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TEMPERATURE-INDUCEDTRANSFORMATIONIN A PU-2.O AT.% AL ALLOY*

S. S. Hecker,E. G. Zukas,J. R. Morgan,and R. A. Pereyra
Los AlamosNationalLaboratory
Los Alamos,New Mexico87545

Transformationof the face-centered-cubic(fee)6 phase of plu.onium

stabilizedwith 2 at.% aluminumto the monoclinic(rphase was studiedby

coolingto liquidnitrogen. The transformationwas foundto proceedby

thermallyactivatednucleationand displacive/diffusionlessgrowthwith

a maximm transformationrate at -150°C. The resultingtransformation

product,designateda’, trapsaluminumsolutesin supersaturatedsolid

solutionand resultsin an expandedmonoclinica lattice,althoughthe

aluminumatom is 6% smallerin diameterthan the a-Pu at~m, This posi-

tive deviati>nfromVegard’slaw is attributedto a loweringof the va-

lence (andresultingexpansionin atomjcsize)of the a-Pu atoms in the

vicinityof the aiuminumsolutes. The a’ transformationproductappears

plate-like,resemblinga lenticularmartensite.

..-. -.

Plutoniumis the most complexof the actinideserieswhich consti-

tutes ~.heseventhperiodin the periodictable, Many of its peculiar

properties,such as its low meltin8point,six allotropicphases,com-

plex crystalstructures,and high coefficientof thermalexpansionare

“’Wnrkperformedunder the auspice~of the U, S, I)epartmentof Energy



attributedto the participationof 5f electronsin bonding(l). The

singleatom electronconfigurationis believedto be 5f67s2. Plutonium

and its alloyspresentan excellentopportunityfor the studyof phase

transformations.Figure 1 demor);tratesthe volumechangesand crystal-

lographicphases in unalloyedplutonium. The volumechangesare very

large. The crystalstructuresat lowertemperaturesare complexbe-

causethe 5f electronwave functionlackssymmetryand is not compati-

ble with highlysymmetriccubic structures, Only at highertemperatures

where the entropyterm beginsto dominateare the cubicphasesstable,

However,the clf}se-packedfcc 6 phase is 20% less dense than the mono-

clinica phase. Fhe highlydirectional(almostcovalent)bondingin the

(Yphase resultingfrom the 5f electronbondingpermitsa denserpacking

than the closepackingof highlysymmetricatoms. The propertiesof the

monoclinicstructureare, as expected,highlydirectional, These struc-

turesare strongand brittle.

It is well known that the & phase can be stabilizedto roomtempera-

tureby the additionof severalpercentalloyingelementssuch as Al, Am,

Ce, In, Ce, and Ga (2,3). The propertiesof the 6-stabilizedalloysresem-

ble thoseof aluminum. The 5 alloyscan bc tral~sformedto the u phase by

coolin8below room temperature,deformation,or hydrostaticpressure(2,3).

Very littleinformationexistson the detailsof the mcchnnismsa:ldcrystal-

lographyof the trarisformation~nd the propertiesof ~he trtinsformation

products. In this paper we reporton temperature-inducedtransformation

on a 6-stabilizedP~-2 at,% A2 alloy, The transformationv~s monitored

by dilatometryand the productsexaminedh;’opticalmctallograJhyand x-

ray diffraction, !)nfortunately,transmissionelectronmicroscopyhas not

y(!tbeen accomplishedon plutoniumbecauseof its reactivenature.
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ExperimentalT,,chniques

A high-purityPu-2 at.%M! alloywas cast into a graphitemold at

550°C,slow cooledto room temperature,and homogenizedfor 200 h at

450’C. Rod specimenswere machinedto a diameterof 6.36 mm and a lelgth

of 12.7mm and annealedfor 1/2 h at 350°C. The specimenswere all fcc

6 phasewith a grain size of 30 pm. Specimensv;re cooledand heatedin

-4
a dildt-omet?r(in a glovebox enclosure)with a resolutionof 5 x 10 mm.

Testswere conductedat constantcoolingand heatingratesor isothermally.

All specimenswere examinedmetallogzaphically.Specialcare is re-

quiredwith pluton~umalloysbecausemountingand polishingoperationscan

easilytransformthe specimen. We mountedall specimensin a cold-setting

polyesterresinand electropolishedthe l-pm-diamondlappedsurfacssfor

10 to 15 secondsa* 30 to 35 V in a 10% }N03-ethyleneglycolbath to re-

move any transformationproductsproducedb)-mechanicalpolishing. The

specimenswere etchedin the same bath at 6 to 10 V for 20 to 60s. Afte:

metallographicexaminatiofithe etchedsurfacewas removedby a short

electropol.ishingcycleand the surfaceexaminedin an x-raydiffracto-

meter usingCuKa radiation.

