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ABSTFU!CT

‘i’hezirconolitephase of SYNROC nuclearwaatewas fabricated

238with 5 mol% PU02 substitutedfor a likeamountof Zr02, in

order to induceself-irradiationdamage. The resultingproduct

●xhibiteda matrixof monocliniczirconolitecontaining%3.8 mol%

PU02 alongwith roughly20v01% of the cubicpolymorphwith

●pproximately twice the PU02 content of the matrix. Aftera dose

of 2.1 x 1025a decayn/m3●t room temperature(800days’storage)

swellingraached5.5 vol% ●nd nearedsaturation.The monoclinic

phasebecamex-raymetemictat %1.0 x 102sa/m3after slightatomic

rearrangementwithinthe crystallinematerial. PeriodicTEM examina-

tion revealeda gradualevolutionfrom the crystallinestateto an

amorphousconditionwith residual crystallite,consistentwith a

model i~.volvingconversionby ●lpharecoiltracks. Optical

metallographyshowedextensivemicrocracking,~ttributedto

differences in swellingratesof the two zirconolitepolymorphs.

●Workperformedunder the auspjcesof the U. S, Departmentof Energy.
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1. INTRODUCTION

The individualphasesof ceramicndclearwaste fotnmwill be subjected

to significantlevelsof eelf-irradiation.Most structuraldamage will

resultfrom alphadecayof actinideions,whichyieldsan alphaparticle

(heliumion)of energy%S MeV and an ‘dOO keV recoilnucleus. The

resultingdamagecouldhave deleteriouseffects on waste ~tabilityby

inducingswelling,dieorderingof the irlxtially-crystallinestructure,and

reductionof thermalconductivity.Swelling18 in itnelfnot necessarily

deleterious,but aniaotropicgrowthof a non-cubicmaterialor differential

swellingin a nultiphhaewaate form couldcausemicrocrackingwith consequent

increaaein surfacearea exposedto leachanta.

Zirconoliteis a major actinidehost phase of ths SYNROC[1] and

Sandiatitanate[2]wasteforms. Studiesof self-irradiationdamagein thie

238 244materialhave buen conductedby dopingwith PU02 [3-6]Or Cm [7],by

Pb ion bombardment[8],and by examinationof naturalmineralanalogues

damagedover geologictimesby theirU and Th content[8-11], Irradiation

damagehas ●lso been investigatedusingneutronbombardment[12]. Theee

studieshave shown the damagereaponteto be gradualconversionto M highly-

dieorderedstructureaccompaniedby significantswelling.

Self-irradiationdamagein @ multiphasewaste form can be simulated

by fabricating● zirconoliteceramiccontainingboth the monoclinic●nd

cubtc polymorphsof thismaterial. The usual form of zirconolite(nominal

compositioriCmZrTi207)hae a monoclinicsuperlatticestructure[13];

however,#ubntitutionof Pu for Zr can reeultin partialor complete
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con~ersionto the closely-relatedfluoritecubicform [3-S].* The cubicpoly-

morphmay be thoughtof as derivedfrom the monoclinicsuperlutticestructure

by randomizationof the cationsand of the one oxygenvacancyper fluorite

cubiccell [3]. When bothpolymorphsare present,Pu atomsare con-

centratedpreferentiallyin the cubicphase. Such a ceramiccan sczweas

a testmaterialto determinethe consequencesof differentialswelling,since

the two phases swell at approximately equal rates per alphadecay event

[cf.3-5,7].In earlierwork [!],we fabricateda zirconoliteceramicof

238
compositionCa(O.8Zr, 0.2 PtA)Ti207incorporating Pu (half-life=68y) to

induceself-damage,and followedthe damageresponseup to 6 x 1024
alpha

decays/m3(equivalentto %103yof storagetime for SYNROCcontaining10 wt%

commercialwaste calcine[9]). Here we report further damageeffectsin this

materialup to 2.1 x 1025a/m3,correspondingto %lOSyof SYNROCstoragetime.

