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ABSTRACT

Candidate immobilization forms for the disposal of surplus weapons-useable I% are being tested
and characterized. The goal of the testing program was to provide sufficient data that, by August
1997, an informed selection of a single immobilization form could be made so that the form
development and production R&D could be more narrowly focused. Two forms have been
under consideration for the past two years: glass and ceramic. In August, 1997, the Department
of Energy (DOE) selected ceramic for plutonium disposition, halting further work on the glass
material.

In this paper, we will briefly describe these two waste forms, then describe our characterization
techniques and testing methods. The analytical methods used to characterize altered and
unaltered samples are the same. A full suite of microscopic techniques is used. Techniques used
include optical, scanning electron, and transmission eIectron rnicroscopies. For both candidate
immobilization forms, the analyses are used to characterize the material for the presence of
crystalline phases and amorphous material. Crystalline materials, either in the untested
immobilization form or in the alteration products from testing, are characterized with respect to
morphology, crystal structure, and composition. The goaI of these analyses is to provide data on
critical issues such as Pu and neutron absorber volubility in the immobilization form, thermal
stabili~, potential separation of absorber and Pu, and the long-term behavior of the materials.
Results from these analyses will be discussed in the presentation.

Testing methods include MCC- 1 tests, product consistency tests (methods A and B), unsaturated
“drip” tests, vapor hydration tests, single-pass flow-through tests, and pressurized unsaturated
flow tests. Both candidate immobilization forms have very low dissolution rates; examples of
typical test results will be reported.
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INTRODUCTION

Candidate immobilization forms for the disposal of surplus weapons-useable Pu are being tested
and characterized. The goal of the testing program was to provide sufficient data that, by August
1997, an informed selection of a single immobilization form could be made. Two forms have
been under consideration for the past two years: glass and ceramic. In August, 1997, the
Department of Energy (DOE) selected ceramic for plutonium disposition, halting ftier work on
the ghiss material. Form development and production R&D will now focus on ceramic.

The two candidate immobilization forms, glass and ceramic, have been under development to
accommodate the anticipated feed streams of surplus plutonium. A lanthanide-borosiIicate glass
(LaES) is being developed at the Savannah River Technical Center. This glass is an alkali-free,
rare-earth rich borosilicate glass that has a high solubiIity for actinides* . The composition of the
reference LaBS glass is repofied in Table 1. The LaBS glass, formulated to dissolve about 10
mass YoPu, has a density of 3600 kg/m3. In the LaBS glass, boron and gadolinium are neutron
absorbers to control nuclear critictdity. The glass is formulated so that an inftite array is
critically safe. The ceramic is under development at Lawrence Livermore National Laboratory
and is based on the Synroc concep?. It is a titanate-based ceramic, mainly composed of
zirconolite with secondary phases of pyrochlore, Ba-holIandite, and rutile. The zirconolite and
pyrochlore phases are the hosts for the Pu and the neutron absorbers Gd and Hf. The ceramic
phase assemblage is given in Table 1. The ceramic, formulated to dissolve about 12 mass% Pu,
has a density of 4400 kg/m3. As with the glass, the ceramic is formulated to be critically safe
when stacked in an inftite array.

Table 1. LaBS and Ceramic Compositions

LaBS Formulation Ceramic Formulation
~omponent Wt!zo Phases

A1203 17.9 Major Phases Zirconolite [CaZrTi20T]
B203 9.7 Pyrochlore [Gd2Ti20y]
Gd203 10.8
Hf02 5.5 Minor Phases Rutile (Ti02)
PU02 10.0 Hollandite (~a(A12Ti@IG)]
La203 6.8 Perovskite [CaTiO~]
Nd203 6.9 Ca-Al-titanates
SiOz 24.3
SrOz 2.1
U03 3.0
Impurities, as oxides 3.0

-, . . . . . . . . . .. . .
tilass composmon baseci upon me W memc ton plutoruum chsposmon option.

The analytical methods used to characterize altered and unaltered samples are the same. A full
suite of microscopic techniques is used. Techniques used include optical, scanning electron, and
transmission electron m.icroscopies. Analyses performed at Argonne National Laboratory make
use of small-particle handling techniques and the ultramicrotome. For both candidate
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immobilization forms, the analyses are used to characterize the material for the presence of
crystalline phases and amorphous material. Crystalline materials, either in the untested
immobilization form or in the aIteration products from testing, are characterized with respect to
morphology, crystaI structure, and composition. The goal of these analyses is to provide data on
critical issues such as Pu and neutron absorber volubility in the immobilization form, thermal
stability, potential separation of absorber and Pu, and the long-term behavior of the materials.

A complete set of dissolution and alteration tests is performed on the candidate materials. The
suite of tests includes MCC-1 tests3 , product consistency tests (methods A and B)4 unsaturated “
“drip” tests5 , vapor hydration testsG, single-pass flow-through tests718, and pressurized

unsaturated flow testsg.

