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ABSTRACT 

The safe management of surplus weapons plutonium 
is a very important and urgent task with profound envi
ronmental, national and international security impli
cations. In the aftermath of the Cold War, Presidential 
Police Directive 13 and various analysis by renown sci
entific, technical and international policy organizations 
have brought about a focused effort within the Depart
ment of Energy to identify and implement paths forward 
for the long term disposition of surplus weapons useable 
plutonium. The central, overarching goal is to render 
surplus weapons plutonium as inaccessible and unattrac
tive for reuse in nuclear weapons, as the much larger and 
growing stock of plutonium contained in civilian spent 
reactor fuel. One disposition alternative considered for 
surplus Pu is immobilization, in which plutonium 
would be emplaced in glass, ceramic or glass-bonded 
zeolite. This option, along with some of the progress 
over the last year is discussed. 

INTRODUCTION AND SUMMARY. 

In the aftermath of the Cold War, the U.S. and Rus
sia agreed to large reductions in nuclear weapons. Al
though disarmament offers hope for improving world se
curity, disposition of Pu used in nuclear weapons may 
also have significant international security implications if 
not managed properly. To aid in the selection of long-
term management options, the U.S. Department of En
ergy (DOE) has undertaken a study to select options fir 
storage and disposition of Pu in keeping with the na
tional policy that excess Pu must be subjected to the 
highest standards of safety, security, and international ac
countability. Disposition is defined as a process of use 
or disposal of materials that results in the remaining ma
terial being converted to a form substantially and inher
ently more proliferation-resistant than the original form. 

Disposition options must take into account technical, 
nonproliferation, environmental, budgetary, and eco
nomic considerations. As a part of the overall disposition 
program, Russia and other nations with relevant interests 
and experience have been invited to participate in the 
overall disposition study. 

One disposition alternative considered for surplus Pu 
is immobilization.1 Lawrence Livermore National Labo
ratory was selected as Lead Laboratory by the Fissile 
Materials Disposition Office (MD) of DOE to study and 
recommend methods for transformation of surplus fissile 
materials (SFM) (primarily plutonium) into long-term 
immobilized forms meeting environmental, safety, and 
security objectives; to provide appropriate input to other 
Disposition Task Teams so as to assess technical feasi
bility of immobilization as a long-term disposition op
tion; and describe infrastructures required to conduct dis
position of SFM. Support laboratories include West
inghouse Savannah River Technology Center, Argonne 
National Laboratoiy, Oak Ridge National Laboratory, 
Pacific Northwest Laboratory, and the Australian Nuclear 
Science and Technology Organisation (ANSTO). 

Immobilization would embed Pu in a tailored ce
ramic,2,3 glass,4 or other suitable material,3 alone or 
mixed with radioactive fission products to produce a 
suitable disposal form. To be viable, the Pu concentra
tion of the form must be in the range of 1.0 to 10 wt% 
range. To arrive at suitable forms, published information 
on HLW immobilization technologies was reviewed; 72 
uniquely named forms were identified.2'5 After prescreen-
ing, the 16 surviving forms were screened6 using multi-
attribute utility analysis (MAUA) to determine the more 
promising technologies. Promising immobilization fami
lies (glass, ceramics, and metals) were further evaluated 
to identify and seek solutions for chemical, engineering, 
environmental, safety, and health (ES&H) problems re-
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maining to be solved prior to making technical decisions 
as to their viability for long-term disposition of Pu. We 
are also assessing modifications required to existing U.S. 
high-level waste immobilization approaches, and modi
fications required to the DOE response to the Defense 
Nuclear Facilities Safety Board's Recommendation 94-1, 
ES&H implications, costs, and schedule. 

