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ABSTRACT

Titanate-based ceramic waste forms are currently under development for the
immobilization of excess weapons plutonium. Both Hf and Gd are added to the ceramic
formulation as neutron absorbers in order to satisfy a defense-in-depth concept for the
waste form. The introduction of significant amounts of hafnium may be responsible for
the presence of zirconolite-2M crystals in pyrochlore-based ceramics and the formation of

. zirconolite lamellae within pyrochlore. The zirconolite grows epitaxially on {111}planes.
of pyrochlore. Although the zirconolite lamellae within pyrochlore are non-cubic, any
volume expansion due to radiation damage in the pyrochlore should still be isotropic; in
addition, the presence of these intergrowths may allow some stress relief in the ceramic.

INTRODUCTION

Titanate-based ceramic waste forms are currently under development for the
immobilization of excess weapons plutonium [1]. These ceramics exhibit excellent
durability at various physical and chemical conditions [2]. The major phases in these
ceramics are pyrochlore [AzTiz07],zirconolite [ABTi20,], llf-bearing rutile (TiOJ, and
brannerite [BTizOJ, where A = Ca, actinides (ACT), and rare earth elements (REE), and
B = ACT, REE, Zr, and Hf. Additional minor phases may occur depending on waste
loading; these include uranium oxides and glassy phases. The glassy phases (and rutile)
fill interstices between the major phases. Both Hf and Gd are added to the ceramic
formulation as neutron absorbers in order to satisfy a defense-in-depth concept for the
waste form. Although the capacity of Gd to stop thermal (low energy) neutrons is nearly
500 times greater than that of Hf, the capacity of H-fto absorb thermal and epithermal
(medium energy) neutrons is still far greater than any other major element in the ceramic
besides Gd [3]. However, the main reason for adding Hf is that it possesses a much
lower aqueous volubility than Gd [4]; therefore, Hf should be present in any residual Pu
precipitate that may form during possible ceramic corrosion [2].

In this study, a series of plutonium-free ceramic formulations containing various
levels of impurities was investigated. In this paper, a particular microstructural feature is
described in three formulations: the baseline composition, which contains only Ca, Ti, U,
Ce, Gd, and Hf, and two impurity samples. The levels of impurities in these samples are
based on anticipated waste streams to be received during the fabrication of the Pu
ceramic. The two impurity ceramics examined were a metallic-based impurity sample
containing small amounts of transition metals and an extreme oxide impurity sample,
which contained Si, Al, Mg, Na, and Ga, as well as a range of transition metal oxides.

EXPERIMENTAL PROCEDURE

The ceramic material was prepared at Lawrence Livermore National Laboratory
(LLNL) by blending the following: TiOz (anatase), U02, G~03, Ca(OJ32, Hf02, and
CeO, for 1 hat 750”C in air. This mixture was pressed at 83 MPa and then sintered for
4 h i; Ar at 1350”C. The cool-down rate was =5°/rein. For the impurity samples, other



compounds were added during the initial blending step. The compositions of these
. .

ceramics are listed elsewhere in these proceedings [2]. The major titanate phase in these
samples was pyrochlore with lesser amounts of brannerite, zirconolite, and rutile.
Depending on the impurities added, other phases were obsemed. The samples were
examined with scanning electron microscopy (SEM), electron microprobe analysis
(EMPA), and analytical transmission electron microscopy (AEM).

For the transmission electron microscopy (TEM), the ceramic material was crushed
between two clean glass slides. A small amount of alcohol was added and the particle-
containing solution was pipetted onto lacy-carbon nickel grids. The samples were
examined in a JEOL 2000 FXII TEM operated at 200 kV with a LaBGfilament. The AEM
was equipped with a Gatan GIF200 imaging filter, which when operated in spectroscopy
mode had an energy resolution of <1 eV. The GIF200 was equipped with a lk xlk
charge coupled device (CCD), which allows imaging at resolutions comparable to
photographic film. Electron diffraction patterns were taken with a lower resolution CCD
camera. Compositional analysis was performed using an IXRI?Iridium II digital pulse
processor with an attached Noran Instruments detector.

