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THE THERMAL EXPANSION BEHAVIOR OF UNALLOYED PLUTONIUM

by

Fred W. Schonfeld and Raymond E. Tate

ABSTRACT

Information and data concerning the thermal expansion
characteristics of the solid and liquid phases of unalloyed
plutonium have been collected from published and
unpublished sources and evaluated, and are presented to
provide increased availability in compact form.

1.INTRODUCTION

Numericalequationsdescribingthe dimensionalchangesof the seven
condensedphases (six plusthe liquid)of “unalloyed”plutoniummetal as
functionsof temperaturehave been developedfromexperimentaldata (both
publishedand unpublished)viewedfromthe personalexperiencesof the
authors.The dimensionsutilizedin the L vs. T curvesare the physicallengthsof
the experimentalspecimensreducedto the comparativelengthat the reference
temperature, L/L. or L/LatIowwtrarlsforrnaiotltemperature.Forthe isotropiccubic
phases, however,the usefulnessof the curvesis increasedby usinglattice
parameters inthe plots.The derivedcurvesfor the anisotropicphaseswere
comparedto dimensionsobtainedfromX-ray or neutrondiffraction
measurementsat variousisolatedtemperaturesin orderto verifythat the
diiatometricdata representeda reasonableapproximationto crystallographic
randomness.

The average coefficientof expansionis usuallydefined,(Hidnertand Souder,
1950), as

1
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and the engineering(or instantaneous)coefficientas

Accepted practicefor mostmaterialsutilizesthe lengthor latticeparametersat
O°Cas the referencelengthILOor ao].(However, if a phase change occursat a
temperaturehigherthan T = O,the appropriatereferencelengthbecomesthe
lengthat the lowerend of the temperaturerange of the new phase).

However, if L. is the lengthof the body at o“~ the lengthatw temperature
t°C (absent phase changes) maybe representedby

Lt= LO(I+ at+bt2+ ...),

where a, b,... are constants,Thus, the instantaneouscoefficientmay also be
derived by differentiationand representedas follows:

a +2bt+...
at = .

‘o

The ‘Irue instantaneouscoefficient”is definedas

a +2bt+...
aTi = L ‘

t
but sincethe differencebetween Ltand L. is quitesmall inthe cases discussed
here, the two coefficients(ay and ~Eng)are the same withinexperimental
variation.Obviously,for a givenexpansioncurve~T/~En~= L/LT. Therefore, we
have chosen notto includeplotsfor ax.

Withinthe temperaturerange of a givenisotropicphase and definingthe lower
transformationtemperatureas the referencetemperature,the volumeexpansion
coefficientis approximatelythree timesthe linearexpansioncoefficient
(av = 3a~).

A. Caveats

1. Reductionand processingof plutoniummustalwaysbe carriedout in small
lotsto guardagainstcriticalityincidents.Therefore, batch-to-batchvariations
in puritylevelshave been inevitable.Untilmore effectivepurificationand
operationaltechniqueshave been developed,we mustassumethat resultsof
differentinvestigatorswillnotbe exactlyreproducible.



Many of the resultsof chemicalanalysisof the samplesutilizedhave been
misplacedor were never reported.We believethat the unalloyedmetal
used by most investigatorscontained200-500 ppm of metallicimpurities
(Fe, Ni, Si, etc.) plusC and 02.

2. At presentthe heat of radioactivedecay of the availableplutoniumisotopes
makes specimentemperatureuniformitydifficultto approachand to measure.
This introducesan elementof uncertaintyintothe mostcarefullycarriedout
measurements.Further,differingisotopicratiosinfluenceresponsesin
experimentsinwhichtemperaturecontroland/ormeasurementare important.

3. Four of the six solidphasesof plutonium(a, & yand 5’) are crystallo-
graphicallyanisotropicand exhibitdifferingaxial expansionbehaviors.
Therefore, dilatometricmeasurementscan differfromX-ray data if substantial
preferredorientationexists.However,the few availabledata suggestthat the
alpha phase is the onlyplutoniumphase inwhichsignificantpreferred
orientationcan easilybe producedand retained(withinitstemperaturerange
of stability).

