul6MC3) developed under a previous DOE/MD project for Pu
immobilization was chosen to study plutonium solubility under oxidizing and reducing conditions. The
Pul6MC3 glass contains (in mass%) 42.8,513.2 BO;, 4.1 AbOs, 4.1 L1O, 5.1 NaO, 1.5 KO, 1.0
Cs0, 11.3 GdO3, 2.1 BOs, and 4.7 F£5 in which GdOs functions as a neutron absorber.

Preliminary results of the plutonium solubility study were reported in Feng &88B). The results are
briefly summarized here: under oxidizing conditions, the solubility was less than 10 masg&t PA&DC;
plutonium precipitated as PgOUnder reducing conditions, the Pugdlubility limit was greater than 40
mass%.

Near-edge and XAFRBivestigations have been completed for these plutonium glasses. Theneart
edge spectra indicate that, in these glasses, plutonium is eithgrd?u(lV) depading primarily on the
oxidation conditions. In these glasses, Pu(lV) dominates when the conditions are oxidizingl§nehen(
reducing. As shown iRigure 3¢ there exists a broadffitaction peak near 30two-theta that is also seen in
a borosilicate glass containing 47 mass%@zdinsert inFigure 3¢. For the GgD; glass, we have
tentatively identified clusters of approximately 5 nm in diameter (see discussion above). Hence, the high
solubility of Pu(ll) in the borosilicate glass may be related to the formation ¢ Pagaring clusters.

With the XAFS of the plutonium in these glasses, in addition to #ueedge informaon, we are able to
discern trends in the local environment surrounding the plutonium. We do need to provide the caveat that the
limited order in these glasses results in metrical parameters (coordination number and distances) with
significant uncertainty from all but the nearest shells. This is additionally complicated by
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(a) 10% PuO;, (oxidizing cond.) (b) 10% PuO, (reducing cond.) (c) 40% PuO; (reducing cond.)
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Figure 3. XRD Patterns for the Oxidizé€d) and Reduced (b, ¢) Pul6MC Glasses withoRlutn

the possibility that a significant quantity of the plutonium resides in clusters. We are interpreting the XAFS
results with this possibility in mind. The results of the XAFS structural determinations and curve fitting are
in the process of being finalized along with the experimental EXAFS results.

Crystalline Waste Forms

This work is directed toward understandag olid solubility limits of plutonium, associated uranium,
and the neutron absorbers gadolinium and hafnium, and (b) plutonium and uranium valences in crystalline
phases which have had serious consideration for immobilizing waste plutonium and uranium. These phases
are zirconolite, CaZr}D-; pyrochlore(Ca,An)Ti,O;; monazite, REPQ perovskite, CaTig), titanite,
CaTiSiG;; apatite, (Ca,RE,ArR)P,Si%x0y ; zircon, ZrSiQ; and brannerite, AN, Where RE = rare
earths and An = actinides.

Uranium in Zirconolite

Sintered CaZy.,U,Ti,O; samples were prepared with x varied at 0.1 intervals. From XRD, SEM,
and TEM, the zirconolite 2M-4M transition was found to be at x = 0.15 and the pyrochlore/zirconolite
boundary near x = 0.65. Synthesis of the eminber CaUT0; phase is still proving difficult, but hot
pressing al275'C gave a pyrochlore yield of ~90%, the rest being.UThe pyrochlore phase in CalDy
samples melted in argon H#500 and 155 was deficient in uranium, having an approximate;GgsTi,0;
stoichiometry. Results from x-ray absaopt near-edge structureXANES) measwements aSSRL and
diffuse reflectance spectra (DRS) on Gak¥y gTi1 gAlo 0, and CaldZrogTii gMgo 07 fired in air and in
which the uranium was targeted as U(V) and U(VI), respectively, showed that both the argonfigatt ai
samples contained both U(IV) and U(V). The solubility limit of U(IV) on the calcium site was found to be
~0.3 formula units.

Uranium in Perovskite
A perovskite, CagUo 1TigdAl o103, was fired at 140 in argon and KN, to target uranium as U(1V)

and U(lll), respectively. In spite of these atpmonly U(IV) was found in perovskite. Perovskite can
incorporate 0.06 formula units of uranium on the calcium site.

3.16



Incorporation of Neutron Absorbers and Uranium

Less than 0.02 formula units of hafnium were found to enter the monazite IBtticenerite has been
found to incorporate ~0.2 formula units of hafnium. Approximately 0.5 formula units of gadolinium can be
incorporated in air-fired brannerite, bartly 0.1 formula units in argon-fired material. The enhanced
gadolinium solubility is consistent with DRS observations indicating U(V) in the gadolinium-doped, but not
the undoped material. Titanite was found to incorporate ~0.3 and 0.5 formula units of gadolinium and
hafnium, respectively. The incorporation of U(IV) in titanite did nateex 0.05 formulanits.

