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ABSTIUKT
As a consequence of weapon stockpile reduction

production facilities, approximately 50 metric tons of

.

and the associated shutdown of weapons
plutonium (both weapons-grade and non-

weapons-grade) has been declared excess by the United States. Recent expe~ents demonstrated
the feasibility of using high-level waste stored at the Idaho Chemical Processing Plant to
immobilize plutonium. The most effective plutonium host phase identified in these experiments
was a plutonium zirconate solid solution. Results of recent experiments are reported that show the
feasibility of using the highly durable plutonium zirconate host phase as a feed material for high
and low temperature encapsulation processes, thereby increasing the potential applications of this
material for plutonium dispositioning.

INTRODUCTION
With the end of the cold war, and reductions in the sizes of nuclear arsenals, the United States

abruptly ceased production of new nuclear weapons. This resulted in approximately 50 metric tons
of surplus plutonium requiring some form of treatment to prepare it for final dispositioning. About
38 metric tons of that inventory is considered weapons grade material. This material is high purity
plutonium, in the form of surplus weapons components, or other high purity metallic or oxide
forms that could be fabricated into nuclear explosives with relative ease. The Department of Energy
(DOE) recently issued a Record of Decision (ROD) electing to burn some of the excess plutonium
as mixed oxide (MOX) fuel, and dispose of the remainder along with high-level waste (HLW)
glass’. The latter approach, known as the “can-in-canister” approach, would immobilize the
excess plutonium in a Synroc type ceramic, which would be encapsulated in HLW glass at the
Defense Waste Processing Facility. The HLW glass provides a self-protecting radiation field to
meet the spent fuel standard for proliferation resistance, as recommended by the National Academy
of Sciences*. The remaining 12 metric tons is in a variety of forms with diverse chemical and
physical properties. This material is plutonium from the numerous steps in the weapons
production process, reflecting the sudden cessation of weapons production. Some of these
materials are chemically unstable, and most require some form of stabilization for safe interim
storage and ultimate disposal. The Defense Nuclear Facilities Safety Board (DNFSB)
recommended expeditious treatment of these materials to reduce management and storage risks3.

Materials for plutonium immobilization have been developed while exploring potential weapons
material dispositioning missions for the Idaho National Engineering and Environmental Laboratory
(INEEL)4*5. In developing these materials, the unique chemistry of the HLW at the INEEL was
used to partition plutonium into crystalline host phases to increase plutonium loading and chemical
durability (and hence proliferation resistance). Both glassy and crystalline materials were tested.



Some of the crystalline materials were formed by devitrifying glasses prepared using conventional
glass melting methods. The most effective plutonium host phase identified in these experiments
was a plutonium zirconate solid solution with a face-centered cubic (fluorite type) crystal structure.
This material is easily prepared by duect solid state reaction of oxide powders in air at 1650° C,
and can accommodate appreciable quantities of rare earth neutron absorbers for criticality controlG.
Plutonium release rates were on the order of 10-5to 106 g/m2/d as measured using the Product
Consistency Test (PCT-A)7.

The ease with which this material could be prepared suggested a two-step process that could
be used to immobilize plutonium from a variety of sources. The fust step is to react plutonium
(oxide) with zirconia and, if desired, a neutron absorber. Depending on the plutonium source, an
oxidation step may be desirable prior to reaction with zirconia. The resulting plutonium zirconate
powder is then encapsulated in a suitable matrix to make it non-dispersible. Encapsulant
evaluated in this work include glass and magnesium phosphate cement. The proposed process is
illustrated in Figure 1.

c1Zr02
(+ Neutron
Absorber)

Fkyre 1: Two-step process for stabilizing plutonium. Depending on the plutonium source, the
“Convert to Oxide” step shown inside the dashed box could be accomplished at the same time the
material is reacted with zirconia and an optional neutron absorber.

In order to establish the feasibility of the second step of the proposed two step process for
plutonium dispositioning (encapsulation of the durable host phase in a HLW glass), it was
necessary to show that neither the plutonium host phase nor the matrix is altered by the
encapsulation process in any way that would compromise the ability of the composite material to
isolate radionuclides from the environment. Glass was selected for evaluation as a matrix material
because of its wide acceptance, particularly by “stakeholder” groups, as a durable material for
immobilizing toxic and radioactive elements. Hydraulic cement was selected as a second candidate
matrix material because of process simplicity and low capital costs.
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EXPERIMENTAL

Plutonium Zirconate Preparation
The process to prepare plutonium zirconate (with or without neutron absorbers) is described

elsewhere. Briefly, mixtures of PuOZ and ZrOz powders (with or without rare earth oxide
powder) are mechanically blended and placed in an alumina crucible. Molar ratios of plutonium to
zirconium up to 1.36 have been produced, with up to 8.5 mole 90 SmzO~. The starting powders
are fired for 48 hours at 1650° C in an electric furnace with air atmosphere. A scanning election
micrograph of material resulting from this process step is shown in Figure 2.

