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ABSTRACT

Six elements--aluminum,gallium,germanium,silicon,thallium

and iridium--werefound to stabilizethe soft, high temperaturephase

(delta)of plutonium, Of these, galliumconferredcompletestability

down to the temperatureof liquidair, and the percentagerequiredwas

low enoughto permitnuclearapplications.
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Propertieso“f~yu~oniumAlloys

When plutoniumwas being producedon 0Q% a small scalein the

ecirlydays of its history,the metal exhibitedan erraticbAavior. For

example,bhedensities.ofmetal specimenssubjectedto similartreatments

gave widelydifferentdensities. A den~ityas low as 15.8 gramsper cc

was occasionallyobtained,whereas it was known that the density of U,

the phase sta”bleat room temperature,had a density of 19.6 or more.\

Pure a was hard and brittle,but the low densitymetalwas soft and real=

1cable. It was apparentthat some impurityor impuritiesoccaaio-pally

presentwere stabilizingsomesoft,low density,high temperatureform-at

room temperature.It was laterlearnedthat thiswas the 3 phaseand was

normallystableonly in the temperaturerangp300-470°C.

As time paased, it becamenecessaryto developa well etabi-

llzed 8 phasealloy. Pure metalhad to be pressedaround250°Q in t+e y
#

field of stabil~~y,as neither a-nor 1#metal was malleableenough. A

contraction from y to f?and # to a was encountered in each pressing

cooled from 250°C to room temperature. we contractionin tihe@ ; a

transformationalone was about 11% in volyme. This frequentlyled to

distortionand cracking. A $ phase alloy Which would undergono trans-

formationon cooling thus had obviousadvantagesso far as fabrication

was concerned. A etab$l.izedlow dermityalloywtiaalso desiredfor cer-

tainnuclearexperimentf3.

A searchwas thereforebegun for one or more elementsWhich,,

whenalloyedwith plutonium,wohld stabilizethe S phaseat room tempera-

ture.
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It was recognizedat the outsetthat two typesof stabilityof

the 8 phaseet room temperaturewere possible:

A- Actabilityin which the transformationtemperatures

were so alteredby the alloyingelementsthat the 8 p’basewc+xlclbe t’he

thermodynamicallystablephas$at room temperature.
I

B - Stabil.i~yin tich rates of transformationwere ao

slowedby the alloyingelementsthattb S plwmecouldbe super-cooledto

room temperatureand therebe retainedfor weeks or even monthswithout

transformingto a p~e oftd.gherdensity..

It waa hoped that type A stabilitywould be found,but it

recognizedthat type B stabilitywas more likelyin view of the ee$ly

miltsin whichthe 8 phasewas partiallystabilizedby impurities.

WtMl

re-

in the early period of the search for a stable 8 phase a.Lloy,

plutoniumwas very scarce,and it was not possibleto investigateeach

elementindependently.Instead,alloyswere made whichcontainedes mny

as four intentionallyadded alloyingelements. Discriminationwas used

in choosingcombinationsof elementsdhichwouldbe unlikelyto interfere

with each other. Certainelementswhich were consideredmore promising

tihanotherswere alloyedindividuallywith plutonium. The as-castden-

sitieswere determinedfor all the alloys. Usuallythe alloys~ere then

annealed in vacuum at 4000C, cooled rapidly, and their densities re-$

determined.

Alloys in Which both the as-castand annealeddensitieswere

greaterthan 18.0were not consideredat all prom.king. Alloyswhich
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the abilityof stabilizingthe S phase generallyBhowedas-castdensitiee

=11 below 18.0,and the annealeddenaitiea were substantiallylowertlmn

the aa-castdenaitiea.

Table I revealsthat six elementswxe foundwhich stabilized

the a phase to some degree: aluminum, gallium, germanium, silicon,

thallium,and Lndium. In all cases,type@ stabilityonly was dbserved.

AluminumA11OYS

The firstelementfoundwhich had a stabilizingeffect on the

8 phase was aluminum. Alloys from 4% aluminum* to 4% aluminum were

etudled. Alloyswith 14% or more aluminumcobld”bereadA.lystabilizedau

3 mtal (seeFig. 1). The 8 phasewas stableat aa low a temperatureas

,-,%750C0The metal was quite soft at room temperatureand could even‘be

hammered into a foil. These alloys showed practically no change in

lengthon heating. The percentagechangein lengthfromroom temperature

i= shownin the followingtable,and the dSlatomtrLc curvesare shownin .

Fig.2.