B. Technique

Numericalequationsfor the latticeconstanthemperaturerelationsof the two
isotropicsolidphases (deltaand epsilonplutonium)and linearor volumetric
changesvs. temperaturefor the fouranisotropicsolidphases and the liquid
phase have been developedfromdata originallyreportedas 1) tables,
2) equations(valuescalculatedusingMathCADT~),and 3) X-Y plots(data points
digitizedusingSigmaScanTM).Latticedimensionsor lineardimensionswere
plottedas functionsof temperatureusingTableCuweTM,and appropriate
polynomialequationswere fittedto the plotteddata usingproceduresavailable in
TableCurve.Average and engineeringlinearexpansioncoefficientswere
calculatedfromthe dimension/temperatureequationsusingthe capabilitiesof
MathCAD.
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II. COMPOSITE APPROXIMATIONS OF LENGTH AND VOLUME CHANGES

Figures 1 and 2 are intendedto providegeneralizedviews of the effectsof both
phase changesand individualphase thermalexpansionson specimenlengths
and volumes.Valuesof the lengthsand volumesat phase transitionswere
calculatedfromthe thermal expansioncurvesplusthe densitiescalculatedfrom
X-ray diffractionmeasurements.

Tables 1and II are includedhere as an aid in the interpretationof Figures1 and 2.
The lengthand volumechangesat temperaturewere calculatedfromdata that
we judge to be the best availableat thistime, but it is obviousthat smallchanges
in impuritylevelscan producechangesin bothtransitiontemperaturesand values
of ALand AV.For practicaluse we suggest roundingthe ALand AVnumbers to
one decimalplace.

TABLE 1

Plutonium Transition Temperatures
with Calculated Length and Volume Changes

Approximate Tt AL(%) AV(?’0)

a-+fl 393K 120”C 3.06 9.45

p+y 483 K 210°C 0,96 2.90

y+ 8 588 K 315°C 2.13 6.53

8 +6’ 723 K 450°C -0.21 -.62

6’+ & 753 K 480”C -0.75 -2.22

e.+ L 913 K 640”C -0.79 -2.34

TABLE II

Average Expansion Coefficients of the Six Solid Plutonium Phases
over Their Approximate Temperature Ranges of Stability

Phase T1 + T2 (K) T1 + T2 (C)

(x o -+ 393 -273 + 120

lb I 393 +483 I 120 + 210

T 483 + 580 210 + 315

6 580 + 723 315 + 450
8’ 723 + 753 450 + 480

e 753 +91 3 480 + 640

4

=1
43.2

34.7

–9.0

-66.0

36.5



1
Ill. LENGTH AND VOLUME CHANGES IN UNALLOYED PLUTONIUM

A. Alpha Plutonium

The structureof the alpha phase of plutoniumis simplemonoclinic(P21/m), with
a = 0.6183 nm, b = 0.4822 nm, and c = 1.0963 nm, and withthe interaxialangle
~ = 101.79°, all at 21”C, Zachariasenand Ellinger(1957). It is stable between
OK and -393 K (-273°C and -120°C), but below-60 K storedradiationdamage
causes some minorexpansionof the latticethat is of littleconsequenceunless
the holdingtimesat very lowtemperaturesare quitelong(Jacqueminand
Lallement,1970, and Marples,et al. 1970).

Because the three crystalaxes differsignificantlyin theirexpansionbehaviors
(Zachariasenand Ellinger,1963, pp. 777-783) (al (20- ,00 ~, = -60 x IO-,
~b = up(20-100 C)= -75x IF, ~3(20-100 c) = -29 x IO+) bulkthermal
expansioncan be influencedby the presenceof any significantdegree of
preferredorientation.

Figures3a and 3b, Alpha PlutoniumExpansion,were computer-generatedusing
a combinationof data digitizedfromthe X-Y plotsof Cramer,et al. (1961) and
Lee, et al. (1967), valuescalculatedfromthe equationsof Sandenaw (1961), and
values fromthe tables of Lallementand Solente(1967), Wick (1967), and
Lawson,et al. (1994). See also Figures4a, 4b, 5a, and 5b.

