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AN ASSESSMENT OF THE VALIDITY OF CERIUM OXIDE AS A SURROGATE FOR
PLUTONIUM OXIDE GALLIUM REMOVAL STUDIES

David G. Kolman, YoungSoo Park, Marius Stan, Robert J. Hanrahan Jr., and Darryl P. Butt

Background

A 1996 Record oDecision announcethat theUnited States would pursuedaal-track
strategy for the disposition of surplus weapons-grade plutonium. One disposition method involves
the conversion of weapons-grade plutoniumnixed oxide (MOX)fuel. However, weapons
grade plutonium contains approximately 1% gallium. Galliutkniswn todegrade the properties
of many metallic materials viacorrosion, embrittlement, or intermetallicompound formation.
Thus, gallium-induced fuelod cladding failurewas identified as gossible concerearly in this
program. This possibility wasvestigated byOak Ridge NationalLaboratory. Other concerns
which have ariseinclude the effects of gallium on the microstructureand sinterability of the fuel
andthe consequent effects on fuel performance. Mordbees areconcernsthat the material
output following pit disassembly and conversion will be classified due tinkage between
gallium concentratiorand pittype. It istherefore desirable to remove the gallidram the
weapons-grade plutonium oxide to a sufficiently low level.

Methodsfor purifying plutoniummetal have long beermstablished. These methods use
acid solutions to dissolve andoncentrate the metalHowever, these methods can produce
significant mixedwaste, that is, waste containing bothadioactive anctchemicalhazards. The
volume of waste produced frothe aqueous purification othousands of weapons would be
expensive to treat and dispose. Therefore, a "dry" method of purification is highly desirable.

Recently, a drygallium removal researclprogram commenced. Based admitial
calculations, it appeareithat a particulaform of gallium (gallium suboxide, Gg) could be
evaporated from plutonium oxide the presence of a reduciagent, such asmall amounts of
hydrogen dry gas within an inert environmént:

Ga0y(s) + 2 H(g) = GaO(g) +2 HO(g) (1)
Initial tests usingceria-basednaterial (as a surrogate for PyOshowedthat thermally-induced
gallium removal(TIGR) from small samplegon the order of one gramyas indeed viable.
Because of the expense and difficulty of optimizinsR from plutonium dioxide, TIGR
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optimization testsising ceria havecontinued. Thislocument details the relationship between the
ceria surrogate tests and those conducted using plutonia.

Experimental Procedure

Sample Preparation

The MOX ceria surrogate is composed of Caf@at isinitially doped with approximately 2
wt% GaO,. Fabrication of theurrogates is reported itetail in previous publications? The
mixture of cerium andallium oxidepowders isvibration milled for 15-20 min. The powder is
then pressed as a green pellet to 30-40% of theoretical density. The rgmlléhgs agairmilled
and sifted through a -15Am screen and pressedto a greenpellet (60-70% of theoretical
density). The pellet(0.6-0.7 cm O.Dand1.0-1.2 cmheight) is then fired at 483G for 4 hrs to
remove thebinder, subsequentijheat treated at 1690 for 4 hrs inair (heating rate of
10°C/min),then followed by a furnaceool. Sintering results in #ss of roughly 50% of the
starting GaO,. The sinteregellet isre-crushed intgpowder and sieved through a -1Hén
screen. Gallium concentrations vary frofot to lot. The gallium concentrations all lots were
measured using eariety of techniques. Aralternate methodor production ofthe surrogate
powders involves production of Ce-Gdoy which is subsequently converted gowdervia a
three steprocesssimilar to thatused forplutonium or via direcoxidation. Because it results in
much more efficient production of sample materihis technique will beused for producing
powder for the full scale cold prototype testing of the TIGR system.

Weapons grade plutoniumvas converted to oxideising athree-step processnetal to
hydride, hydride to nitrideand finally nitride tooxide. The patrticle sizalistribution is bimodal
with particle size peaks atuin and 4Qum. The powder contains 8700 wppm gallium (0.87wt%).

Figure 1 comparethe gallium concentrations of the ceff@00 wppm) andplutonia
powders prior toTIGR. Although the starting G&®, concentrations of the plutonia améria
surrogate materials are similar in weight percent,atbenic percents aréesscomparablg1.1 at%
in plutonia, 0.64 at% in ceria).