PercentageChemgein LengthfromRoom Temperature

To VariousTemperatures
7

Temp.Range 2% Al. alloy 3% Al 8110% 4% Al alloy——

250 to 300% -.005% +.009$ +.068%

250 to 350 -.022 +.007 +.070

25° to 400 -.055 -.cy)o +.070 .
“.Y

260 to 450 d.105 -.160 +.052
#

250 to?i50 -.242 ---— -.016
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I)ensities of Alloys

. Densities
After

Nominal &f;:: Holding
Sample Composition AS Cast
No. in atomic $

in Ice
Anneal Water

Ei8i::-;

5857P-1
5857P-2
5764L-1
5764L-2
7057B-1
6057B-2
7083A-1
7083A-2

5557K

5498.2A1A
5498 UA
5536F
5783D
5783E
5536E
5664G
5664E
5664C

5596K
5664L
5664H
5664J

5764H-1
5764H-2
5789G
5789H
5764J-1
5764J-2

5764E-1
5764E-2

7170E-1
7170E-2

5857T

1$ Gallium 16.67
16.98

;$ Gallium 16.23
16.27

k rallium 15.93–,- -
w 16.01
3* Gallium

; Galuun
w

1$%Si, Ge, Sn, Pb

& Aluminum

b

1 Aluminum
1 Aluminum
1 Aluminum
1 Aluminum
2* Aluminum
n
3$!Aluminum
4$ Aluminum

1$ Silicon
2.2$ Silicon
3.% Silicon
4$ Silicon

l/~9Al, l~o S1

&% Al, ~$Si
n

3/4f4Al, 1$ Si
11

2$ Germanium
w

3$ Thallium
?1

.l+n
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15.92
15.89
15●77
15.74

16.47

i7.58
16.92
16.55
16.72
16.74
16.01
16.47
16.18
15.93

16.82
16.94
15.79
15.89

16.48”
16.89
16.06
16.18
16.94
16.75

17.85
17.89

17.06
17.16

16.80

talc. 15.80
n 15.80

15.82
15.79
15075
15.66

talc. 15.70
n 15.70
talc. 15.70
n 15.70

16.32

17.25.
16.76
16.05
----
15.74
15.80
15.60
15.57
15.59

16.63
15.73
15● 49
15.44

15.65
15.81
15.7’7
15.84
15.87
15.85

talc. 17.80
----

----

16.64

talc. 16.80

17.00

17.45
16.90
16.3)

15.98
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Densitiesof Alloys

Densities

Nominal
After

Sample
After HOlding

Composition AS Cast 400Oc in Ice
No. in atomic Anneal Water

5415-25A
5857-Rl
5857-R2
5857-L1
5857-L2
5764-N1
5764+2
5857-N1
5857-N2

5437-MnA
5465-co,Ni
5465-Ti ,v
5465-lj’eA
5529-A

1
, 5529-D

5529-F‘\
5557-F
5557-G

I 5557-1
5596-E

I 5596-G
“ 5596-I

5415-3Be0
.

)
I

1$ Uranium
4% Uranium
If
8% uranium
n
15j%Uranium
?!
25% Uranium
?t

1% Manganese
l$CO, lzNi
l% Ti, V, Cr, Mo, Zr
1$ Fe
1% Li
@ F/u, Rh, Pd
1$%Pt, Ir
1% c
l% Th
l$Mg, Zn, Cd
1$ (Xl, Ag, fd.1

l$La, ce, w
1$ Ta
Be

18.65
19.37
19.35
19.10
19.06
18.0
17.95
18.07
18.07

18.46
18.12
18.73
18.38
18.42
18.55
18.93
19.12
19.28
18.74
18.88
18.81
19.21
19.16

I

I

18.46
----
----
----
----
----
17.99
----
----

18.69
18.40
18.67
18.44
18.84
18.61
18.95
19.11 19.11
19.24 “ 19.28
18.76 18.92
18.82 18.75
18.76 18.86
19.06
----
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TMc is probably the tamqllest J.lwaF

large temperaturerangee=,r @se.ne@ fqr a *W.

.WJNMXSiOnfor such a

\

toqeter. * tpqsf~t.iopa oqa~ at abc@ ,* came

for puremetal.

Thp only-thing very upuaual about %&em h

t,emperaturea w

that t,he y * 1)

tr~sformat,ioqappearu to Pe Nore sluggish as N t~kea PIW@ over u

wider temperature range. The true e@JL@rJua t,entperqturesof @e
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transformationshave not been determinedfor

inqtwdata Wicde,, however,that they have

by the al.1.oytigcontents.

involvedin t-be alloys.