B. Beta Plutonium

The structureof the beta phase of plutoniumcan be describedas body-centered
monoclinic(12/ml),witha = 0.9284 nm, b = 1.0463 nm, c = 0.7859 nm, and a
~-angle = 92.13°, all at 190°C (Zachariasenand Ellinger,1963, pp.369-375).
Again, as isthe case for the alpha phase, the three crystallographicaxes have
differentthermalexpansionbehaviors— al -94 x 10+, U2= Ub-14x 10+, and
a3 -19x ~ (forthe temperaturerange 93°C-1900C) (Zachariasenand Ellinger,
1959). Thus, bulkexpansionmeasurementsare subjectto error if preferred
orientationis present.

tAlthoughspacegroup12/mis notoneofthe “standard”spacegroupstabulatedinthe
InternationalUnionof Crystallography(1952), itsnotationis retainedto obtaina ~-angleof
approximately90°.
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Additionally,becausethe compressivecreep rate of ~ transformedfroma is
50-500 times greater than that of ~ transformedfromy (Nelson, 1967),
dilatometricmeasurements probablyare best made by firsttransformingthe
specimento the gamma phase,coolingto produce100Yo~, and then heatingthe
specimenadiabatically.The cause of thisanomalouscreep behaviorhas not
been fullyexplored,but itsexistenceclearlymakesthe use of X-ray diffraction
measurementsa superiortechniquein thiscase.

The beta plutoniumexpansioncutve presentedin Figure6 has been compiled
fromthe X-Y plotsof Cramer,et al. (1961) and Nelson(1967) and fromthe
tables of Zachariasonand Ellinger(1959) and Wick (1967). See also Figures6,
7, and 8.

C. Gamma Plutonium

The gamma phase of plutoniumisface-centeredorthorhombic(Fddd), with
a = 0.3159 nm, b = 0.5768 nm, and c = 1.0162 nm (all at 235”C). The range of
stabilityfory is from -205°C to -315“C, but it can be retaineddownto -190”C.
(xa= al = -19.7 x 10~, ~b = ~ = 39.5 x 10-@,and ctc= a3 = 84.3 x IO_@(forthe
temperature range21O”C- 31O”C)(Zachariasenand Ellinger,1955). Arithmetic
averagingof the coefficientslistedabove yields~p(210c _S1OC)= 34.7 x 1O+.

The data pointsplottedin Figure9, Gamma PlutoniumExpansion,were
calculatedusingthe equationpublishedby Zachariasonand Ellinger(1955) and
fromthe table of Wick (1967).

Because the lengthvs. temperaturecurvefor the gamma phase is a straightline,
the average and engineeringlinearexpansioncoefficientsare identicaland
constant.Thus

the average linearexpansioncoefficientis
cxavg= 34.7. 10-; u (206 + T),

and the engineeringlinearexpansioncoefficientis
(xeng= 34.7- 10+; (xe(206+ T).
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D. Unalloyed Delta Plutonium

The delta phase of plutoniumisface-centeredcubic(Fm3m) and normallyexists
over the temperaturerange of -315°C–452”C. At 320”C the unitcelledge is
0.46371 nm.At temperature,delta plutoniumis easilydeformedplasticallyand
so must be only lightlyloaded in orderto obtaingooddilatometricdata. We chose
to use X-ray diffractiondata exclusively.The mostextensiveX-ray diffractiondata
are those of Ellinger(1957). His data extendfrom317°C to 440”C and were
interpretedas a linearfunctionof temperature

a = 4.63790 +/- 0.00012- (4.01 +/– 0.15)x 10-5 (T – 300).

However,X-ray data obtainedfromalloysstabilizedby additionsof aluminum,
cerium,or galliumextrapolatedto zero alloycontentsuggestthat the curve
shown in Figure 10 may representan improveddescriptionof the thermal
expansionof the delta phase between315°C and 450°C. The differencesare
encompassedby the maximumand minimumvaluesof Ellinger’sequation.
For mostpurposesthese differencesare notsignificant.

Other investigators,Pascard (1961), Abramson(1961), and Lee and Marden
(1961), have observedthat the 6 + ytransformationof unalloyeddelta plutonium
is often depressedby 50°-600C duringcooling.Utilizingthe same extrapolation
techniqueof alloydata describedabove, pointshave been obtainedfor
temperaturesas lowas O°C,enablingconstructionof the tentativecurve shown
in Figure 13. This curvesuggestsonlythat Nthe delta phase of unalloyed
plutoniumcouldbe retainedto temperaturessignificantlybelowthe equilibrium
6 + ytransformationtemperature(-315”C), itsexpansionbehaviormightbe
similarto that illustratedin Figures13, 14, and 15.