For Phase I of the study, costs, schedule, and the 
use of existing facilities was of only superficial impor
tance. For Phase II of the study, after screening the alter
natives to a reasonable number, cost (hence the impor
tance of using existing facilities where possible), sched
ule (the National Academy of Sciences has declared the 
excess stockpiles of plutonium to be a "clear and present 
danger") and the required R&D to bring the remaining 
options to full process operations became dominant fee-
tors. At the pre-conceptual stage, new facilities were de
signed and costed, modifications to existing but not yet 
contaminated facilities and previously decontaminated, as 
well as contaminated facilities were considered, process 
layout made, and cost estimates made for each of the 
three surviving immobilization forms. An R&D pro
gram for each of the three surviving immobilization 
forms was planned and costed. At this phase of the 
study, immobilization was considering six baseline 
flowsheets; but with the variants, such as Pu02 verses 
plutonium nitrate feed to the immobilization unit opera
tions, the total number of flowsheets was 17. 

The feed stock for Phase I and Phase n of the study 
was assumed to be the full 50,000 kg of plutonium sug
gested in the NAS study as the amount to be disposi-
tioned. Phase III of the study, considered hybrid options 
in which a portion of the feed would be dispositioned by 
one option but the remainder by another option An ex
ample is feeding the high grade plutonium materials to a 
once through MOX option with the residues being im
mobilized. All data, analyses, and reports are being pro
vided to the DOE/MD to support the Record of Decision 
that is anticipated in fourth quarter of FY96. 

DISCUSSION 

If agreed reductions are implemented, perhaps 100 
tonnes of Pu will no longer be needed for military pur
poses by Nuclear Weapons States. Continued imple
mentation of arms reduction agreements will result in fur
ther dismantling of weapons and increasing stockpiles of 
surplus weapons-usable materials. 

There is a serious risk of nuclear proliferation from 
the resulting growing stockpiles. Nuclear weapons or fis
sile materials could fall into the hands of terrorists or 

rogue non-nuclear nations through theft or diversion of 
FMs. The U.S. National Academy of Sciences (NAS) 
Report7 on the management and disposition of excess 
weapons plutonium characterized this as a "clear and 
present danger." This nuclear danger is, in many ways, 
more diffuse, harder to manage, and more dangerous than 
the nuclear tensions of the Cold War era. 

On January 24, 1994, in response to the President's 
nonproliferation policy, Secretary CLeary created a De
partment of Energy (DOE>wide project for control and 
disposition of surplus fissile materials which later be
came the Office of Fissile Materials Disposition (MD). 
MD, through task teams composed of experts from na
tional laboratories, production sites, universities, in
dustry, and other DOE programs, e.g., Civilian Radioac
tive Waste Management, (RW), have used a process that 
considered potential long-term storage and disposition 
options, evaluated them against screening criteria, and 
identified alternatives reasonable for continued evaluation 
in a Programmatic Environmental Impact Statement 
(PEIS) process. Screening criteria, which were developed 
with input from the public, reflect the President's Non-
proliferation and Export Control Policy of September 
1993, the January 1994 Joint Statement by Presidents 
Clinton and Yeltsin on Nonproliferation of Weapons cf 
Mass Destruction and the Means of Their Delivery and 
the analytical framework established by the NAS. 

To aid in selecting long-term management options 
for surplus weapons Pu, DOE has undertaken a mum-fac
eted study to select options for storage and disposition in 
keeping with U.S. policy that excess Pu must be sub
jected to the highest standards of safety, security, and in
ternational accountability. The primary goal is to render 
weapons-usable fissile materials as inaccessible and unat
tractive for weapons fabrication as that in commercial re
actor spent fuel (i.e., meet the "spent fuel standard") 
while protecting human health and the environment 
Disposition is defined as a process of use or disposal of 
materials that results in the remaining material being 
converted to a form substantially and inherently more 
proliferation-resistant than the original form. Disposition 
options must take into account technical, nonprolifera
tion, environmental, and economic considerations. 