2. EXPERIMENTALPROCiDUREAND RESULTS

Powdersof %02, Zr02,CaO, and T~02 in the mol~rproportions

0.2:0.8:1:2were dry ball-milledtogetherfor 24h,then colu.pressedwith

an organic bindernt 125 MPa into cylinders of %10 mm aiametarand height.

The Ti02 used was in the fom of ●natase,and CaO was freshlymude by air

firingof CaC03. Isotopicpurityof the plutoniumwas %80%,with the

remainderbeingmade up of isotopesof longer half-life.

‘Kesson●nd RingWood [141 carried out studiesinvolvingt+e partialsubstitu-

tion of U for Zr and foundthat at higherconcentrationsof U ● p~orhlore

(cubicsuperlattice)structurewas preferentiallystabilized.
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Sampleswerefiredfor 24 h at 162S K

Spectrochemicalanulysisof the fabricated

impuritiespresentto be (inwt ppm): 2200

in flowing air, and

materialshowedthe

Si, 1100Al, 460 Fe,

furnacecooled,

major cation

410 Cr, md

300 Mg. X-ray,microprobe,and metallographicanalysesrevealedthat the re-

sultingproductwas characterizedby s monoclinicmatrix,but contained

roughly20 vol$ cubicphase. Also presentwere %7 VOI$ Ti02 (rUtile),a

lesseramountof an unidentifiedplutonium-bearing,low-calciumphase,and

%9 vol% porosity. Averagesize of the grainsand minorphaseswas on the

orderof 10 W. The as-fabricatedstricture,whichwas essentiallycrack-free,

is shownin Fig.1.

Plutoniumwas primarilypartitionedbetweenthe monoclinicand cubic

phases,but in unequalproportions.On the basisof four catiol)sper molecule,

the Pu contentof the monoclinicphasewas %0.15 insteadof the nominalvalue

for the materialas a wholeof 0.20. This correspondsto a PU02 contentof

%3.8 mol$, in reasonableagreementwith the saturationlimitof 4.1 mol%

observedby Kessonand Ringwood[14]using1102substitution.The Pu content

of the cubicphasewas ●pproximatelyt~icethat of the monoclinicphase.

A cylinderof zirconolitewas placedin a dilatometerthe day after

fabrication●nd macroscopicdimensionalchangeas a functionof time measured

Ior 800 days at room temperature,The accumulatedalphadecaydose of

2,1 x 1025a/m3(averagefor the two phases)correspondsto %105yof SYNROC

storageage [9]. Readingswere convertedto volumeswellinga~suming

●xpansionto be isotropic, Bulk swellingas ● functionof numberof ulpha

decayeventsis shownin Fig. 2, ●longwith resultsfor cubicCaPuTi207[S]

●nd monoclinicCuZrTi207to which3 wtt 244Cmhad been added [7].
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A smallquantityof materialwas crushedand packedintoa capillarytube

for periodicDebye-Scherrerx-rayexamination,and data obtainedinitiallyfor

13-1Sreflectionsbetween20 valuesof 26° and 64°. Resultswere analyzedby

a least-squarestechnique. As-fabricatedmonoclinicunit cell dimensions

were: a=l.24321nm, b=O.72693nm, c=l.14042nm, and 6=100.53°.After%200

days’ storageit was foundthata hexagonalor rhombohcdralrepresentation

gave a betterfit to the data (i.e.,a lowerstandarddeviation)than did a

monoclinicconfiguration.Unit cell dimensions changed slightly as damage

progressed , allowing calculation of x-ray swelling es a function of storage

time (Fig. 3). Scatter of experimentaldata was suchthat only x-rayvolumetric

changescouldbe quantitativelypresented. However, as was reported●arlier

[4],all 1hear dimensionsincreasedwi~h c showingthe greatestclilation,while

8 was unchanged. Similardamageresponsewas observedby Wald and Offermann[7].

hfter %500 days’storage,reflectionshad weakeneduntil the x-rayammphous

(metamict)conditionwas achieved.