Figure 2: Secondary electron image of plutonium zirconate powder form the high-temperature
reaction step.

Glass Encapsulation
A simulated (non-radioactive) HLW glass was selected to demonstrate the feasibility of glass

encapsulation. The formulation used in these experiments was developed to immobilize calcined,
zirconium-containing HLW stored at the Idaho Chemical Processing Plant*. This glass
formulation was selected to demonstrate the ability to provide a self-protective radiation field, if
necessary, for the immobilized plutonium, and because the highly corrosive nature of the molten
glass provides a severe test of the ability of the plutonium zirconate powder to retain plutonium
during the encapsulation step. The glass was prepared by mechanically mixing simulated zirconia
calcine and “Frit 127” additive in a 3/7 weight ratio, and melting at 1100° C for 4 hours in an
alumina crucible using an electric furnace with an air atmosphere. The compositions of the starting
materials are given in Table I. The corrosivity of the mohen glass results mainly from the high
fluoride content of the simulated zirconia calcine.



.-—

Table I. Compositions of Run 80 simulated zirconia calcine and Frit 127 glass additive

Run 80 Calcine Frit 127
Compound wt. 70 Compound wt. Yo

Z?
CaO
Ce203
Cr203
Cs,o

14.4
0.3
25.9
0.1
0.7
0.3

C&, 34.1
Fe203 0.2
N~O 0.3
NiO 0.1

0.8
% 22.8

SiOz 70.3
N~O 12.8
LizO 6.2
BzOq 8.5
Cuo 2.1

After cooling, sufilcient plutonium zirconate powder was spread evenly over the surface of the
simulated HLW glass (still in the crucible) to give a 20 weight percent loading of plutonium oxide
based on glass mass. The crucible was returned to the fhmace and heated to 1050° C, held for four
hours, cooled to 500° C for a 15 minute annealing hold, then furnace-cooled to room temperature.
The crucible with the resulting HLW glass/plutonium zirconate composite was sectioned and
polished for scanning electron microscope (SEM) examination.

Cement Encapsulation
Magnesium phosphate cement was selected as a low-temperature encapsulant because of its

potential for forming other actinide host phases (such as monazite). The cement matrix must bond
well to the plutonium zirconate particles without extracting plutonium from the particles.
Magnesium phosphate cement encapsulant was prepared by mechanically mixing the components
in the proportions shown in Table II.

Table II. Composition of the magnesium phosphate cement encapsulant

Compound ‘ wt. 70

MgO 9.2
KH2P0, 31.8
fly ash* 58.9

* Coal fly ash from the Jim Bridger power plant in Rock Springs, WY

Deionized water was mixed with the cement at a water to cement ratio of 0.20 by weight.
Sufficient plutonium zirconate was mixed with the slurry to give a 20 wt. % plutonium oxide
loading. The mixture was allowed to cure for 20 days in a closed polyethylene container (initial set
occurs in about 4 hours), after which the sample was removed, sectioned, and polished for SEM
examination.



RESULTS AND DISCUSSION

\’
G1ass Encapsulation

The dense plutonium zirconate had settled to forma glass/plutonium zirconate layer about half
the depth of the melt with a well defined boundary layer. No plutonium or other variation in
composition could be detected in the glassy phase, either above or within the settled layer. The
volume ratio of HLW glass to plutonium zirconate in the settled layer was estimated at about 0.5,
which would give an average plutonium concentration in the composite layer of about 43 weight
percent. This gravity-driven concentration of plutonium shows that plutonium loadings in excess
of the targeted 20 weight percent can be easily achieved.

Zircon grains from the crucible were incorporated into the melt near the glass/crucible
interaction zone as a result of attack by the corrosive HLW glass melt. Zircon grains appear as the
medium gray phase in Figure 3.

Fhmre 3: Secondary electron micrograph of the glass/crucible interaction zone showing zircon
gm.insfrom the crucible incorporated into the glass/plutonium zirconate composite layer.

Energy dispersive X-ray spectroscopy (EDXS) analysis of zircon grains incorporated into the glass
melt showed that these grains had absorbed about 3 to 4 mole percent PU02, while zircon grains in ,
the crucible showed no detectable plutonium. EDXS analysis of matrix glass phase in the
immediate vicinity of plutonium zirconate phases and zircon near the interaction zone showed no
detectable plutonium in the glass phase.