The disposition process (Fig. 1) can be divided into 
three distinct but overlapping phases — dismantling, in
termediate storage, and long-term dispositioa Disman
tling of U.S. and Former Soviet Union (FSU) weapons 
and storing FM are already under way. Conversion of 
residue materials and long-term disposition of all the FM 
will take far longer to accomplish. 
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Figure 1. Steps in control and disposition of surplus 
FM. 

One disposition alternative considered for Pu is im
mobilization. Immobilization would embed Pu in a tai
lored ceramic, boiosilicate glass, or other suitable mate
rial, alone or mixed with radioactive fission products to 
produce a suitable disposal form. To be viable, the Pu 
concentration of the form must be in the 0.4 to 10 wt% 
range. To arrive at suitable forms, published information 
on HLW immobilization technologies was reviewed; 72 
uniquely named forms were identified. After prescreening, 
surviving forms were screened using multi-attribute util
ity analysis to determine the moie promising technolo
gies. Promising immobilization families (glass, ceram
ics, and metals) were further evaluated to identify and 
seek solutions for chemical, engineering, environmental, 
safety, and health (ES&H) problems remaining to be 
solved prior to making technical decisions as to their vi
ability for long-term disposition of Pu. We are also as
sessing modifications required to existing U.S. high-
level waste immobilization approaches, ES&H implica
tions, costs, and schedule. All data, analyses, and reports 
are being provided to the DOE/MD to support the Rec
ord of Decision that is anticipated in the fall of 1996. 

Spent Fuel Standard. An important consid
eration in evaluating disposition options for surplus Pu 
is the "spent fuel standard." This term, which was 
coined by the U.S. National Academy of Sciences7 

(NAS), is described as follows: " . . . disposition of 
weapons Pu should seek to meet a 'spent fuel stan
dard'—that is, to make this Pu roughly as inaccessible 
for weapons use as the much larger and growing quantity 
of Pu that exists in spent fuel from commercial reactors." 

According to the Academy,8 "this concept was not 
intended to imply a specific combination of radiation bar
rier, isotopic mixture, and degiee of dilution of pluto-
nium but rather to denote a condition in which the WPu 
has become roughly as difficult to acquire, process, and 

use in nuclear weapons as it would be to use plutonium 
in commercial spent fuel for this purpose." This topic is 
discussed in more detail elsewhere.9 

Selection Of Waste Forms For Immobilizing 
Plutonium. A literature search* identified 72 waste 
forms by unique names (but only 45 unique forms) that 
have been considered for immobilizing radioactive 
wastes. Individual forms can be grouped into families 
that share common chemical and physical characteristics: 
(1) calcine, (2) cementitious, (3) ceramic, (4) glasses, (5) 
glass-ceramic, (6) metallic, (7) multibarrier, and (8) 
polymeric. Distinct waste forms are distinguished by 
unique physical and chemical properties. A screening 
process was implemented to select the best waste forms 
for the plutonium disposition application. A more 
detailed discussion of the screening process is given else
where.6 

Processing Options. Five immobilization base 
case options comprising glass4'10,11 and ceramic2'3'10'11 

forms are being evaluated in the PEIS/ROD process: 

• Vitrification 
• Internal radiation barrier (Fig. 2) 

(1) a new greenfield facility that produces a 
borosilicate glass containing Pu, neutron ab
sorbers, and' 7Cs (as a radiological barrier), and 
then encapsulates this glass in a storage canis
ter, 

(2) an adjunct melter to the existing Defense 
Waste Processing Facility (DWPF) that pro
duces a glass containing Pu, neutron absorbers, 
and high level waste (HLW), and then encapsu
lates this glass in a storage canister, 

• External radiation barrier (Fig. 2) 

(3) a "can-in-canister" variant, in which an in
ner can containing a Pu- and neutron-absorber-
bearing glass is surrounded by a glass contain
ing a radiological barrier, which, in turn is con
tained in an outer storage canister. Ceramics 

• Internal radiation barrier (Fig. 3) 

(4) a new ("greenfield") facility that produces a 
ceramic containing Pu, neutron absorbers, and 
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Figure 2. Two options for vitrification of Pu 
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Figure 3. Two options for immobilizing Pu in a ceramic. 
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1 3 7Cs and then; encapsulates the ceramic in a 
storage canister. 