Transmissionelectronmicroscopic(TEM)examinationof the monoclinic

matrixphasewas carriedout at 7, 490, and 700 days. Sampleswereprepared

by extractingthin shardswith electron-transparentedgesfrom freshly-fractured

surfaces usin~replicationtechniques[3]. Examinationof the shards,w},ichwere

supportodon carbonsubstrates,wes carriedout ●t 100 keV. Imagesand diffraction

patternsfor the threedamagelevelsinvestigatedare shownin Figs.4, S, and 6.

A cylinderof zirconolitewas slicedlengthwise,mountedand polished,

and the surfaceexamined by optical microscopy ●fter 1, 128, 202, 364, 528,and

704 days’ stor~ge. Slightmicrocrackingwas noted at 128 days, ●nd had

bacome generalized by 202 days [4]. Cracking continued to increase up to
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364 days,but from thatpoint littlefurtherchangewas noted, Although

openingof crackswas occasionallyobsezvedat the higherdoses,thiseffect

was not widespreadand so we concludethatmicrocrackingdid nut contribute

significantlyto bulk swelling. The extentof crackingat 704 days is shown

in Fig. 7.

3. DISCUSSION

In this sectionwe firstdiscussthe natureof the alphadecay-induced

stzmcturaldamageas determinedfrom TEM and x-rayobservations,nd then

considerthe swellingand microcrackingthat ~esultedfrom this damage.

TransmissionElectronMicroscopy

The materialexaninedsevendays afterfabricationhOd sustaineda

23radiationdose to the matrixphase of only 1.4 x 10 a decays/m3. At this

pointno significantstructuraldamagewas observedby TEM, and the electron

diffractionpatternwas that for the monoclinicsuperlatticestructure(Fig.

4).

Mter 490 days’ storagethe microstructurewas characterizedby crys-

tailitesin a highly-disorderedmatrix (Fig.5), similarto thatobservedin

earlierstudiesof the moi~oclinic[8-11]and cubic [5]polymorphs. The crys-

tallite were of apparentsize%10-1Srun,althsughthe particulardiffraction

conditionsmade actualdimensionsdiff!cultto obtain [s], The weakened

diffractionpatt?rnswere those for singlecrystals,indicatingthatthe

crystallitecompriseduntransformedmaterialratherthan a recrystallized

product.

Headleyet al. [8]have proposedthat this characteristicdamagemicro-

structureresultsfrom heterogeneousconversionof the originallycrystalline

structureto a highly-disorderedstateby accumulationof alpharecoiltrgcks.

Thesetracksrepresent%94~ of the deposited damage energy, with the remainder
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the stoppingof the alphaparticlesthemselves[12]. The dose

490 days (1.0x 102Sa/m3)is expectedfrom earlierwork [5,8]

mixedcrystalline/amorphousstructure,as was observedhere.

days (i.4x 1025a/m3)TEM showedfurtherweakeningof diffrac-

but remanentcrystallite were stillpresent (Fig.6). At

somewhathigh:rdoses (3-4x l(125a/m3)Ewingand Headley [11]and Sinclair

and Ringwood[9]obsemed that the crystalliteexhibiteda face-centered

cubicfluoriteratherthan monoclinicstructure.This apparentradiation-

inaucedconversionis consideredfurtherin the discussionof x-rayresults.

With respectto the presentwork,the electrondiffractionresultsobtained

after700 days do not allowus to concludeunambiguously

to-cubictransformationhad takenplace in the remaining

but sucha possibilitycannotbe discounted.

whethera inonoclinic-

crystallinematerial,

l&Y

The observedunit cell dimensionsfor the matrixphaseof as-fabricated

materialare very closeto thosereportedby Rossell[13]for CaZrTi207

(a=l.24458nm, b=O.72734nm, c=l.13942nm, and B=1OO.533°). Thus the effect

of substituting3.8 mol$ of PU02 for Zr02 appearsto have a minimaleffecton

the latticestmcture. A similarobservationhas beer,made [15]for the

systemC.aZrxTi3X07, wherevariationsin x from 0,85 to 1.30causr.little.