After much work

thesealloys. The dilato-

not been radically shifted

M been done on aluminumalloys,the tolera-

nce on aluminumcontentfor other reasonswas set at about O.76% alum-
b

inure,which eliminatedthese alloys from furtherconsiderationas 14%

aluminumwaa neededto stabilizeS.

Sili,conA.llo~

Alloy55WK which contained 1%each of M, Ge, Sn, and Pb gawI

an as-castdensity of 16.47 and an annealeddensity of 16.32. It was

app=ent that Om Or more Of the fourelementsw part~ly stabiliz~g

the 8 phase. Siliconand germaniumwere lateralloyedindividuallywith

plutonium,and both turned out to be effective. The ailico,nwas the

more effectiveof tlp two. Tin and leed have not been triedas yet.

Four alloys from 1 to 4% siliconwre investigated.Alloysof

2% or no~e @upPressedthe transformationof $ to G to roa te~pe~t~)

and c~sequentlythesealloyslookedvery good for a while aa the toler-

ance for siliconwae twiceas greatas for aluminum. However,when the

sta+ilityof the alloysbelowroom temperaturewas investigated,it waa

found that they partiallytransformedto a between20°C and 10°C (see
\

Fig. al.

Combinationtiuminumapd Silicontiloys

Combhat.innaluminumand siliconalloyawere triedin the hope
● 8**● ●** 9*. ● .

that one might be fo~ &.~h w~~~ t$:~ithinthe compositiontolerance
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limitsand yet be as stableM the 1A% aluminumalloy.

T@ alloytstriedwere 1/3% Al, 1+%Si; b%Al, 1% Si; and 314%

Al, 1% W. These three alloys behavedalike. The $ phase was stabi-

lized down to room temperature,but in none of them was the & phase

stabledown to -75°C. Theyall transformedbetween-20~ and -6@C de-

pendingon the lengthof annealand on the rate of co&ng.

.Thesealloysmight have provensatisfactory,but at about the

same time the 3%

better.

(3ermniumAlloys

gallium alloy was developed and proved to be much

Only one germaniumalloy was tried,a 2% alloy. It was not

very good. The 3 phasebegan to transformat about 100°Cafter anneal-

ing and endedup with the sameae..the”.’acaatatdensity.

It is possiblethat a germaniumalloy could have been found

whichwouldhave been satisfactory,as the tolerancewas higherthap for

silicon. However,it seemedunlikelyconsideringthe relativelyhigh

densityafterannealing.

GalliumAlloys

Galliumalloyslookedgood rightfrom the firsttest. The ae-

caet denBitieawere particularlygood. Whereas it took 4% aluminum,

whichwas way over tolerancefor aluminum,to bring the as-castdensity

of its SJ.1OYSdwn to 16.0,it took only3% gallium,which,on the other

hand,was way underits tolerance. Also,even 1% galliumstabilizedthe

‘“” $ phase to below ro~mO$#qpe~t~e.:.OThisalloy transformedat -20bC.
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Alloyswith 2% or more galli~:&~d ~ot.~~.a&& even after being held

&t -?5°Cfor threedays (Fig.4).

The expansioncoefficientof the S phasedid not appearto be

greatly influencedby the gallium content as shown in the following

table.

Alloy ExpansionCoefficient

1% Ga

2% Ga

3% (la

3$%Ga

4% Ga

These

ture to 400°C.

x 10-6 ($ phase)

,9 in/in/°C

-9.0

1.4,2.0, 4.0

3.2, .9

4.0, 2.0

valueswere determined

The apparentexpansion

puremetalin the range350 to 450°Cis

AverageValueof Exp. Coeff.

x 10-625 to 400% ‘

.9

-9.0

2.5

2.0

3.0

in the range from room tempera-

coefficientof the S phase for

-20 x 10-60

The 8 phasewas stabilizedin galliumalloys by annealing

410°C for 16 hours. After such a treatment,the alloyewere stable

at

at

any temperaturedown to -75°C,exceptingthe 1% galliumalloywhich be-

gan to transformat about -20°C. The 2% and 3% gallium alloys were

found to be stable in liquidnitrogenat -195°C. The othergwere not

testedat thisextremelylow temperature.

A S phase alloy once stabilizedwas partiallyconvertedto a

higherdensity form by the applicationof extreme pressures:u8W11Y

greaterthan 100,000psi at room temperatureor at dry ice temperatures.

