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Introduction
Between 8 and 50 metric tonnes of excess plutonium are currently

planned to be immobilized in a glass or ceramic waste form in the U.S. The
immobilized Pu would then be encased in HLW glass (the “can-in-canister”
alternative), which would provide a radiation barrier to enhance the
proliferation resistance of the material. Associated with the plutonium are
about 15 metric tonnes of uranium (primarily 23gU) and a variety of other
impurities (primarily Ga, Mo, Al, Mg, Si, and Cl) totaling about 1 metric
tonne or less, Immobilization of this material is complicated by the fact
that the uranium content in the various feed streams varies widely, from O
to about 95%.

The proposed ceramic form is composed of about 90% zirconolite
(CaZrTi207) and/or pyrochlore (Cal?uTi207) with about 10% other phases,
typically hollandite (BaA12Ti60 16) and rutile (Ti02). The form is a variation
of Synroc-C~ which contains nominally 3070 zirconolite, 3070 perovskite
(CaTi03), 30% hollandite, and 10% rutile and noble metal alloys. Zirconolite
and perovskite are the actinide host phases in Synroc-C. with zirconolite
being the more durable phase. The pyrochlore structure is closely related
to zirconolite and forms at higher actinide loadings. Thus, this mineral is of
interest for plutonium disposition in ceramic. Pyrochlore has the
advantage that it is cubic rather than monoclinic like zirconolite. Cubic
minerals swell isotropically when radiation damaged. As a result,
differential strain in the microstructure will be minimal, leading to
significantly less microcracking of the form after thousands of years in a
repository. Zirconolites and pyrochlores containing uranium and/or
thorium exist in nature and have demonstrated actinide immobilization for
periods exceeding 100 million years.

Description
The ceramic form being developed for Pu disposition should have the

following characteristics: (1) a high solid volubility of actinides and neutron
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absorbers; (2) extraction of the plutonium for reuse in weapons is difficult;
(3) easily handled and processed in a glovebox environment; (4) a product
at least as durable in a repository environment as borosilicate glass and
spent fuels; (5) incorporation of the PUOZ feed into the ceramic minerals
without a significant amount of unreacted material; (6) tolerance to feed
impurities without significantly affecting the durability or processability;
(7) no adverse effect of the heating cycle due the encapsulation of HLW
glass. Work being performed at Lawrence Livermore National Laboratory
to address each of these characteristics will be presented and discussed.

The ceramic forms have been fabricated using primarily cold
pressing and sintering techniques. Product phase assemblages and
compositions were determined by X-ray diffraction, SEM, and microprobe
analyses. Selected samples were sent to Argonne National Laboratory for
further characterization and durability testing. The bulk of the
development work at LLNL was performed on surrogate samples using Ce
as an analog for Pu. Once the process parameters were fairly well defined,
verification samples were prepared with plutonium. Samples sizes vary
from small test samples, roughly 3g net mass, to large process-prototypic
samples, roughly 300g net mass.

Results
Tests with cerium have shown that about 0.15 formula units can be

substituted on the Zr site. Greater cerium contents form an ordered
pyrochlore of the approximate composition CaCeO.sZrO.sTiz07. A two phase
region between CaCeO.5Zr0.STiZ07 and CaCeTizOT has also been identified.
Initial results with plutonium-loaded samples confirm that at least 11 wt.
70 PU4+ can be accommodated in the zirconolite phase under oxidizing
conditions.

Significant amounts of Ga, Mo, and W have been incorporated into
ceramic phases. Ga is incorporated in the Ti site in zirconolite or the Al site
in hollandite, Small amounts of Mo and W are also incorporated into the
zirconolite phase. Initial tests using a s20 micron diameter. calcined PUOZ
powder as a starting material have shown that between 80% and 85% of
the PUOZ was dissolved in the ceramic matrix after heating at 1300”C for 4
hours. The same tests using Pu(N03)4 solution showed essentially complete
dissolution of the actinide into the ceramic matrix. Detailed tests on
impurity tolerances and actinide oxides dissolution kinetics are currently
in progress.

Limited studies on alternate minerals for the incorporation of
actinides confirmed that the zirconolite/pyrochlore-rich Synroc is easier to
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fabricate. Alternate mineral forms tested included zircon (ZrSi04), monazite
(CeP04), uraninite (UOZ), and baddeleyite (ZrOz).

Good densification is achieved by the use
appropriate processing conditions, temperature,
preferred sintering aid and is incorporated into
final form. Other sintering aids tested were SrO,

of sintering aids and
atmosphere, etc. BaO is the
the hollandite phase the
MgO, and SiOz.

This work was performed under the auspices of the U.S.Departmentof Energy by Lawrence
Livwrnore National Laboratory under contract no. W-74(15-Eng-48.
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