Test Procedure

TIGR tests for ceria and plutonia samples incorporated Ar - 6, %ol velocities of1.5,
3.0, and 6.0 cm/s, test temperatures of 600-20@st durations (at temperature) of 0.5 tord,



LA-UR-99-491 3

and sample sizes of 0.3, 0.9, and 2.5g. Powwers placed into inert aluminarucibles. After
exposurethe samplesvere cooled to roortemperature in Ar - 6 % H Weights andgallium
concentrations were documented before and after exposure. Gallium concentratioasalyzesl
by a variety of methodfor ceria samples. Plutonia samples weranalyzedusing inductively
coupled plasma - mass spectroscopy.

Results and Discussion

Comparison of TIGR from Ceria and Plutonia

Figure 2 showghe microstructure of a sintersdrrogate pellet. The micrographshows
agglomerated grains and pores during sintering. The x-ray elemental map on the bottom associated
with the SEM imageshows stronggallium intensities at graitboundaries. The gallium-rich
regions at the grain boundaries are stiservedafter exposing this soligbellet to Ar - 6 % H at
1200°C for 4 hrst This was the firsindication that gphasemight formunder reducing conditions
in the CeQ (PuQ)-Ga0, system from which G® might volatilize moreslowly thanfrom pure
Ga0,. Although this phase is nalearly observed inthe surrogate TIGR tests (which are
performed on powdered material) it is still thought to play a role in the rate of Ga removal.

TIGR tests using pure Ga, powder exposed to Ar-6%tat 1200C for 30 min were
performed (Figure8). The plotshowsthat relatively largaveightlosses from2.5 g samples of
Ga,0, occurred(0.6 to 0.9 glandthatweightloss isdependent oflow rate. Theselosses are
much larger than the Ga; losses irthe surrogate(0.04 g). The gallium concentration change
during sintering (Figurel), morphology (Figure?), and the amount of vaporization of Gg
(Figure 3) showthat during sintering, G#® vaporizes fromthe powder. Underreducing
conditions, the remaining G3; is hypothesized to react with Cel0 form the CeGaQperovskite
phase (discussed below) due to Iselubility of gallium in CeQ? The fact thathis phase has
been observed after sintering in a reducing environswggestthat it reduces morslowly than
Ga,0, and therefore may control thate atwhich the lastfew percent of Ga initiallypresent is
removed. Because gallium solubility inceriaand plutonia issimilar3* gallium segregation in
the plutoniashould be similar. Thus it is possikieat TIGR optimization may depend on the
extent of formation of this ternary compound.

The possiblevaporization species frorgallium oxides are reported in the literature as
Ga0, GaO, GaOH,and metallic gallium during thermal vaporizatior>™® Thermodynamic
calculations of theGa-O-H system and x-ray photaglectron spectroscopy studies of the
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deposition product indicatetiat during high-temperaturexposure of G®, to H,, GaO, will
vaporize as predominantly Gx(g)." As thegas product is transported ¢ooler regions of the
furnace,the GgO(g) will back reactwith H,(g) and HO(g) andwill condense out as Ga(l) and
Ga,0,.' Thus,understandinghe behavior of G® vaporization is critical to optimizingIGR
from plutonia.

The weight change results of both ceria surrogate and plutonia exposed to Ar{6%430
minutes of exposurareshown as dunction of sample size in Figure 4Eachbar in Figure 4
represents an average value. The effect of lot siggaager inthe plutonia, where increasing lot
size results in decreasing weidbss. Both ceriaand plutoniashow increasing weighltoss with
increasing temperature. The weidbgs isattributable to thenass lossassociated wittgallium
evolution and plutonia oceria reduction*>”® Therefore weighioss alone is only a semi-
guantitative measure of gallium loss.

