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A, On the basis of the incomplete data available to date,

the following tentative suggestions are made concerning

features of the equilibrium diagram of the plutoniuk-

aluminum systems

1. Essentially zero solid volubility of plutonium

aluminum at all temperatures.

2“. A euteotio composition of 98.3 atomio percent

in

aluminum. The euteotic temperature is 647°C and the two

phases involved are pure aluminum and an intermediate phase.

3. An intermediate phase of complex arystal struoture

in the composition region _14.

4. A seoond intermediate phase of oomplex crystal

structure corresponding to PuA13, whioh may react peri-

teotically to form the intermediate phase in the region

of PUA14.

5. A third intermediate phase corresponding to the

formula PuA12, which may

PUA13. The structure of

oubio of the Cu2Mg type,

reaot periteotically to form

PuA12 has been established as

and is isomorphous with UA12S

with a. equal to 7.820 kX. Its melting point is thought

to be the highest of the aystem and to lie between llOO°C.

and 1300°C.
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6. A fourth intermediate phase which exists in the

region of PuA1. It appears to have & structure distorted

from cubio, possibly tetragonal with an axial ratio of

about 0.98. This-phase may result from a periteotoid re-

aotion at about 585° between the intermediate phase PuA12

and the delta solid solution (solid solution of aluminum

in delta plutonium, stable at room temperature).

?. A fifth intermediate phaee, which may have a

tetragonal orystal atruoture, corresponding to the formula

PU3A1, probably results from a peritectoid reaotion at

about 565°C between the intermediate phase PuA1 and the

delta solid solution.

8. The upper limit of volubility of aluminum in delta

plutonium at temperatures between 25°C and 30°C is in the

neighborhood of 12.5 atomio percent aluminum. This 601u-

bility is evident only in the face-aentered oubic delta

phase. Solubilities in the alpha, beta, and gamma phases .

are zero percent aluminum while the limit of volubility in

epsilon plutonium is mknown.

9. A kWO-pha8e field of alpha plutonium plus delta

solid solution at aluminum percentage below about 2 atomic

percent at room temperature. This field changes to bet&

plus delta, and gamma plus delta solid solution at suooes-

aively higher temperatures. When the alpha-to-beta and

I
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beta-to-gamma transformations are observed there is no

noticeable change in the temperature of transition.

10. The aluminum-rioh portion of the phase diagram

of the plutonium-aluminum system is apparently similar to

the high aluminum regions of the uranium-aluminum and the

rare-earth-aluminumsystems, but somewhat more complex.

B. Alloys containing more than 80 per oent of the face-

oentered oubio delta solid solution (2-20 atomio per oent

aluminum) are workable both hot and cold, and possess good

casting characteristics. The intermediate phase PU3A1 is

brittle at room temperature but exhibits moderate plastic-

ity at temperatures above 400°C. The intermediate phase

PuA1 is brittle at room temperature but is quite plastic

at temperatures above 450° C. The intermediate phases

PuA12, PUA13, and PuA14 are brittle and remain brittle up

to 485°C, the maximum temperature at which their forming

charaoteristioshave been investigated. Castabilities of

alloys containing between 40 and 90 atomic peroent aluminum

were found to be poor for several reasons (explained below).

Alloys containing from 90 to 100 atomio per cent aluminum

are oastable but are subject to a high degree of solidi-

fication shrinkage and are only moderately workable. These

alloys possess excellent machinability, however.
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c. No systematic data on oorrosion are yet available,

but the resistances of the alloys to corrosion in labora-

tory atmosphere at room

quite good. The alloys

atomic peroent aluminum

corrosion in laboratory

temperature appear, qualitatively,

containing more than about 75

seem to be very resistant to

atmosphere at room temperature.

1). Although results of experimental measurements are

not yet available,~ a few deductions may be nade regarding

thermal conductivities to be expeoted for some of the

plutonium-aluminum compositions. These point to conduc-

tivities of the order

to 100 atomic peroent

of stainless steel in

of that for pure aluminum in the 90

aluminum range, about one-third that

the 2 to 20 atomic percent aluminum

range. and very poor thermal conduotivities (characteristic

of intermetallic compounds) for ooupositions between about

25 to 85 atomic percent aluminum.