Electron microprobe analyses were performed using a Cameca SX-50 ENWA. The
instrument is equipped with four wavelength dispersive spectrometers and was operated
at 20 kV and a beam current of 20 nA measur~d on a Faraday cage (beam size =2 p,m).
Samples and standards were coated with 200 A of carbon. Synthetic oxides were used as
standards for all elements except for Gd and Ce, which were calibrated with glass
standards. Data collection time was 30s for most elements and 60s for Gd and Zr. Data
collection on background positions above and below the peaks was half the time of data
collection on respective peak position. The raw data were corrected on-line by the PAP
correction procedure [5].

RESULTS

Pyrochlore accounted for approximately 35-50 vol% of all the various Hf-Ce-U
ceramic formulations, with the remainder taken up by rutile, brannente, and zirconolite.
The material was fine-grained, with most particles being <5 pm in diameter, except for
zirconolite, which occurred as elongated particles, sometimes >10 ~m in length.
Brannerite was common in the baseline ceramic; however, as impurities were added to
the formulation, it became less abundant. Brannerite, ideally [UTizOJ, forms early in the
crystallization history, but the addition of impurities as well as the fluxing ability of the
added impurities tends to stabilize other phases at the expense of brannerite. Addition of
silicon and aluminum resulted in the formation of a calcium alurnino-silicate glass and the
presence of sodium appeared to lead to formation of perovskite in the ceramic [2].

With SEM x-ray mapping of Hf (Fig. 1), it was possible to determine the
distribution of the major phases in the ceramic. Hafnium enriched regions correspond to
zirconolite and the Elf-depleted areas mainly to pyrochlore. However, the overall
distribution of Hf as well as the other elements and titanate phases indicated good mixing
during formulation of the ceramic pellets. In this paper, we will describe microstructure
not observable with SEM that may have important implications for the radiation stability
and durability of the ceramics.
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Results from the electron microprobe analyses of the major phases in the baseline
are shown in Table 1. The formula totals for zirconolite and pyrochlore are based on 7
oxygens per formula unit, those for brannerite on 6 oxygens per formula unit. In the
case of zirconolite, the B-site total is cl, suggesting that some of the Hf and Zr has been
replaced by other elements. Based on crystal chemical considerations, the most likely
substituting cation is U4+,as both Ce3+and Gd3+are large ions which would more likely
exchange with Ca on the A site.

In nature, incorporation of U or REE into the B site is hardly ever observed [6,7]
but is relatively commonly found in synthetic zirconolites [8]. The data for the baseline
zirconolite indicate, however, that even if all U is accommodated by the B site, the site
total is still <1. On the other hand, the total for the Ti site is >2, thus suggesting that the
B site additionally contains some Ti, as was also observed in other synthetic zirconolites
[9]. Electron energy-loss spectroscopy confirmed that the Ce in the ceramic is present as
Ce(III) [10]; however, in the plutonium loaded ceramic we may expect different
behavior. The Pu& ion can be accommodated on the smaller B site in zirconolite. This is
why Ce is not always a good analog for Pu in these materials. The data for the baseline
ceramic, therefore, are consistent with the following substitutions in zirconolite: U&
* Zr’+, (Ce3+,Gd3+)+ A13+= Ca2++ Ti’+,Ti’+e Zr’+, and Zr’+u Hp. The
microprobe data further reveal that of the three major phases in the ceramic, zirconolite
has the highest Hf/U and GdAJ ratios (see Table 2). This demonstrates that uranium is
strongly partitioned into brannerite and pyrochlore; the latter, however, are significantly
less effective in incorporating Hf and Gd, These results refer only to the plutonium-free
ceramic; we cannot speculate at this time on the possible distribution of neutron absorbers
and plutonium in the fully active material.

