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EFFECTSOF AIR OXIDATIONON THE DISSOLUTIONRATE OF LWR SPENT FUEL

W. J. Gray, L. E. Thomas, and R. E. Einziger
PacificNorthwestLaboratory,P.O. Box 999, Richland,WA 99352

ABSTRACT

Dissolutionrates for air-oxidizedspent fuel were measured in

flowthroughtests. Results from two types of specimens,separatedgrains and

multigrain particles,both in oxidized (U409+x)and unoxidized (U02)conditions

indicatedonly minor effects of oxidationon the surface-area-normalized

rates. Similarresultswere obtainedfor unirradiatedspecimensin three

differentoxidationstates (UO2, U307,and U308). These observationshave

importantpracticalimplicationsfor disposal of spent fuel in a geologic

repositoryas well as implicationsregardingthe oxidativedissolution

mechanismof UO2 fuel.

INTRODUCTION

Spent UO2 fuel from light-waterreactors (LWRs) is being evaluated as a

waste form for disposal in a geologic repository. A major factor controlling

the long-termrate of releaseof solubleradionuclides,such as Z35Csand 99Tc,

from a repositoryis the rate of dissolutionof the UO2 matrix [1,2].

Therefore,it is importantto measurethe rate of dissolutionand determine

how it is affected by water chemistryand by the physicaland chemical

conditionsof the fuel itself.

One fuel conditionthat must be investigatedis a higher oxidationstate

resultingfrom exposure to air at mildly elevated temperatures. Fuel

oxidationcould occur in a potentialrepositorysite at Yucca Mountain,

Nevada,which is in the unsaturatedzone above the water table and would be

relativelydry. Contactof the fuel by liquid water would not be expected

during the first several hundredyears after disposalwhile waste package
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temperaturesexceedgs°r..If the wastecontainerand fuelcladdingboth fail

duringthattimeperiod,the fuelcouldbe exposedto air and becomeoxidized.

Later,afterthe repositoryhascooled,the fuelcouldbe contactedby water.

Oxidationof spentfuelcouldincreaseitsdissolutionrate in water

eitherby increasingthe chemicalreactionrateof the fuelwith water(a)or

by increasingthe surfaceareaof the fuelas a resultof oxidation-induced

crackingof grainboundaries[3]. To explorethe firstpossibility,single-

grainspecimensof preoxidizedand unoxidizedspentfuelweretested. This

type of specimeneliminatesthe uncertaintyin effectivesurfaceareathat

wouldbe associatedwith partiallyexposedgrainboundariesof multigrain

specimensand thusallowssurface-area-normalizedchemicalreactionratesto

be determined.The secondpossibilitywas exploredby testingmultigrain

specimens.If oxidationincreasedthe effectivesurfaceareaby crackingopen

the grainboundaries,multigrainspecimensof preoxidizedand unoxidizedspent

fuelwoulddissolveat differentrates.

The preoxidizedspentfuelused in thesetestsconsistedof cubicU409

havinga stoichiometryof -U02.4, hereafterdesignatedU409+X. U409+X of this

stoichiometryis the normalproductof oxidizingLWR spentfuel in air at 110

to 200°C[3]. In thistemperaturerange,theU409+X phasepersistsfor long

timesas evidencedby the lackof U30s formationin testsconductedup to

severalyearsat 175° to 195°C. Limitedkineticdata fromspentfuel

oxidationat highertemperaturesindicatethat the U308formationcouldbe

suppressedup to severalthousandyearsat go°c. Preliminarystudies,still

(a) Evidenceto suggestthis includesthe observationthatdissolutionrates
of both spentfueland unirradiatedUO2 dependuponthe dissolvedoxygen
concentrationin water[4].
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ongoing,indicatethatU409.x may be the stablestateif the wastecontainer

and fuelcladdingdo not fail in a repositoryuntilthe fuel temperaturedrops

below150°0[3].

In contrastto LWR spentfuel,air-oxidationof unirradiatedUO2 produces

a differentoxidationproduct,U307,whichreadilycontinuesoxidizingto U308.

Oxidationbehaviorintermediatebetweenthatof typicalLWR fuel and

unirradiatedUO2 mightbe expectedin spentfuelhavinglow burnups,i.e.,

U307mightform in low burnupfuels. Becauseno spentfuel in this oxidation

statewas available,unirradiatedspecimenswith differentoxidation

conditions(UO2, U307,and U308)were tested. Someof the results,whichare

includedhere for completeness,weredescribedin an earlierpaper[5].

EXPERIMENTAL

The spentfuelspecimenswere preparedfroma singlebatchof ATM-lO5

fuel.(a) Coarseparticlespecimenswere preparedby crushingand screening

(-10/+24Tylermesh)spentfuelfragmentsand oxidizinga portionof the

particlesat 175°Cto -U02.4 as determinedby weightgainmeasurements[3].