In the MCC-13 test, a monolith is placed in demineralized water at 90”C for a short time period,
typically three days. The surface area-to-volume ratio (WV) in this testis 10m-l. The purpose of
this test is to provide an estimate of the forward rate of waste form reaction. This informatiori
bounds the rate of the waste-form reaction under a spectilc test condition but does not provide
useftd information on the release of Pu or the neutron absorber Gd.

The PCT-A (4) is a 7 day test with demineralized water at 90”C and with a powdered specimen
at a WV of 2000 m-l in a stainless steel test vessel. This test provides comparative information
(batch to batch) that is required in the Waste Acceptance Product Specifications used at the
defense waste processing faciIity (DWPF).

In the PCT-B4, a powder (-100+200 mesh) is placed in demineralized water at 90”C for variable
time periods in a stainless steel test vessel. The WV for this testis 20000 m-l. This testis used
to evaluate of the waste form reaction at high WV and static conditions that increase the
concentration of glass components in the leachate (demineralized water) and therefore accelerate
the onset of alteration phase formation. This information provides an indication of the long-term
Pu and Gd release to solution and also can be used to infer the mechanism(s) of waste-form
reaction.

The Vapor Hydration Test (VHT)G is a test of variable duration in which a monolithic specimen
is used. The test temperatures that have been used range from 70”C to 240”C. Water is added to
the test vessel such that at the test temperature no liquid water remains. This humid environment
provides for little water on the surface of the specimen, hence, high WV. The test provides
qualitative information on the tendency of a waste form to form alteration phases. This test
allows us to evaluate the distribution of Pu and Gd within the alteration phases, if applicable. A
modification of this testis the VHT Interaction test in which a monoiith of the MD
immobilization form is fixed to a DWPF glass sample. The purpose of this test is to accelerate
the formation of alteration phases in the presence of another material.

The Single Pass Flow Test7’8 is a test in which a solution is passes over/through a powdered
specimen. The solution may contain buffers to control the pH. The vessel with the specimen is
contained in as oven or bath at controlled temperature. Typically, the temperature is between
25°C and 90”C. The response of the specimen to a flowing solution is measured. To measure
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the forward dissolution rate of a material, the flow rate must be high enough that the dissolution
rate is independent of the flow rate. Two test designs were used and are described elsewhere7*8,

The pressurized unsaturated flow (PUF) tes? is another interaction test with powdered materials
in a column arrangement. Any aqueous solution can be used, but in the studies reported here,
demineralized water was used. The purpose of this testis to measure the dissolution rate of
either the glass or the ceramic alone or with other potential waste package components under
unsaturated flow. Materials may be combined in the column to study materials interactions.
Hydraulic properties are also evaluated in this test.

The last type of testis the Drip Tes? where a solution, typically J-13 that has been equilibrated
with tuff10 is dripped on a monolith of the MD material. Temperatures are typically 90°C and
drip rates are about 25 @/d. The purpose of these tests is to measure dissolution under slow
flow, unsaturated conditions.

Normalized elemental mass losses were calculated based upon the analyzed and as-prepared
glass and ceramic compositions, the geometric surface are% and the solution-analyses from the
terminated tests. The MCC-1 and PCT normalized mass losses include both the solution
concentrations and the results of an acid strip of the test vessels. The equation used to calculate
normalized elemental mass loss is

b-i‘i - ~y
NL(i) = s

● fi
F

(1)

where ~ is the normalized elemental mass loss in g/m2, Ci is the concentration of element i in
the leachant in g/m3, CiOis the concentration of element i in the initial Ieachant solution in g/m3,
S is the surface area of the glass in m2,V is the volume of the glass in m3, and fi is the weight
fraction of element i in the glass. Because the length of the experiments was short, the rate was
calculated by dividing the ~ by the test duration. In flow tests, however, the rate was
calculated from the flow rate, the concentration of material in solution, and the time between
samplings.

Results and Discussion

To consolidate the results from dissolution testing, we plot the dissolution results from all the
static tests as the normalized elemental mass loss (g/m2), ~, in which the concentrations in the
Ieachate are normalized to the fraction of the element in the materkd being tested, against the
product of the surface-to-volume ratio (WV) and time (t). For the ceramic, there is no element
that can be used to monitor the behavior of the bulk of the ceramic. This is because all elements
from the ceramic in the Ieachate are suspect of having their concentrations controlled by the
volubility of alteration products ardor the compounds that comprise the ceramic. Results for the
ceramic material are summarized in Figure 1. As the material dissolves, the pH increases from
5.5 of demineralized water to 8.7. As the pH increases, the w for all elements that were
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measurable decreased. These results usually indicate the precipitation of mineral phases.
However, only calcite (CaC@ and calcium sulfate (CaS04) were found.
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Figure 1. Normalized elemental mass loss for the MD
ceramic at 90°C in demineralized water. The results are from
MCC-1 and PCT-A, B.