changein structure. Su:h behavioron the part of a nuclearwastehost is

desirable,sincer.widevarietyof cationsfrom w~stecalcinemust be

accommodated,

As shownby TEM ●xamination,self-damagein zirconoliteevolvesprinci-

pallyby accumulationof alpharecoiltracks. The consequenceis not only a
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reductionof volumeof crystallinematerialremaining,but also a reduction

of particlesizeand of inherentscatteringfrom the remanentcrystalliteas

the interveningregionsbecomedisorderedand dilated. These structuralchanges

ultimatelylead to attainmentof the x-rayamorphouscondition,as was observed

here after‘%00 days fl.Ox 1025a/m3). It was foundthat after‘2CCdays’

storagethe experimentalresultscouldbe betteraccommodatedby fittingto

a hexagonal(rhombohedral]representationthan to a monoclinicconfiguration

(Fig.3). However,no conversionto the disorderedcubicform was obsened

beforethe x-rayamrphous conditionwas reached. Representationof the

structure as hem.gonalor rhombohedralwas suggestedby the observationby

Pudovkinaand Pyatenko[16]that the monoclinicform of zirconolitecan be

closelyapproximatedby these configurations,whichcan in turnbe derivedfrom

a pseudo-cubicstructurewith a=92°. The crystallographicchangeobservedhere

at U x 1024a/m3may be takento indicatea slightrearrangementof atoms,

possibl;in the directionof the cubicpolymorph,but not to the extent

25
requiredfor conversionto the cubicform at 3-4 x 10 a/m3 [9,11].

Accordingto the alpharecoildamagemodel,the remanentcrystallite

(whichare the source of the sharpdiffractionmaxima)shouldbe essentially

undamageduntilconvertedto the amcrphouscondition. However,this neglects

the contributionof the alpheparticles,whichdepositU% of the damage

energyfroma decay event. The damagelevelinvolvedis small: Reeveand

Woolfrey[12]have calculateda valueper decayeventof %1 displacement/atom

(dpa)per 7 x 102Sa/m3,so thatthe totaldamageto the monoclinicphase

at 500 days was ~0.14dpa and thatresultingfrom the alphaparticles

only ~0.01dpa. In orderto explainthe structuralc},angesin the crystallite
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u“bservedhere and by others19, 11], it may be necessaryto invokemore

effectivedamageprocessessuchas ionization-assisteddisplacements(Dell

and Goland [17]1or to assumethata significantamountof damageenergy

is depositedin the crystallitefrom nearbypassageof recoilnuclei.

Fig. 3 showsapparentlatticedil.ational(x-ray)swellingcalculated

from changesin unit cellvolumewith time. Comparisonwith Fig. 2 reveals

a largediscrepancybetweenbulk and x-ray swelling,an observationalso

made in earlierwork on cubicCaPuTiO~ 7 [3,51. A somewhatsmallerdis-

crepancythan that seenhere was reportedby Wald and Offermann[7]. The

failureof x-ray swellingmeasurementsto duplicatebulk swellingbehavior

in materialsresistantt> metamictizationcan be attl’ibutedto the presence

of certaindefectsor theiraggregates(e.g.,interstitialdislrcatioaloops

accompaniedby vacanciesor voids)whichrepresentan increasein numberof

latticesites,or to the irradiation-inducedreplacementof Braggpeaks with

diffusepeaks whoselocationsbear no preciserelationshipto samplevolume

[18]● For a materialsuchhs zirconolitein whichmicrovolumesare trans-

fO~eJ to a highly-disol,dered state with a Consequent increase in SpeCifiC

volume,x-ray swellingdata from the r~airlingcrystallite’, shouldtypically

differfrom swellingresults

Swellingand M~crocrackin~

Bulk swellingup to 800

obtainedby bulk measurements.

days’storage(2.1x 1025adecays/m3)is shown

in Fig. 2, alongwith data for cubicCaPuTi207[S]and an approximateswelling

curvefor monoclinicCm-dopedzirconolite[7]. “Ileresultsfor thesethree

materialsare in good agreement. If damageDroceedsas expectedby gradual
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conversionof discreteregionsto the disorderedcondition,swe’lingshould

be nearlylinearuntila significantfractionof the materialhas been trans-

formed;suchbehaviorwas seen for the single-phasecubicform. A more

gradualcurvaturewouldbe expectedwhentwo phaseswith differentswelling

ratesare present,and this was observedfor the Pu-dopedmonoclinic

zirconolite.