A likely explanation for this observation is that plutonium is sufficiently soluble in the glass at
the melt temperature ( 1050° C) to allow diffusion from the plutonium zirconate phase into ficon
grains from the crucible. If there is any residual plutonium in the glass in excess of about 0.5 atom
percent (estimated detection limit), as the glass cools and plutonium volubility decreases it most
likely partitions into the more thermodynamically stable zirconium-containing crystalline phases.
Had zircon not been introduced into the melt from the crucible, any plutonium dissolved into the



glass from the plutonium zirconate at elevated temperature (in excess of about 0.5 atom percent)
would have returned to the zirconate phase during cooling, leaving both materials essentially
unaltered. In either case, the net amount of plutonium transported to the zircon grains was small,
resulting in no detectable changes in either the plutonium zirconate or the simulated HLW glass,
thus demonstrating the feasibility of encapsulating plutonium zirconate in a HLW glass.

The criticality implications of the observed settling of plutonium zirconate in the glass melt
were investigated by modeling the behavior of plutonium zirconate powder being fed into a
Defense Waste Processing Facility (DWPF)-type canister along with molten 127-based HLW glass
at ~ical DWPF feed rates. Settling velocities were calculated using Stokes law, assuming
equilibrium between drag force and gravitational force adjusted for buoyancy according to equation
1.

%%(PS – Pf )v =
9q

(1)

Where: r. is the effective particle radius (taken here as the actual m.rticle radius. 22.5 um. since
the particles ar; roughly sphe~cal),

g is the acceleration due to gravity,

p, is the density of the solid (9.38 g/cm3),

pf is the density of the fluid (2.2 g/cm3), and

q is the viscosity
Viscosity data on 127-based HLW Elassgwere fit to the Vo~el-Fulcher-Tamman eauation to derive
an expr&sion for viscosity as a fi;ction of temperature. “Worst case cooling dak from a DWPF
canister instrumented with internal thermocouples (canister B-55, thermocouple 7)10 was fitted to
an exponential cooling rate model to convert the viscosity vs. temperature relation to a viscosity vs.
time relation. The viscosity vs. time relation allowed estimation of particle settling during cooling
according to equation 2.

2rjg(p, – Pf) ‘~
x =

9 Joq(t)

Where x is particle displacement, and

[1B
q(t) = exp A+

mz

‘1+ exp(m~t)

(2)

(3)

The limits of integration in equation 2 were set at t = 90 minutes by evaluating settling rate as a
function of temperature to determine when the settling rate became vanishingly small. Constants A
and B in equation 3 were obtained by regression fitting viscosity vs. temperature data to the Vogel-
Fulcher-Tarnman equation, and constants m ~, mz, and mq were obtained by regression fitting
canister cooling data to an exponential cooling rate function. Evaluating equation 2 gives an
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estimated particle displacement of 0.001 cm (+0.002, -0.0005 cm). The error estimate is based on
twice the standard deviation of the observed particle size distribution (9 pm). This leads to
approximately a 0.1 % increase in plutonium concentration as a result of settling, which does not
have significant implications for criticality control.

Cement Encapsulation
In contrast to the glass encapsulant, no settling of the plutonium zirconate was observed in the

magnesium phosphate cement matrix. Figure 4 shows a representative plutonium zirconate particle
encapsulated in the cement matrix. Good bonding between the particle and matrix material to the
lower left is evident. EDXS analysis detected no plutonium contamination in either the matrix
material within 2pm of the plutonium zirconate particle, or the fly ash (round objects in Figure 4).
No evidence of deleterious interactions between plutonium zirconate and any of the cement
constituents were observed.

Figure 4 Secondary electron image of a plutonium zirconate particle encapsulated in magnesium
phosphate cement.

CONCLUSIONS
The feasibility of a two step process for immobilizing plutonium has been demonstrated. The

first step, production of plutonium zirconate powder, is a straightforward process resulting in a
highly durable plutonium host phase which can also accommodate neutron absorbers for criticality
control. The second step, encapsulation of the plutonium zirconate powder, was demonstrated for
a high-temperature process (glass encapsulant) and a low temperature process (cement
encapsulant). While significant settling of the plutonium zirconate in the glass matrix was
observed in these laboratory-scale experiments, calculations suggest that settling would not be
significant if the plutonium zirconate powder is added to a glass canister during glass pouring. If
the plutonium zirconate is mixed with glass in a melter, some stirring of the melt would likely be
necessary. While some evidence of plutonium diffusion into the glass at high temperatures was
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observed, the plutonium apparently partitions back into the zirconate phase upon cooling.
Otherwise, no significant interactions between the glass and plutonium zirconate wee observed.
No settling of the plutonium zirconate in the cement matrix was observed, nor where any
significant interactions between the cement and plutonium zirconate observed. Both the glass and
cement formulations tested performed acceptably as encapsukmts for the plutonium host phase.
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