• External radiation barrier (Fig. 3) 

(5) a "can-in-canister" alternative in which an 
inner can of a ceramic containing Pu and neu
tron absorbers is surrounded by a ceramic or 
glass that contains a radiological barrier, which 
is in turn contained in an outer storage canister. 

OVERALL R&D KEY FEATURES11 

Each of these technologies require further research 
and development to: 

1. Identify a material formulation that optimizes 
processability and long term performance; 

2. develop processing equipment, material flow 
and process controls, operational strategies, and 
material accountability while minimizing im
pacts on workers, the environment, cost, and 
the ability to maintain an acceptable implemen
tation schedule; demonstrate on a pilot scale 
that individual operations or processing steps fit 
together seamlessly; 

3. demonstrate that the specific disposal forms 
meet the spent fuel standard for proliferation re
sistance. 

The fundamental features of the overall long term 
research and development (R&D) plan for plutonium 
disposition using immobilization technologies include 

• Full understanding of criticality safety margins 
at every stage of plutonium handling and proc
essing 

• Practical limits of plutonium concentration from 
both solubility and kinetic considerations 

• Incorporation of 1 3 7Cs and its effects on both 
process operations and final waste form perform
ance and proliferation resistance 

• Sensitivity of immobilization process formula
tion and product performance to impurity con
centrations in the feed. Process optimization to 
minimize waste, costs, and time of disposition 

• Pilot scale demonstrations with transuranics to 
confirm viability of the process 

• Evolving and characterizing equipment designs 
and compositions that reliably and safely handle 

plutonium weight loadings that result in eco
nomically effective operations 

• Properties that influence performance, reliability, 
and safety considerations—such as nuclear criti
cality—must be determined Assessment of the 
impact of plutonium volatility 

• Assessment of the impact of the presence of neu
tron absorbers 

• Assessments of the physical durability of the 
product and the plutonium product phases. 
Relative durability and leach rate determination 

• Assessments of Pu recovery and proliferation re
sistance of the immobilized plutonium form 

• Development of predictive material control and 
accountability and process controls and models 
for plutonium immobilization operations. 

Analytical tools and techniques will need to be 
property validated. These issues have a large effect on 
process complexity and limitations on throughput, so it 
is imperative that a consistent set of baseline data be 
carefully and fully determined. The experimental work 
and other assessments identified in the R&D plan are in
tended to address these issues. 

PROGRESS TO DATE 

Vitrification Progress to date. Vitrification of 
plutonium is best thought of as a dissolution process'3. 
Glass-forming chemicals are mixed with PuO:, neutron 
absorbers and heated to melting. Above the melting 
point, the glass forming chemicals dissolves the pluto
nium and neutron absorbers, incorporating them into the 
chemical matrix. The melt is then poured into a canis
ter, which is sealed for storage, and disposal. Ideally, 
the glass product is homogeneous — it contains no sepa
rate phases, either crystalline or amorphous. Therefore, 
the glass former is the solvent, which is formulated to 
maximize PuO] and neutron absorber solubility along 
with other desirable properties (such as processability, 
chemical durability, etc.) 