Once an alloywas partiallyconvertedto a by pressure,it couldusually

be furtherc,o~~ertedto a by extendedlow temperaturetreatments,pref-
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A seriesof tests on 18 sampleeof the 3A% galliumalloy was

conductedto establishthe stabilityof this alloyo A completedes-
●

criptionof methodsand resultsis givenin AppendixI.

Iridium&@ ‘fklliupAlloys
a

Inasmuchas gallium suppressedthe transformationof the 3

phasetea, it @s felt’thatth othermembersof its family,indium&Wi

thallium,might also, so they were tried out. Both were foupd to be

effectivebut neitherprovedto be as goodas gallium.
t

ur~hlplQloys

Uranium was tried out in much higher concentrat@ns tkn the

otherelements,for had it provedeffective,.

as the alloying metal. Consequentlythere

materialadded.

U235 couldhave been used

would have been no inert

In the case of uranium,a very definiteshift in the trans-

formskiontemperaturesoccurred. This is shown in the followingtable

for pure metal,4%U alloy,and ~ U alloy.
\

Transformations Pure Metal 4%U Alloy 8%u A.llYo

a~~ 127-1470C 122-16(PC- lm-1540c

F-Y 218-228 271-292 286r298

7 -s 302-338 46S-480 495- ?

8-6 470-496 ? ?
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The M% U and 25% U aJ.loys

2B0-330°Cand 295-35(PCref5pectively.

mation this was, but it appeared to

● 9*9:0 ::●:0 :9* ● ,

showedonly

It was not

\

be the #l~ y.

one trans,format,ionat

clearwhich transfor-

higher temperaturephaee was readily&nqerco@ed to
*

One ratherremarkablefact relativeto the

In any event, the

room t~erature.

transfonnation9in

uraniumalloyswas thatwhere the y - & reactionoccurredit was rever-

siblewith practicallyno hpteresb.
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AF&CUX I

I STABILITYTESTSON GALLIUMALLOYSOF PLUTQNIUM

t

A series of tests was conductedon 18 samplesof 3% Ga con-

tentto determinethe rangeof densitystabilityof the alloy.

~ A comprehensiveoutlineof the varioustestsand theirresults

~
as to densitywill be seen in Table I.

~
The only significantc!’umgesin density,of the order of 0.2

~
gicc,wereaccomplishedby applyinghigh pressuresof 100,000to 200,m

poundsper squareinchat temperaturesof 24°C to -600C. It is peculiar

that two of the six samples,all supposedlyidentical,subjectedto high

pressure,did not changein densityby 0.2 g/ccuntjlpressedat ~,000

poundsper squareinch at -50%, while the other fourspecimenscl’kmged. .

in densityby 0.2 gleeunderless severeconditions.

The importantresult of the tests is found in the unchanging

densitiesof thosesamplesgivenliquidair treatment,a 48 hour testat

-100%. me must believe,for all practicalpurposes,that this alloy

is in a well-stabilizeddelta form.

For the high temperature annealing, the samples were sealed in

evacuatedglasstubeswhich,in turn,were enclOsedin appropriatemetal

containers. These were placed in small controlledtemperatureresis-

tance furnacesand drying ovens. For the 410°C anneal,the metal con-

tainerconsistedmerelyof a singlecoppercylinderclosedat both ends

with copper discs with a step fit, hqiding one glass tube at a time.

For the 700C and 100°C anneals,the metal containerswere aluminumCY-

::!2!!? .-
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liudricalboxes 4W in diameter. The bottoms of these boxes were 3ifi

thickand were drilledto accommodatefour glass tubes simultaneously.

A thermocouplewell was drilledinto thesealuminumboxes,and the tem-

peratureinsideww continuouslycontrolled.

For the low temperatureanneals,the specimns were placedin

glass bottles covered with screw caps and ~eal.edin paraffin. One set

was maintainedat O°C by plating the botiles in a Dewar flask filled

with cracked ice, and the others were held at -50°C in a Dewar flask

filledwith dry ice.

All the specimenswere from 21 to 26 gram emh, and each was

stamped with its individual q~ber. If, duringthe courseof the test,

anY sample appearedto acc,umqlatetoo excessivea coatingof oxide, it

was removedelectrolytically.

All densitieswere

Since the plutonium

determinedby immersionin brcmobenzcne.

sampleswere thermallyactive,a tempem-

ture-densitychart for bromobenzae was nude by weighing a plumb bob of v

known volune in the liquidat varioustemperatures.The densityof each

plutoniumsamplewas tlymcalculatedfor the temperature of the liquid

at the time the weightof the immersedsamplewas recorded.

\
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