Figure 5 compares the TIGR behavior of ceria and plutonia as a function of temperature, as
measured by weighoss. Notonly dothe ceriaand plutonia weightosses varysimilarly as a
function of temperature, but the absolute values of weighl@essomparable. This suggestst
ceria is an excellergurrogate forplutonia with respect t@IGR. Figures 4and 5 verify that
weight loss due to TIGR is strongiffected by temperature. Temperatures of at [HaBFCare
required forsignificant TIGR.>%° There is some correlation between weilgisis and remaining
gallium concentration(Figure 6) for bothceria and plutonia. While similar in form, these
relationships are different due to difference®ath gallium lossand (particularly) the amount of
oxide (ceria or plutonia) reduction.

Figure 7 is a comparison of tests incorporating low gas ¥elacity (1.5 cm/s) and those
incorporating higher flowvelocities (3.0 and 6.0 cm/s) following TIGR of ceriaand plutonia.
Data are from tests incorporating various temperatures (600-X200ot sizes(0.3, 0.9, 2.5¢g
powder), and test durations (0.5 h antl)4 There is no discernible effect 8dw rate onTIGR
efficiency. This implieghat the rate controlling mechanisifias both ceriaand plutonia may be
identical. It also does nokegate thdnypothesighat the rate limitingstep for TIGRmay besolid
state diffusion at 120C because there is a flow rate effect on reduction of pu®@,Ggigure 3)°
However, atthis time,there is insufficient data teupport anargumentfor any particular rate
controlling mechanism.
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Comparison of Thermodynamic Properties of Ceria and Plutonia

The molar heat capacities of masubstancesan be calculatedising the following
equatior
Cp(T) =A+BT+CT?+DT™ (2)
where A, B, C, D are constants and Tthe temperaturéK). If the value of the enthalpy at room
temperature is known @¢$g.13, then the enthalpy at any temperature can be calculated using:

H(T)=H,,, . + IC (1) dr +AH, +J’Cp2(r) dr (3)

298.15

where T is the temperature of ghase transformation (&ny). Additional termsdescribing other
phase transformations can be included.

The entropy isalsorelated to the heat capaciynd, if the value of the entropy at room
temperature is known, then the entropy at higher temperatures can be calculated via

C..(1) H, TC,(1)
p 1 P 4
S(T) =S, +29£15 dr+ T + J - dr (4)

The Gibbs free energy camow be calculatedsince equation 4orovides a relationship
involving the enthalpy and the entropy that are already known.
G(T)=H(T)-TIHT) (5)
Substituting equation 2 into equatio@sh, the following expression fothe Gibbs free
energy is obtained:
-I-z -I-3 -I-—1
G(M) =G +GT-ATINT-B—-C—-D— (6)
2 6 2
where G and G are integration constants, related tggbiand S, 15
Since the heat capacity ofost liquids is a constant with respecttbh@ temperature, the
Gibbs free energy of the liquid phase can be described using equation 7:
G(T)=G,+G, T-ATInT (7)
Information about the thermodynamic properties of plutonium oxide and cerium oxide
systems forthese calculationsvas extractedfrom the literature?® The regression of the
experimental data leads tosat of coefficientghat can beused inthe description ofll of the
thermodynamic functions discussed above. tRepurpose of thisvork, only the results for the
Gibbs free energy are shown in Figure 8 for several plutonium and cerium ofdescan notice
the similarity between the valuder PuQ, and CeQ and also betweetthe valuesfor the

sesquioxides.
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Figure 9 showsthe values of theGibbs free energy of formationgalculatedfor the

following reaction:

@M +02=EMUOV (8)
Vv Vv

where u and \are arbitrarynumbers and equation 8 involves only anele of oxygen. This
Ellingham-Richardsontype diagram is widelged forcomparing the stability of differemtxides.
One can notice a similarity between e groups of oxides; PudCeQ and PyO_-CeO.. The
similarities in Gibbs energies (Figures 8 and 8)jggestghat there is a fundamentabsis for
similarities in TIGR from ceria and plutonia.

The Ga richphase discussembove is thought to be a perovskite phase CB@©OGaQ.
The thermodynamic comparison is included hersuggportthe conclusiorthatthis phase idikely
to contribute to the final rate controlling step and thereby the residual Ga level under a particular set
of conditions in both systems.