Summary

We have discussed the results from a variety of microscopic and spectroscopic techniques that we have
used in attempts to identify the metal-oxide moiety in the glass. The metastable clusters that appear to form
in these glasses form rapidly as the glass cools. Their concentration appears to be dependent on the metal
oxide concentration, but our results are inconclusive in this regard. While clusters appear to be metastable,
we have no information to suggest that they would alter over a finite time to a more stable form, presumably
crystalline in nature. The metastability of these clusters, should they be definitively shown to exist, should be
a study that is carried out in some future program.

Several gaps have been filled in our understanding of the solid solubility of plutonium, uranium, and the
neutron absorbers hafnium and gadolinium in candidate crystalline waste form phasesaantiieso
valences of uranium. This knowledge will be ultimately valuable for repository licensing.

Planned Activities

If clusters exist for metal oxides in glass, it will be one of the major findings for this project.
Understanding the nature of these clusters will be the key to the solotgithanisms fonigh-valence metal
cations such as lanthanide (gadolinium, lanthanum, neodymium) and acénigats (unaium, plutonium).

Electron energy-loss (EELS) and electron energy loss fine structure (ELuB®Bsdtave been started for

both plutonium- and gadolinium-doped glasses. We will begin a systematic study of the solubility of
GdO4/HfO, mixtures in sodium-alumino-borosilicate glasses to determine the effect of each on the solubility
of the other. The solubility of Pilij and Pu(IV) will also be investigated. Experiments on selected

peralkaline base glasses will be completed. Glasses will continue to be analyzed with EXAFS to determine
local glass structures.

To substantiate the U(V) observed in theniwen glasses, a U(V) solid was measured. The uranium
XAFS from the glasses is much different than we have seen in several uranates. This leads us to believe that
the uranium in the glasses is U(V). Theoretical calculations using FEFF will be performed to model the
EXAFS response from 4@, to compare to the uranium glass XAFS while a suitable U(V) material is
obtained or prepared for measurement.

The crystalline phases that form as the surrogate oxide become saturated in these glasses will be studied

with XRD, SEM, and TEM. The results will help in the understanding of the structure of the crystalline
phases and the correlation, if any, to the structure in the glass melt.
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The incorporation of hafnium, uranium, and plutonium inrire-earth apatite with the §&d, s{Hf,
U)o.3{PQy)sSi0,0, stoichiometry and associated whitlockite are currently being studied. Then@uPu(1V)
solubility on the calcium site of sphene and of perovskite will be completed. We will initiate leaching of a
selected crystalline phases doped with plutonium, uranium, gadolinium, and hafnium. We will investigate the
possible collaboration to determine the uranium oxidation states in glass with DRS.

References

Begg BD, ER Vance, and SD Conradson. 1998. “The incoiporat plutonium and neptunium in
zirconolite and perovskite.J. Alloys and Compoungdgol 271-273, 221-6.

Brese NE and M O’Keeffe. 1991. tBd-valence arameters for solids.Acta Cryst, B47, 192-197.
Brown ID. 1992. “Chemical and steric constraintgorganic solids.”Acta Cryst. B48553-572.

Darab JG, H Li, MJ Schweiger, JD Vienna, Rin, JJ Bucher, NM Edelstein, and DK Shuf97.
“Chemistry of plutonium and plutonium surrogates in vitrified nuclear wastsitonium Futurese The
Science Conference TransactionsA-13338-C, Los Alamos Nainal Laboratory, Los Alamos, New
Mexico.

Feng X, H Li, LL Davis, L Li, JG Darab, DKHsih, RC Ewing, LM Wang, ER Vance, PG Allen, JJ Bucher,
NM Edelstein, IM Craig, MJ Schweiger, JD Vienna, DM Strachan, and BC Buh®88. “Distribuion and
Solubility of Radionuclides and Neutron Absorbers in Waste Forms for Disposition of Plutonium Ash and
Scraps, Excess Plutonium, and Miscellaneous Spent Nuclear FueBciete to SuppoROE Site

Cleanup: The Pacific Northwest National Laboratory Environmental Management Science Program
Awards PNNL-11899, Pacific Northwest Niahal Laboratory, Richland, Washington.

Feng X, H Li, LL Davis, L Li, JG Darab, MJ Schweiger, JD Viena, and B@kBr. 1999. “Distributon and

solubility of radionuclides in waste forms for distribution of plutonium and spent nuclear f@ssamic
TransactionsVol. 93, JCMarra and GT Chadler, eds. American Ceramic Society, Westerville, Ohio.