The high-level waste glass composition that are un
der consideration in the U.S. are based on wastes that re
sults from the reprocessing of spent reactor fuel. In gen
eral, the feed streams contain a range of components that 
are either glass formers or modifiers, but very little Pu. 
These glasses, therefore, have been optimized to accom
modate high loadings of compositionaiiy complex 
wastes. Adaptation of the existing glasses to incorporate 
high concentrations of Pu has not been required and thus 
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only a limited data base is available for evaluating how 
much Pu can be dissolved in glass. The work that has 
been done on Pu solubility in glasses suggest that fainy 
high Pu loadings (2 to 13 wt %) should be achievable.M 

Since current HLW waste glasses are formulated to 
tolerate the non-radioactive components (Fe, Al, and Na) 
which dominate HLW, new glasses can be formulated to 
improve the solubilities of plutonium and neutron 
absorbers. Two glasses have been formulated by the pro
gram: 

1. Ellison at ANL has formulated an alkali-tin-silicate'3 

which has been shown capable of dissolving up to 7 
wt% Pu02. With further development, this is ex
pected to go higher. Test results are preliminary, but 
results so far indicate that this glass avoids forma
tion of clay minerals usually found as corrosion 
products of HLW glasses. It appears that the release 
of plutonium and gadolinium to solution is occur
ring congruently. The processing behavior of this 
formulation is yet to be tested. While it appears to 
readily form a glass at 1150°C, the viscosity and 
volatility of cesium are not yet known. 

2. A second formulation13 is based on the commercial 
"Loffler" glasses. These optical glasses typically 
contain up to 55 wt% rare earth oxides. Since the 
chemistries of the actinides and the rare earths are of
ten similar, the solubility of plutonium should also 
be high. Up to 20 wt% Th0 2 or UO2 can be dis
solved in this glass. More than 10 wt% plutonium 
has been dissolved in these glasses. 

Both of these families of glasses show promise fir 
the immobilization missioa 

Ceramics Progress to date. Immobilization of 
plutonium in a crystalline ceramic is best though of as 
replacement of atoms within the mineral crystal lattice of 
a continuous solid solution. Mineral forming oxides 
(ceramic precursors) are mixed with PuOi, neutron ab
sorbers and hot pressed in stainless steel bellows'3. For 
the immobilization of plutonium, the mineral form will 
not consists of a single phase; the baseline composition 
if assumed is a mixture of zirconolite (-80%), hollandite 
(-15%), and rutile (-5%), if cesium is present, and just 
zirconolite (-90%) and rutile (-10%), if cesium is not 
present in the immobilization form. Zirconolite is the 
plutonium host phase; hollandite is the cesium host 
phase. Plutonium can replace zirconium as Pu(TV) or 
calcium as Pu(in). 

The titanate-based immobilization form for HLW 
was developed in 1975. In 1978, Ringwood1 proposed 
the Synthetic Rock concept, which relied heavily upon 
mineralogical compatabilites exhibited in nature. Al
though the initial formulation was not very successful, a 
later formulation, composed primarily of zirconolite, 
perovskite, hollandite, and rutile was very successful. 
From 1980 to 1983 an intense research program was 
dedicated to the study of various immobilization forms, 
including synthetic rock, for defense high level waste. 
With the selection of borosilicate glass in the early 
1980s as the preferred HLW form, research on ceramic 
immobilization forms diminished in the U. S. At the 
Australian Nuclear Science and technology Organisation 
(ANSTO), however, development continued with the 
completion of the Synroc demonstration plant in 1987, 
which has been operated in the following years on vari
ous short campaigns to demonstrate full scale SYNROC 
processing using surrogate HLW solutions. The Dem
onstration Plant has been operated on a commercial scale 
of about 10 kg/hr, over 6000 kg of Synroc has been fabri
cated17. If a fine-grained precursor material is used, and if 
the waste materials are loaded as nitrates, as it would be 
in a commercial reprocessing plant, a homogenous and 
fully reacted product is obtained by hot pressing at about 
15MPa and 1150T densities greater than 98% of theo
retical are routinely achieved.6 Full scale is envisioned 
to be 30 cm diameter ceramic disks weighing approxi
mately 30 kg. 