Ceramographicand x-raydiffractionanalysesshowedthat the materialwas

U409+X containingsmallUO2 remnants(-I to 5 vol%)at the graincenters,and

no detectableU308or otheroxidationproducts.Specimensconsistingof

separatedgrainsof bothoxidizedand unoxidizedspentfuelwere preparedby

crushingthe aboveparticlescausingthemto fracturepredominantlyalong

grainboundaries[6]. All four of the specimenmaterials(oxidizedand

unoxidizedparticlesand grains)werewashedto removethe finesand thus

(a) Boiling-waterreactorspentfueldischargedin 1982from the Cooper
NuclearPowerPlant.[7]The specimensused in thiswork were fromRod
ADD2974,whichhad a peakburnupof 31 MWd/kgMand a fissiongas release
of 0.6%.
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reduce uncertaintiesin the measured surface areas. Throughoutthis report,

"particles"refers to specimensconsistingof -700- to 1700-/_mparticles,

each particle containingseveralthousand 15- to 25-/_mgrains. "Grains"

refers to specimensconsistingof separatedgrains.

Surfaceareas of the oxidized and unoxidizedspent fuel grain specimens

were measured to be 910 and 980 cm2/g,respectively[5]. For the particle

specimens,the surfaceareas were measured by weighing representative

particlesand calculatingtheir surface areas, assumingthat the particles

were cubes and ignoringthe internalgrain boundary surfaces. These

calculatedvalues were averaged and multipliedby surfaceroughnessfactorsof

thr_e, as was done previouslywith the grain specimens,to yield values of 15

and 17 cm2/g for the oxidizedand unoxidizedspecimens,respectively.

Unirradiatedpowder specimens(44 to 105 /_m)were prepared by crushing

and screeningUO2 pellets. Oxidationof a portionof this material for 94 h

at 225% produced a thin (I to 2 /_m)layer of U30? on the UO2 particles. The

surfaceareas of these specimenswere 270 cm2/g [5]. Specimensof U30s were

preparedby oxidizinga portionof the UO2 powder in air at 340°C for 18 h.

The resultingoxygen-to-metalratio averaged 2.68 (basedon weight gain and

assumingthe startingmaterial was U02.oo). This compares favorablywith the

stoichiometricU308ratio of 2.67. X-ray diffractionanalysis indicatedthat

the resultingpowder was 100% U308to within the detectionlimits of the

method (-1%). The surfacearea of the U308powder,measured by the BET

method,was 12,200 cm2/g.

Dissolutionrates of the spent fuel and unirradiateduranium oxide

specimenswere measured using a flowthroughsystem [6,8]. In each test, the

specimen size and flow rate were adjustedto maintain the uranium
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concentrations in the column effluent well below the uranium solubility limit.

This ensured that the measured dissolution rates were unimpeded by solubility

constraints. The systems were operated centinuously with the column effluents

normally disposed of in a waste stream. Periodically, samples of column

effluent were collected and analyzed, and the results were used to calculate

dissolution rates according to the following equation:

CiF

Ri = "_t

where Ri = dissolution rate of component i (U or Cs)

Ci = concentration of component i in column effluent

F = flow rate of test solution through column

H = mass of test specimen

A = specific surface area of test specimen

fi = concentration of component i (U or Cs) in test specimen.

Dissolutionrates calculatedfor differentcomponentsusing this equation are

equal if the specimendissolvescongruently. Followingthe flowthroughtests,

the spent fuel particle specimenswere examinedby optical ceramographyand

scanningelectronmicroscopy (SEM) to determinethe nature of the dissolution

attack.

The resultsreported here involvedthree differenttest conditions,as

shown in Table I. In each case, the objectivewas to comparedissolution

rates of oxidizedversus unoxidizedspecimensunde_ identicaltest conditions.

However, no direct comparisonof dissolutionrates obtained for the three

differenttest conditions is possible.
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TABLE I. List of Test Specimensand AssociatedTest Conditions

[Na2CO_]+ [NaHC03] 02 fugacity(a) (a,b)
(-molar) (atm) pH Temp. ±3°C

All spent fuel 2 x 10.3 0.2 8.7 - 8.9 50
specimens

UnirradiatedUO2 2 x 10.2 0.2 8.0 - 8.2 23
U307, and U308

Unirradiated UOz 2 x 10-4 0.002 9.7 - 10.2 23
and U307

(a) The water supply reservoirs were slowly and continuously sparged with
gas containing appropriate concentrations of 0z and CO2, balance Nz, to
fix the oxygen fugacity and stabilize the pH.

(b) pH was measured at room temperature and a calculated temperature
correction was applied, where appropriate.

RESULTS

Figure 1 showsdissolution rates for all four spent fuel specimens.