ResultsAnd Disc(lssion.——

A typicaldilatometertracefor coolingat 1.5°C/minis show in

Fig, 2. Transformationstartsat -130°Cand continuesall the wly to

liquidnitrogentemperature.Upon heati.i~g,more transformation occurs

initially twfore the specimenbeginsto expandelastically,We f~und
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the transformationto be very rate sensitive. Quenchirigto liquidni-

trogenin ~20s suppressesthe transformationcompletely. We conducted

a few isothermalexperimentsthat indicatedthe minim-amtime for trans-

formationto be 35s at -150°C. An insufficientnumberof testswere

run to constructthe entireC-curve. One low-temperaturecycle suchas

that shown in Fig. 2 resultsin .25%transformationproduct. Upon heat-

ing above room temperatureas shown in Fig. 2b, the transformationproduct

transformsat temperaturesbelow the normala + ~ temperatureand it trans-

formsdirectlyto the 6 phase.

A detailedx-ray diffractionexaminationindicatedthat the trans-

formationproductis primitivemonoclinic,similarto the O’phase,but

with differentlatticeparameters. The normala phase has no equilibrium

volubilityfor aluminum. Under conditionsof low-temperaturetransforma-

tion,the aluminumsolutesare trappedin the a phase in supersaturated

~olidsolution. Densityand x-raymeasurementson a numberof alloys

indicatedthat Che aluminwnatomswere presentsubstitutionally.Most

interestingly,howeler,the smalleraluminumatoms (1. ,A atomic radius

comparedto 1,52Afor (Y-Pu)expandthe a latticeby approximately2%,

We hove designatedthis expandeda phase as cit. The o’ phasealso exhi-

bits a greatercoefficientof thermalexpansion,lowerelasticmoduli,

and a lowerDebye temperature.Trappingthe trivalentaluminumsolute

encouragesthe surroundingcr-Puatoms to assumea lowervalenceand

larger(andprobablymore symmetric)size (4), This effectoverrides

th~ Vegard’s law contractionexpected. Similarvalencechangesand

subsequent positive deviations from Vegnrd’s law have been reported

fcr a numberof solutesin ~-phase plutonium alloys (5,6).
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The morphologyof the (x’phase formedduringcoolingis shownin

Fig. 3. The plate-likeappearanceresemblesa lenticularmartensite.

There existsa definitegeometricrelationshipbetweenthe CY’and the

parent6 phase. We have not workedwith sufficientlylargegrainsto

identifythe sp>cificcrystallographicrelationships.The rY’platelets

typicallyare shortwith respectto the graindiameter,are nucleated

homogeneouslythroughoutthe structure,do not crossgrainboundaries,

and are highlysegmented. The short,segmentednatureof the a’ phase

is most likelya resultof the largev~lumechangecausedby the trans-

formation. The sequenceof transformationappearsto be d + a’. We

foundno evidenceof otherphases. Lomer (7) and Spriet (8) haveprevi-

ously suggesteda possiblelatticecorrespondencerequiringa homogeneous

shearplus a slightatomicshuffle. The mechanismof transformationap-

pears to be isothermalmartensite-like.Nucleationis definitelyther-

mally activatedand growthis displacive/diffusionless.Accordingto

currentlyaccepteddefinitions(9),the transformationis not truly

martensiticbecausethe largevolumechangeprecludesthe requisite

invariantplane strain,

The reversionof (Y’ to 6 d~lrir,gheating(F~g,2b) is sunplyconsid-

ered to be the samemechanismin rcver~e. It occursat lowertemperatures

than the normala + ~ transformationand proceedsa’ + 6 becauseall the

atoms are still in theirundisturbedpositionsfromthe 6 + c’ transforma-

tion. In fact we ‘,elievethat some reversionoccursduringheatingfrom

liquidnitrogento room temperature,whichpartiallyaccountsfor the seg-

mented appearanceof the a’ platelets, WP have establishedthat the
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aluminumwill diffuseout of the a’ latticeat room and slightlyelevated

temperatures,re’.urniagthe a’ latticeto the normalCYlattice.

Conclusions

The 6 phase stabilizedwith 2 at.% aluminumtransformsto a mono-

c.liuic:~’phase at low temperatureshy a thermallyactivatednucleation

and displ~cive/diffusionlessimechanism.The a’ phase is an expanded

monocliniclatticesuggestinga valencechangein the C-PU atomsas a

resultof trappingsmaller,trivalentaluminumatoms. The transforma-

tion sequenceappearsto be directly6 + CY’. The a“ productis plate-

like, resemblinga lenticularmartensite.
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Figure 3. Microstructure of (l’ formed by subzero cooling.