CeGaQ Stability

Leonov et df have tried to synthesize CeGaftom molar ratios of C©,/Ga0, equal to
1:1, 3:5,and 1:11. The synthesis wagonducted in oxidizing and inegas environments at
temperatures fromi273 K to 1973K. Nochemicalcompounds of defined structure or solid
solutions were formed.

When the synthesis was conducted indd NH, at 1273 K, CeGaQformed. However,
completeness of the reactiomas not achieved even in the case of repeated heating with
intermediate grinding. Synthesis at 1573 K, 1673 K, and 17#8likated that gallium oxide is
intensively volatilized. They werable tosynthesize CeGaUn an evacuated and sealed quartz

tube at 1573 K by the reaction:

2Ce0, +§Ga203 +§Ga= 2CeGa0, 9)

Examination of isothermalG(O,) change with compositiofor the Ce-Oand Ga-O

binaries suggest that CeGaindergoes a reducing disproportionation by the reaction
CeGaQ, = CeQ,, +0.6150, (10)

at log(Ro,) = -12.77. Solvinghe AGrxn equation yieldAGi<CeGaQ> equal t0-96.3 kJ/mole.

Further examination ofAG(O,) change with compositiosuggestthat CeGaQ undergoes an
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oxidizing disproportionation by the reaction

CeGaQ +0.90, =Ce(Q +0.5G a0, (11)
Using the value foAGf<CeGaQ> yields a log(®,) value equat4.91. The resultsareshown in
Figure 10.

PuGaQg Stability

Examination of isothermalG(O,) change with compositiofor the Pu-O andGa-O

binaries suggest that PuGa@dergoes a reducing disproportionation at 1500 K by the reaction:
PuG a0, = PuQ, 445 + Gat0.50, (12)

at log(Ro,) = -13.93. Solving thAGrxn equation yielddGf<PuGaQ> equal to -96.6 kJ/mole.

Further examination @tG(O,) change with composition suggests that PuGaftdergoes

an oxidizing disproportionation by the reaction
PuG aQ, +0.50, = PuO, +0.5G 80, (13)

Using the value foAGf<PuGaQ> yields log(f),) = -6.89. The results are shown in Figure 11.

Based onthe dependency of the partipfessure of oxygen upothe temperature, at
thermodynamic equilibrium, the limits of stabilitgr the Pu(Ce)Q perovskitescan be calculated.
The stability diagram (FigurelZhows howsimilar the limits ardor both PuGaQandCeGaQ.
This is one more argumestpportingthe use ofcerium oxides as surrogates ftine plutonium
oxides.

One can note that the perovskite structures can not be obtained (at reasonable temperatures)
in normal conditions of atmospheric oxygeressure (irair). If the partialpressure of oxygen is
10, then bothcompoundsare stable betweenl5 K and 1250 K.For a partial pressure of
oxygen of 13°, the stability limits are1100-1825 K for CeGaQand 1175-1825 K foPuGaQ.
So the likelihood of generating thperovskites is proportional tthe severity of the reducing
atmosphere.

Conclusions
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A detailedstudy of TIGR fromceriawas undertakenThese tests providelasis for the
understanding of TIGR withodhe use ofradioactive materials therelsaving money and time,
and reducing workeexposure. Surrogate testsvealed microstructural information that is
difficult to obtain with plutonia. A comparison cériaand plutoniadatasuggestghat the gallia-
doped ceria is a good surrogate for plutonia. Weightdassfrom the plutonia anaeriasuggest
that temperaturbas a strongenfluence onTIGR than other variables examingfiow rate, lot
size, test duration). The similarity in thermodynamic propertieiidand plutoniasuggestshat
there is a fundamental basis for the empirical observations. It is conthaddte ceriasurrogate
tests, whichcan be performed more cheaply arehdily, provide an insighinto TIGR from
plutonia that is very difficult toobtain using plutonia itself.
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Figure 1. Gallium concentration in ceria surrogate powders before and after sintering compared to
three-step plutonia powder.
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Figure 2. Top: SEM image of the cross section of a sinteeapellet. Middle left: EDS pattern
from CeQ matrix. Middle right: Gallium rich area in thgrain boundary .Bottom: X-ray maps
show cerium (left) and gallium (right) intensities.
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