Nearly identical dissolution rates of both U and Cs are depicted in Figure la

for the oxidized and unoxidized spent fuel grains [5]. Figure lb shows that

the U dissolution rates from the oxidized spent fuel particles were initially

a little higher than from the unoxidized particles, but the difference was

less than a factor of two and decreased with time. The Cs dissolution rates

were about double the U dissolution rates for both the oxidized and unoxidized

particle specimens.

Comparison of the U results in Figures la and lb indicates that the

dissolution of the particle specimens was 4 to 7 times faster than that of the

grain specimens. This apparent difference is undoubtedly due to

underestimation of the effective surface area of the particles at least

partially as a result of grain boundary attack, as shown in Figure 2.

Figure 2 shows ceramographic micrographs of oxidized and unoxidized

spent fuel particles after dissolution testing. The grain boundaries, which
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are visible in cross section,were attackedto a depth of 2 to 3 grain

diameters in both the oxidizedand unoxidizedspecimens. This observationis

consistentwith the apparentdifferencesin the U dissolutionrates between

the grain and particle specimens.

Figure 3 shows SEM micrographsof unoxidizedspent fuel particle

specimensbefore and after dissolutiontesting. SEM micrographsof oxidized

particles (not shown)were indistinguishablefrom those of the unoxidized

particles. The most distinctivefeatureof the particlesafter dissolution

testing is the rough, worm-eatenappearanceof the grain boundary surfaces.

In contrast,the transgranularfracture surfaces,two of which are visible in

Figure 3b, remained smooth after testing. This differencebetween inter- and

transgranularfracture surfaceshas been observed for numerous specimens,both

from the currentdissolutiontests and from previous tests conductedunder

similarconditions, lt may be that the differenceis associatedwith the

enrichmentof fission productsalong grain boundaries,but the mechanism has

not been determined.

Figure 4a shows the dissolutionrate of unirradiatedU30B. For

comparison,the dissolutionrates of UO2 and U307are shown in Figure 4b [5].

Although the chemicaldissolutionrate of U30a (left scale) was only 2 to 4

times greater than those of UO2 and U307,the difference in fractionalrates

(rightscale) was a factor of 100 or more.(a) Thus, the data show that as

UO2 was air-oxidizedto U307and U30B, the effect on the chemical dissolution

rate was modest. However,the large increase in surfacearea upon formation

of U308resulted in a large increase in the fractionaldissolutionrate.

(a) The UlOB test was terminatedafter 17 days because30% of the specimen
had dlssolvedby that time.
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All the dissolutionrates depicted in FiguresI and 4 were from tests

that involved air-saturatedsolutionsin which the effect of air oxidationon

subsequentchemicaldissolutionrates was shown to be small. In comparison,

Figure 5 shows the dissolutionrates of UO2 and U307 in water with an oxygen

fugacityof only 0.002 atm; i.e., I% of air saturation. Even here, the

differencebetween UO2 and U307was not large (initiallya factor of about 4

and apparentlydecreasingwith time), but it was somewhatlarger than that

measured in air-saturatedwater.

DISCUSSION

Effectof Grain Boundarieson SpecimenSurfaceAreas

The differencein dissolutionrates betweengrains and particles

(Figuresla and Ib) is consistentwith partialgrain boundary exposure shown

for the particles in Figure 2. If the grain boundariesfor just the outer

layer of grains on each particlewere penetratedby the water, the exposed

surfacearea would be increasedby a factor of roughly five(a)over the

calculatedvalue, which is enough to accountfor the observeddifference in

dissolutionrates. However,dissolutionfrom the confines of grain boundaries

is likely to be slower than from free surfaces. Due to limitedmovement of

the test solutionwithin the grain boundaries,U concentrationsmay approach

saturation,and transportof reacting speciesin and out of grain boundary

regionsmay depend upon diffusion. Therefore,the actual depth of water

penetrationcould reasonablybe expectedto be at least 2 or 3 grain layers,

which is consistentwith the observationsin Figure 2.

(a) The increasedsurfacearea would be exactly a factor of five if the
grains were cubicaland the exposed surface increasedfrom just the
outer surface to the outer surfaceplus the four side surfaces.
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While grain boundary attack is thought to be the major factor

responsible for the larger surface area of the particle specimens compared to

the grain specimens, there is a second possible reason for the difference

between the two types of specimens. Namely, the particle surfaces (Figure 2a)

may be somewhat rougher than those of the individual grains.