The best demonstrated process for ceramic fabrica
tion, particularly ceramic with internal radiation barrier, 
is hot-pressing in bellows. This process had previously 
been demonstrated on full-scale (-30 kg) with HLW sur
rogates, but only on small laboratory scale with pluto
nium (10 to 20 g total mass). At Lawrence Livermore 
National Laboratory, a hot press capable of producing 
-0.5 kg ceramic in 7.5 cm diameter bellows has been 
built and installed. The press became fully operational 
in January, 1996, and the first ceramic product contain
ing up to about 60 grams of plutonium have been pro
duced. 

New Facility Alternatives. Pre-conceptual de
signs for three glass and two ceramic alternatives have 
been analyzed. For either the glass or the ceramic facil
ity18, input feed materials are first processed into PuCh by 
equipment located in glove box operations. In the glass 
facility, the oxide is fed to a first stage melter which pro
duces Pu glass frit The frit is then processed in the sec
ond melter, along with 137Cs, to produce the immobiliza
tion form within a canister. In a ceramic facility, the ox
ide is slurried with ceramic precursors, along with >37Cs, 
and calcined, then hot pressed within a bellows to pro-

Gray 6 



duce the immobilization form which is then loaded into 
the canister. Neutron absorbers, such as gadolinium, 
samarium or hafnium, are also added to the immobiliza
tion form feed stream for criricality control. After interim 
storage, the canisters are transported for disposal in the 
federal geologic repository. 

Existing Facilities Options. Existing struc
tures and processing facilities at the Savannah River Site 
are also being considered for immobilization of pluto
nium". The Defense Waste Processing Facilities 
(DWPF) has been considered for vitrification of pluto-
nium and a means to provide a radiation barrier for plu-
tonium immobilized form. Introduction of plutonium 
into the DWPF processing stream and incorporating the 
plutonium within the HLW glass matrix would require 
significant modifications and upgrades to the facility. 
These would have significantly impacted the schedule fcr 
the primary DWPF mission which is to vitrify HLW 
stored in tanks at SRS. One option is to make a pluto
nium glass, pour this glass into small cans and then 
place these small cans into a DWPF canister utilizing 
the processing facilities within the 221-F complex at 
SRS. These canisters would then be transported to 
DWPF and filled with DWPF glass. The HLW glass 
provides the proliferation resistance. With this option 
there is no change in the feed preparation or glass produc
tion process in DWPF and minimal impact on the pri
mary mission of DWPF. Another option employing 
this general approach is to immobilize the plutonium in 
a ceramic, encapsulate the ceramic in small cans or rods 
and then place these cans or rods into a DWPF canister. 

Prior to the introduction of HLW into the DWPF 
facility, a full scale demonstration of the can-in-canister 
concept was completed, using 8 and 20 cans placed into 
the canister. Full non-destructive and destructive analy
ses of these canisters and full thermal analysis and mod
eling effort is being carried out by a combination of 
LLNL, SRS and the Amarillo National Resource Center 
for Plutonium. 

SUMMARY 

An International Team was assembled for the pur
pose of selecting suitable immobilization forms and 
processing technologies for the Fissile Materials Disposi
tion Program Office. The Task Team used the NAS 
Study as a reference point for starting the study but was 
not limited to recommendations of the NAS. 

Three basic forms have been selected and the pro
cessing options to provide those three forms have been 

defined. Environmental Data has been supplied to the 
DOE contractor writing the PEIS for the Disposition 
Program. The Task Team is now developing cost data 
for the Record of Decision—which is anticipated in the 
Fall of 1996. The Task Team is also evaluating these 
options to determine if they indeed meet the security 
standard and goals set up by the NAS Study. 

The Immobilization Team has also entered the 
R&D Phase of the overall study. Progress has been 
made on the formulation of both glass and ceramic forms. 
Samples of both glass and ceramics containing tens of 
grams of plutonium have been prepared which indicate 
that the required concentration range can be obtained. 
Long-term leach test to verify performance requirement in 
the repository are also underway. 
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