Publications and Presentations
Publications
Davis LL, L Li, JG Darab, H Li, DM Strachan, P&len, JJ Bucher, IMCraig, NM Edelstein, and DK Shuh.

1998. “The effects of N®, Al,Os, and BO; on HfO, solubility in borosilicate glass.” I8cientific Basis
for Nuclear Waste Management XXMaterials Research Society, Pittsburgh, Pennsylvania.

3.18



Feng X, H Li, LL Davis, L Li, JG Darab, MJ Schweiger, JD Vienna, B@l&r, PG Allen, JJ Bucher, IM
Craig, NM Edelstein, DK Shuh, RC Ewing, LM Wang, and ER Vai@f9. “Distributon and solubility of
radionuclides in waste forms for disposition of plutonium and spent nuclear fuels: Preliminary results.”
Ceramic Transactions 93C Marra and GT Chdler, eds., American Ceramic Society, Westerville, Ohio,
p.409-419.

Li L, DM Strachan, LL Davis, H Li, and M Qian. 1998. “Gadolinium sdilydimits in sodium-
alumino-borosilicate glasses.” 8tientific Basis for Nuclear Waste Management XXI|
Materials Research Society, Pittsburgh, Pennsylvania (in press).

Li L, DM Strachan, H Li, LL Davis, and M Qian. 1999. “Perainous and peralkaline effects on £&d
and LaOs solubilities in sodium-alumino-borosilicate glasse€&ramic TransactionsAmerican Ceramic
Society, Westerville, Ohio (in press).

Presentations

Davis LL, L Li, JG Darab, H Li, DM Strachan, P&len, JJ Bucher, IMCraig, NM Edelstein, and DK Shuh.
Decembed998. “The effects of N&®, Al,Os, and BO; on HfO, solubility in borosilicate glass.” Materials
Research Society, Boston.

Feng X, H Li, LL Davis, L Li, JG Darab, MJ Schweiger, JD Vienna, B@Qlr, PG Allen, JJ Bucher, IM
Craig, NM Edelstein, DK Shuh, RC Ewing, LM Wang, and ER Vance. M&g8. “Distributon and

solubility of radionuclides in waste forms for disposition of plutonium and spent nuclear fuels: Preliminary
results.” Symposium of Waste Management Scienc&anlnology in the Ceramic and Nuclear

Industries 100th Am. Cer. So&nnual Meeting, Cincinnati.

Li L, DM Strachan, LL Davis, H Li, and M Qian. Decemld&98. “Galolinium solubility limits in sodium-
alumino-borosilicate glasses.” Materials Research Society Meeting, Boston.

Li L, DM Strachan, H Li, LL Davis, and M Qian. April 24-29, 1999. “Perdahous and peralkaline effects
on GgOs; and LaOs solubilities in sodium-alumino-borosilicate glasses.” American Ceramic Society
Meeting, Indianapolis.

Shuh DK, PG Allen, JJ Bucher, NM Edelstein, @vkig, X Feng, DM Strachan, H Li, JG Darab, LL Davis,

L Li, RC Ewing, LM Wang, ER Vance, MJ Schweiger, and JD Vienna. July@@g. “Distributon and

solubility of radionuclides and neutron absorbers in forms for disposition of plutonium ash and scraps, excess
plutonium, and miscellaneous spent nuclear fuels.” Environmental giawea Science Program Workshop
Plenary Address, Chicago.

Shuh DK, PG Allen, JJ Bucher, NM Edelstein, @vkig, X Feng, DM Strachan, H Li, JG Darab, LL Davis,
L Li, RC Ewing, LM Wang, ER Vance, MJ Schweiger, and JD Vienna. JUI9%8. “Investigdbns of
actinide materials chemistry utilizing synchrotron radiation methods.” Chemical and Analytical Sciences
Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Vance ER, JN Watson, ML Carter, RA Day, GR Luinp KP Hart, Y Zhang, PJ McGlinn, MWA. Stewart,

and DJ Cassidy. April 28. “Crystal chemistry, radiation effects and aqueous leaching of brannerite,
UTi,06."” S-1-059-99, Material®ivision, ANSTO, Menai, NSW234, Australia.

3.19



	Research Objective
	Research Statement
	Research Progress
	Introduction
	Glasses Studied
	Baseline Glasses
	Rare Earth Element Solubility in Glasses
	Hafnia Solubility in Glasses
	Interpretation of Solubility, NMR, and EXAFS Data
	Microprobe Analyses
	Solubility and Local Structure of Uranium in
	Plutonium Solubility and Local Structure in Borosilicate Glasses

	Crystalline Waste Forms
	Uranium in Zirconolite
	Uranium in Perovskite
	Incorporation of Neutron Absorbers and

	Summary

	Planned Activities
	References
	Publications and Presentations
	Publications
	Presentations