. .
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Table 1. Electron microprobe analysis of phases in the baseline composition
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pyrochlore brannerlte zlrconollte

Oxide wt70
Uo, 26.64 36.87 9.72
CaO 11.61 1.07 9.62
Ti02 32.85 38.77 32.90
Ce20J 10.50 11.81 4.95
Gd20, 9.57 6.13 7.46
Hf02 9.02 6.22 27.56
Zr02 0.98 0.70 3.20
AszOJ NA NA 0.86
A120J NA NA 3.56
Total 101.15 101.57 9984.

Normalized on the
. .. . basis of 0=7 0=6 0=7-.

Ti Site
Ti 1.91 1.95 1.80

.. As -. -- 0.04
Al -- -. 0.30

Sum 1.91 1.95 2.14
B and A Sties

Hf 0.20 0.12 0.57
Zr 0.04 0.02 0.11

sum 0.68
u 0.46 0.55 0.16
Ce 0.30 0.29 0.13
Gd 0.25 0.14 0.18
Ca 0.96 0.08 0.75

Sum 2.21 1.19 1.22

Total Cations 4.12 3.14 4.04

NA = not analyzed. Average relative errors (20): U 1.2%, Ca 2.5%, Ti 0.6%, Ce
2.4%, Gd 4%, Hf 1.6%, Zr 2.5910,Al 2%, and As 4%.

Table 2. Distribution of Key Elements in the Main Titanate Phases

pyrochlore brannerite zirconolite

HtiZr 5.39 5.19 5.05
H~ 0.43 0.22 3.64
GdAJ 0.54 0.25 1.14
u/o 0.07 0.09 0.02

As Fig. 1 shows, zirconolite tended to form elongated crystals throughout the
pyrochlore matrix, In this paper, we concentrate mainly on the interaction between
pyrochlore and zirconolite and the rnicrostructures observed within the pyrochlore.
These features could not be readily identified with SEM. We will now discuss these
micros&uctural features in pyrochlore and zirconolite in more detail.
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In these ceramics, zirconolite appeared to be present primarily as the 2M structure
type shown by electron diffraction analysis [8]. In many regions, the boundary between
the zirconolite and pyrochlore indicated almost no disruption in the lattice between the
two phases. The TEM image shown in Fig. 2 reveals a zone of pyrochlore sandwiched
between two regions of zirconolite. The zirconolite also exhibited extensive sub-micron
zoning. Transition metals, REE, and ACT are not distributed uniformly throughout the
zirconolite but are concentrated in extended defects, which can lead to the formation of
zirconolite polytypes [8].

The (001) planes of this zirconolite-2M are preferentially oriented parallel to (111)
of pyrochlore. Figure 2 shows that the interface between pyrochlore and zirconolite is
completely continuous, suggesting a perfect lattice match and thus demonstrating the
close structural relationship between the two phases.

Figure 2. Transmission electron microscopy image of pyrochlore and
zirconolite in the baseline ceramic. Note the continuity in the structure
between the zirconolite and pyrochlore zones and the stacking disorder in
the zirconolite.

In Figs. 3a and 3b, diffraction patterns of pyrochlore and zirconolite-2M are
shown. The dill spacing in pyrochlore is similar to the d~. spacing in zirconolite.
TEM multibeam image of Dyrochlore taken along B[l 101~xis is shown in Fig. 4a,

The

However, when we i~spec~~dthe pyrochlore gra~ns~ndi~ldually, we found la%ellae
within the grains (see Fig. 4b and 4c); x-ray analysis suggested that these possessed a
zirconolite-like composition. The lamellae were observed in all the samples examined,
including those from the baseline, the extreme oxide impurity sample, and the metallic
impurity sample. The Iamellae may possibly be of the zirconolite-4M type and, in the Pu-
free ceramic, are always enriched in Hf and depleted in U relative to the surrounding
pyrochlore (see Fig. 5). The EDS analysis confirmed that the lamellae are depleted in U
and enriched in Hf. More convincing evidence comes from the energy-filtered images of
the lamellae.



Figure 3. Electron diffraction patterns from neighboring grains of (a) pyrochlore
and (b) zirconolite. The (001) systematic row of zirconolite has an almost identical
spacing to the (111) systematic ~ow in the pyrochlore, demonstrating the close
structural similarities these two phases share.