Effect of Oxidation on Dissolution Rates

Data shown in Figure la indicate that air oxiddtion had little effect on

dissolution rates of both U and Cs from spent fuel grains. However, Figure lb

shows that air oxidation did produce a small increase in the dissolution rate

of the particles, not quite doubling the short-term U rates and somewhatmore

than doubling the Cs rates. Dissolution rates of oxidized particles that are

double those of the unoxidized particles would indicate that the effective

surface area of the former was doubled, perhaps by increased depth of grain

boundary attac_. A greater depth of attack for the oxidized particle is not

obvious in the ceramographs shown in Figure 2. However, due to expected

particle-to-particle variations, severa_ more cross-sectional examinations of

oxidized and unoxidized particles would be required to determine whether, on

average, the depth of grain boundary attack is greater for the oxidized

particles. In any case, the effect of oxidation on dissolution rates and on

the depth of grain boundary attack was relatively small considering the

thousands of additional grain boundary surfaces that potentially could have

been made accessible to the water.

Other Observations

Figure la shows that U and Cs dissolved nearly congruently (at equal

normalized rates) from the fuel grain specimens, in agreement with data

obtained earlier with different fuel grain specimens [6]. Not unexpectedly,
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the Cs dissolutionrates from the particleswere about double the U

dissolutionrates (FigureIb). Similarresultshave been reported for other

spent fuel dissolutiontests.[e.g.,1,9] This occurs when the test specimens

consistof multigrainparticlesor fragmentsbecauseCs dissolvesfrom grain

boundarieswhere it is slightlyenriched.

Figure 3b shows a very rough surface. All the intergranularfracture

surfaces of spent fuel particlesand grains that have been examined following

flowthroughdissolutiontesting in bicarbonatesolutionshave this appearance.

lt would appear that the surface area should be increasedby the formationof

this surfacelayer and that the dissolutionrates should be observed to

increasewith time as this layer is formed. However,while an increasingrate

is sometimesfound (e.g.,Figure 5), it is more common to find a decrease in

dissolutionrate with time. Furtherwork will be requiredto determinethe

nature of these surfacelayers and how they are produced by the dissolution

process.

MechanisticImplications

Data presentedin this paper also have importantimplicationsregarding

the mechanismof spent fuel oxidation/dissolution.A valid

oxidation/dissolutionmodel must be able to explainwhy air oxidationof

either irradiatedfuel to U409+X or unirradiatedUO2 to U307has little effect

on subsequentchemicaldissolutionrates, even in partiallyanoxicwater.

There are at least two possible explanations: I) the oxidized surfaceformed

in air is differentfrom that formed in oxygenatedwater; or 2) there are at

least two oxidationsteps involv,_din the dissolutionmechanism,one of which

is rate limiting. If the first postulateapplies,an additionaloxidizer_(or

hydrated)layer must still be formed in the water, even though the specimen
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had previously been air oxidized to U409.X or U307. If the second explanation

has validity, then the aqueous formation of an oxidized layer on a previously

unoxidized surface must be a rapid, non-rate-limiting step, and there must be

a subsequent rate limiting step involving dissolved oxygen. In either

scenario, prior formation by air oxidation of an oxidized phase (U409+x or

U307) on the surface of irradiated or unirradiated fuel would have no effect

on subsequent dissolution rates, in agreement with observations.

FUTUREWORK

Data presented in Figure 4 show that the formation of U308would result

in a large increase in total (fractional) dissolution rate, primarily due to

the large increase "n surface _;'ea. Therefore, an important next step in the

oxidation studies will be to determine whether conditions in a potential Yucca

Mountain repository can promote the oxidation of spent fuel to the U308 state.

Previous oxidation tests conducted with LWRspent fuel indicate that the fuel

can be oxidized beyond U409+x to U308 [10]. However, the temperatures needed

to observe this reaction on a laboratory time scale are considerably higher

than those envisioned for a repository.

Low-burnup spent fuel may oxidize to form U307as suggested in the

introduction. However, even if a U307product similar to that obtained from

oxidation of unirradiated UO2 resulted from oxidation of a low-burnup fuel,

data presented in Figures 4 and 5 indicate that the formation of U307would

have little effect on the fuel dissolution rates.

Assuming that repository conditions can be tailored to preclude the

formation of U308, additional tests will be required to determine whether the

results presented here for U409+x and U307can be generally applied to spent

fuel that may be placed in a repository. In addition, the dissolution rates
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of spent fuel end tts oxidation products mustbe comparedunder additional

water chemistry conditions that encompassthose expected in a repository.

CONCLUSIONS

Data presented in this paper provide partial answersto three important

questions regarding the possible behavior of spent fuel in a potential Yucca

Mountain repository. Under the ltmited conditions tested, 1) atr oxidation of

spent fuel to U409+x (UOz.4)hadno appreciable effect on chemical dissolution

rates in air-saturated solutions, 2) atr oxidation of fuel to U409+x slightly

increased its effective surface area but, from a repository standpoint, the

associated increase in dissolution rate was relatively small, and 3) tf the

fuel were oxidized to U308,a large increase in dissolution rate would result,

primarilyfrom the increasein fuelsurfacearea.
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