The calculatedexpansioncoefficientsare shownin Figures11, 12, 14, and 15.
The sensitivitiesof the coefficientsto smallchangesin the slopeof the length
vs. temperatureplotsare well illustratedby comparingthe average expansion
coefficient(~320-T) of Figure 11 to Ellinger’sconstantvalue of-6.6x 10+.
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E. Delta Prime Plutonium

The delta primephase of unalloyedplutoniumis body-centeredtetragonal
(14/mmm),witha = 0.33261 nm and c = 0.44630 nm at 450”C (Elliottand Larson,
1961). The axial expansioncoefficientsare radicallydifferent~a(450c _ 480 C)

= 444.8 +/-12.1 x 10* and ~@jOC-AaO c) = -1063.5 +/- 18.2x 10+, withan
arithmeticaverage of-58 x 104, (a poorapproximation).Usingmedianvaluesto
calculateunitcellvolumesvs. temperature,convertingto equivalentcubiccells,
and comparingthem withthe equivalentcube edge at 452°C the curvesof
Figure16,Figure 17, and Figure18 were constructed[(1450+ctPAT)3=
(Ia450+ ~~AT)2 (IC450+ UCAT)]. This methodyieldsthe value of -65.1 x 104 for

the temperature interval450°C - 480”C, in goodagreementwiththe value given
by Elliottand Larson(1961) as-65.6 +/- 10.1 x 10+ and alsowiththe value
-63 +/– 5 x 10+ givenbyAbramson(1961).

F. Epsilon Plutonium

The epsilonphase of plutoniumis body-centeredcubic(a= 0.36361 nm at
490”C) over the range480°C to 640°C. Itsexpansioncurve is linear,as shownin
Figure 19. The values used in plottingthisfigureare taken from Ellinger’s(1956)
X-Y plotof latticeconstantsand the table of Wick (1967).

The lengthvs. temperaturecurvefor epsilonplutoniumis a straightline.Thus,
the average and engineeringlinearexpansioncoefficientsare equal and
constant.

The average linearexpansioncoefficientis
(xavg= 36.5. 10-8; a (480 + T).

The engineeringlinearexpansioncoefficientis
cteng= 36.5- 10-; ae (480 + T).

G. Liquid Plutonium

The expansioncurvefor liquidplutoniummetal, Figure20, was calculatedfrom
the average of the densityvs. temperaturemeasurementspublishedby Serpan
and Wittenberg(1961) and by Olsen, et al. (1959) .These data were also
reportedby Wick (1967). Obviously,measurementsof the liquiddensityare
simplein conceptbut extremelydifficultto execute.Additionally,puritylevel is
an importantvariable in all densitymeasurements.
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The existingdata suggestthat densityvs. temperatureis a straightlinefunction.
If this is so, there mustbe some curvaturein a preciseplotof volumevs.
temperature,but the deviationfroma straightline is so smallthat it can
reasonablybe neglected.

The accuracyof the data does notjustifyuse of the exact equationto convert
the volumeexpansioncoefficientto the Iinear’coefficient,Therefore,the
approximationCXv= 3 a~ was used. (The differencein thiscase is onlyabout
+/- 0.1 x 10-6.)

The average liquidexpansioncoefficientsare as follows:

average volumeexpansioncoefficient
CXavg= 90.3520 10-6; a (640+ T) [90.352 roundedto 90.4 x 10-6] and

average linearexpansioncoefficient
Uavg= 30.1- 10-6; a (640+ T) [90.4 / 3 = 30.1 X 10-6]

The engineeringliquidexpansioncoefficientsare as follows:

engineeringvolumeexpansioncoefficient
aeng= 90.4. 10-6;ae (640+ T) and

engineeringlinearexpansioncoefficient
cteng= 30.1. 10-6; ae (640 -+ T).

IV. FINAL NOTE

Becausethe delta phase of plutoniumhas more desirablemetallurgical
characteristicsthan the othersolidphasesand can be stabilizedby modestalloy
addition,similarexpansioninformationfor several suchalloyswillbe presented
in a subsequentreport.
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