Fimre 4. (a) and (b) Multibeam images of the wrochlore showirw Iamellae. and (c)
br~ght-field ‘image’ of zirconolite-like”lamellae &uctures within p~rochlore. ‘

The energy filtered image (Fig. 6) suggests that the zirconolite lamellae are
significant y depleted in uranium relative to the host pyrochlore. If this behavior is
m’rrored in-the plutonium ceramic, then one will exp&t different metamictization rates for
the two phases. However, as the Iamellae are very thin (10 -40 rim), et-recoil events
originating from the pyrochlore matrix would result in amorphization not only of
pyrochlore but also of the enclosed zirconolite Iarnellae.
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F~gure5. X-ray energy dispersive Figure 6. Energy-filtered TEM image of the
spectra of pyrochlore and the enclosed U distribution in pyrochlore from a metallic
zirconolite-type lamellae. impurity ceramic which indicates that the

Iamellae are deficient in U.

DISCUSSION

As zirconolite may be considered a derivative of the cubic pyrochlore structure, the
intergrowth of these two phases in the ceramic is not surprising. However, it is possible
that these larnellae are formed as a result of the large amounts of Hf introduced into the
formulation of the titanate ceramic: the small Hf ion (r[VIII] = 83 pm) is more easily
accommodated by the 7-fold coordinated B site in zirconolite than by the large 8-fold
coordinated A site in pyrochlore. Although these zirconolite Iamellae were observed in
the Hf-rich system, similar behavior will most likely occur in Zr-bearing ceramics, as Zr
and Hf have virtually indistinguishable chemistries.

Recent work by Putnam et al. [11], however, revealed differences in the formation
energies of Zr- and I-If-bearing zirconolites. Further investigation of differences in Hf
and Zr behavior in these systems might be revealing. The presence of zirconolite Iamellae
on the {111} planes in pyrochlore suggests that they may have formed through
exsolution during the cool down from the sintefing temperature. Analysis of the interface
between pyrochlore and zirconolite failed to detect any evidence for diffusion profiles
near the boundaries. Therefore, it is not clear at the current stage whether these
zirconolite larnellae are real exsolution lamellae or, alternatively, represent a growth
feature which might have formed during the sintering process rather than during the
cooling.

The larnellae in the pyrochlore are extremely small relative to the neutron penetration
distances, estimated to be several centimeters, but are approximately equal to the distance
traversed by an a-recoil (10-20 nm) [12]. This implies that although much of the Hf may
be segregated into a distinct phase, its capacity to absorb neutrons will not be diminished.
In addition, we might expect that despite having possibly lower concentrations of
plutonium in the lamellae, these features will be made metamict from the radioactive
decay of plutonium in the neighboring pyrQchlore. During any simulated radiation
damage investigations of this material, these types of effects need to be evaluated. In
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particular, do the Iamellae-pyrochlore boundaries offer regions where micro-fractums can
develop during radiation induced swelling? Based on current loading expectations for
plutonium in the fully active ceramic, significant dama$e with partial metamictization is
expected by 1000 years (=9.7 x 10;5dreg). Natural zlrconolites and pyrochlores exhibit
a significant degree of amorphization at such doses [12,13]. If micro-fracturing develops
from radiation-induced expansion, this may offer potential pathways for fluids that could
lead to enhanced ceramic dissolution rates, should all other barriers fail.

CONCLUSIONS

It is concluded that the introduction of significant amounts of hafnium may be
responsible for the presence of zirconolite-2M crystals in the ceramic and could also lead
to formation of zirconolite intergrowths within the pyrochlore. We would also expect the
same process to occur with Zr-loaded ceramic materials. The presence of zirconolite
lamellae within pyrochlore suggests that the volume expansion due to radiation damage in
cubic pyrochlore will not be isotropic. However, as the lamellae grow epitaxially on the
{111} planes in pyrochlore, there should be no change in the isotropic expansion
behavior of the material.
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