Although similar trends were observed for the LaBS glass (Figure 2) constituents, it is unlikely
that insoluble phases that contain boron form in these tests. Hence, the MCC-1, 3 d data are
suspect and it is unlikely that the NL decrease with time from the MCC-1, 3-day test. The PCT
results indicate that the NL for all elements are nearly invariant with time. Since a.11of the other
~ are lower than m, insoluble minerals must be forming for these elements. In comparison,
the ceramic releases about 100 times less material into solution than does the glass even though
the pH is nearly the same in both MCC-1 tests and PCT for ceramic and glass.

In single pass flow tests, results from two laboratories (LLNL and PNNL) can be compared. In
Figure 3, results from PNNL for LaBS glass are shown for the elements Al and Si. Two forms of
the glass were tested, one containing Ce and one Pu. The results for the forward rates are similar
to other silicate-based glasses both in magnitude and pH response. Test results for both the glass
(PNNL) and the ceramic (LLNL), both at a test temperature of 7(J’C, are shown in Figure 4. The
results for the LaBS glass are roughly 100 times higher than for the glass. Because the volubility
of the constituent elements in the ceramic are very low, only Iimited data can be obtained.

Results from the PUF are shown in Figure 5 for the Cc-doped ceramic. The important features
can be explained. As the reactions in the column take place, changes in solution properties take
place. After some initial period, the pH, conductivity, and column saturation are at steady state.
As the glass or ceramic react with solution, the solution concentrations increase. At some point,
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precipitation of mineral phases occurs. This event is evident from the changes in solution
concentrations, pH, conductivi~, and column saturation. The data indicate, that the ceramic
dissolves at about 10 times slower rate than does the gktss.
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Figure 2. Normalized elemental mass loss for the
LaBS glass at 90°C. The results are from MCC-1 and
PCT-A, B.
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Figure 4. Dissolution rates from single pass
through experiments with the MD ceramic and
glass.
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Figure 3. Dissolution rates from single pass flow
through experiments with LaBS glasses.

Tii h

Figure 5. Results from the pressurized unsaturate
flow experiments with the MD ceramic il
derninerdtied water at 90°C.

Use of the vapor hydration test yields the mineral phases that may format long times in static
tests. Bates and co-workerss have shown that the use of this test on natural glasses and tektites
yield the same alteration minerals as found in nature. After test with ceramic and glass, the
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surfaces of the materials were examined. The ceramic material does not react very rapidly.
Consequently, the reaction layers are very thin and not evenly distributed over the surface. The
apparent discontinuous distribution of the reaction layer may be due, in part, to the microtome
method used to prepare thin section specimens for examination in the transmission electron
microscope. These layers are too thin to be detected in the scanning electron microscope, for
which sample preparation is much less aggressive. Anatase, iron hydroxides/hydrated oxides,
and alumina are found on the surface of the ceramic test samples (Figure 6). On the LaBS glass,
a thicker layer is observed that consists mainly of clay-like material (Figure 7). A plutonium
silicate, possibly PuSi04, was observed on the surface of and within the gel layer on the glass ‘ I
(Figure 7).

Anatase
Fe oxides
SiO~

Altered zone

Zirconolite

I

-...

Figure 6. Results from vapor hydration testing ~.
of the MD ceramic at 200°C for 56 days.

lgure 7. Results from vapor phase hydration
of LaBS glass at 200°C for 56 days (a = Pu
silicate; b = gel layeg c = glass). “

Conclusions

A comprehensive suite of initial dissolution tests has been carried out on the two candidate
immobilization forms, a zirconolite-based ceramic and a lanthanum-borosilicate glass (LaBS).
Both materials dissolve at a very low rate with the ceramic consistently dissolving at a slower
rate than the glass in both static and flow through tests. This result, in part, led to the selection of
the ceramic as the material for the immobilization of excess weapons useable plutonium. There
are indications from these results that the Gd and Pu have different dissolution behaviors and
may become separated with time as the immobilization form dissolves and the Gd and Pu are
transported.

Over the next several years, many tests will be performed on the ceramic material. The
composition of the ceramic will change to include more uranium, thus forcing the predominate
crystalline phase to be pyrochlore. This change is in part due to the realization that the source of
the plutonium to be immobilized will contain about as much uranium as plutonium. An added
benefit will be the change from a monoclinic crystal type (zirconolite) to cubic. The benefit will
be realized in the potential for decreased rnicrocracking during radiation damage, which will,
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over time, cause the material to become metamict (amorphous). MicroCracking would cause the I

substantial increases to the accessible surface area with a concomitant increase in the fractional
release of material to the ground water.

Although SPFT have been performed with the pyrochlore material, these results are not reported
here. However, the pyrochlore material is not expected to have a dissolution rate significantly
different than the zirconolite. Initial results seem to support this conclusion. Some of the
alteration minerals that result from the dissolution of the ceramic may change. Of particular
interest is the fate of the neutron absorbers. If, as has been seen for Zr, Hf becomes associated “
with the Pu, then the criticality concerns are lessened. One of the main concerns for the ceramic
material is the presence of an amorphous or glassy phase at the grain boundaries. These phases
tend to have a lower durability than the crystalline phases that make up the ceramic. No”such
phase has been found in the zirconolite-based ceramic, and none is anticipated in the pyrochlore-
based ceramic.
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