The observedmicrocrackingcouldin principlebe attributableeitherto

differentialor unisotropicswelling. However,Wald and Offermann[7]reported

no suchdamagein their studyof the monoclinicform, from whichwe concludethat

in the presentwork differentialswellingbetweenthe monoclinicmatrixand

the m20 vol% cubicpolpnorphis responsible.Crackinghas firstobserved

at 128 days,at whichtimeunconstrainedswellingfor thesetwo phases1s

estimatedto be roughly0,9 vol% (monoclinic)and 1,8 vol% (cubic).*The

resultinglinearmisfitstrainof 0.3% is closeto the valuereportedby

Matthews[19]to have accompaniedinternalcrackformationin irradiatedSiC

containingfree Si.

Furtherswellingincreasedthe extentof microcrackingup to w364days’

storage,but higherirradiationdosesdid not resultin furtherdamage. Such

behaviorwouldbe expectedif the monoclinicand cubicformsreachsaturation

in swellingat aboutthe samevolumechange, In that case

strainshoulddecreasebeyonllan intermediatepoint in the

curve. By contrast,microcrackingin a multiphase:wclear

the linearmisfit

compositeswelling

wasteformmight

●Thesevalueswere calculatedassumingfor eachpolymorphan initialswelling

rate of 3.6 vol$/1x 1025a/m3,as was observedfor the cubicform [5].
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continueto worsenwith time as the volumetricmismatch

increaseswith accumulateddose,unlessdeformationand

betweenphases

stressrelaxation

occurover the longerirradiationtimescharacteristicof thisapplication.

4. CONCLUSIONS——

5 mol% 238Pu02-dopedzirconolitecontainsbothmonoclinicand cubic

formsof thismaterial,with the formerpredominating.The cubicphase

containsroughlytwicethe PU02 contentof the monoclinicphase,and so

suffersself-irradiationdamageat a proporti~nallyhigherrate. Both

polymorphsundergoconversionto a highly-disordered~t?..e with remanent

crystalliteas a resultof accumulationof alpharecoiltracks. Mono-

cliniccrystallitereceivesufficientdamageprior to amorphizationto

undergoslightatomicrearrangement.

Disorderingof the latticeresultsin bulk swellingof 5.5 vol% at

2.1 x 1025a/m3,withdifferentialswellingbetweenthe monoclinicand cubic

phasesresultingin extensivemicrocracking.Such behav~.nris expected

in multiphaseceramicwasteformsun:essstressrelaxationoccursduring

storage.
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Fig. 1

Opticalphotomicrographof as-sintered

238Pu02-dopedzirconolite(unetched). Prom-

inent minor phases are TiO~ (white)and

porosity(black).
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Fig. 2.

Bulk swellingof 5 molt
238

Pu02-dopedzirconolitc

(dcttedcurve)as a functionof storagetime,averagenlph~

decay dose, and equivalent SYt4ROC age. Also shown are

swelling curves as a function of alpha decay dose for
238 244

Pu-substitutedcubic zirconolite[5]and for Cm-

dopedmonoclinic material [7],
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latticedilational(x-r~y)s:~ellingfor the matrixphase

as a functionof storagetime. At a 238PU02 concentration of
3,8 inol%, S!30 days! storage is equivalent to an irradiation

dose of 1,0 x 1025a/m3,
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Fig. 4.

Bright-field image ”~a) and diffraction pattern (b) from the matrix

phase of Pu-doped zirconolite after 7 days’ storage.



Fig* 5.

Dark-field image (a] and corresponding diffractionpattern@) after

490 days! storage. The diffusering is from the carbonsubstrate.
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Fig. 6.

Dark-field image (a) nnd corresponding diffraction pattern (b] after

700 days’ storag~.



Fig. 7.

Microcracksresultingfrom 704 days! storageat

room temperature.
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