*
Since this report was written, preliminary measurements

of thermal conductivities have indicated values from about
one-half to equal that of pure aluminum for the composition
range 90 to 100 atomic percent aluminum.
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INTRODUCTION

On 1 July 1949 Group CMR-5 was authorized to undertake

an investigation of the plutonium-aluminum system. Since

that time work has progressed concurrently with other re-

searches. A recent intensification of interest has made

advisable an accelerated work program and an immediate

presentation of suoh data as are now available. One

8houlcikeep in mind tlxitsuggestions and oonolusions pre-

sented are tentative, unless otherwise specified, and mhy

be modified at a later date.

Alloy compositions are expremed as atomic per cent.

Where results of chemical analysis are available~ these

results are also shown. In most of the following discus-

sion, however, alloy compositions are designated by the

nominal atomic percent aluminum content aimed for in the

original preparation of the alloy.
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The various methods of attaok that have been utilized

involved the standard techniques of physical metallurgy

with ouoh modifications and additions as were made neoes-

sary by the reactivity and toxicity of plutonium.

The alloys were prepared by vaouum-melting. The buttons

obtained through the melting operation were sampled for

ohemioal analyses and then divided into two speoimens. One

speoimen$ in the as-east oonditi”on,was utilized in mioro-

structural investigationswhich ooasisted of visual exami-

nation, photomicography, mioro-hardness, and micro-lineal

analyses to determine peroentage8 of pha8e8 prOSOnt. The

second half of the button was cold-worked, when possible,

and equilibration heat-treated. This specimen was utilized

for structural investigations by means of x-ray diffraction.

The remaining portion of eaoh heat-treated speoimen was

later examined miorosoopioally, so that structures in both

the as-cast and heat-treated conditions might be compared.

In the determination of liquidus and solidus tempera-

tures, both inverse-rate and time-temperature curves were

obtained, the former manually and the latter autographically.

In order to obtain estimates of the workabilities of

the various alloys; some were oold-forged, some were oold-
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‘oiled, several were hot-pressed, and three aluminum-rioh

alloys were hot-extruded. The extruded rods were prepared

for use as speoimens in the measurement of thermal conduo-

tivitiiee. These measurements are being made by R. B. Gibney

of Group CMR-9, and will be reported elsewhere.

While no systematic program for the determination of

corrosion rates of plutonium-aluminumalloys has been under-

taken, the oxidation behavior of alloy ingots at room tem-

perature in laboratory atmosphere has been noted, thus

enabling some conclusions to be drawn regarding their gen-

eral corrosion resistance in ordinary environments.
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MELTING AND CASTING

The alloying and casting of specimens for all solid-

state investigationswere accomplished by vacuum-melting.

Vacua of the order of 10-4mm of Hg were maintained through-

out all molting operations. Accurately weighed amounts of

the two components were placed in the melting crucible

inside a resistance furnace which was surrounded by a brass

‘vat-can.” The crucibles were magnesium oxide compaoted

with magnesium sulfate binder and fired at 1950°C. Before

use, the crucibles were degaased at 1100 to 1200°C. Metal

weights were so chosen as to yield buttons of about 0.3

cubic centimeter in size, small enough to avoid gross segre-

gation and at the same time large enough so that the

composition might be weighed out with a reasonable degree

of accuracy.

The melting stooks utilized were high-purity aluminum,

obtained from the Aluminum Company of America, and remelted

plutonium stock RZ-16. For analyses of these materials, see

Appendix I.

The melting cyole first utilized was to heat rapidly

to about 1125°C, hold for five minutes, and cool at the

natural rate of the furnace (approximately 5°/rein.). This

procedure was found to be satisfactory for production of all

-9-
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allo,ysexcept those containing from 50 to about 80 atomic

per cent aluminum. Such alloys gave evidence of incomplete

melt:kg at temperatures up to 1250°C. When higher temper.

aturos were employed (around 1300°C) the alloys tended to

form brittle, porous ‘clinker6n with evidence of excessive

spattering. Perfect alloying has not yet been attained

within this composition range. It is believed that the

relatively high vapor pressure of aluminum (70 microns at

1125°C) may result in undesirable shifts of composition at

high temperature and thus further oomplioate alloying.

The ca8tabilities of alloys containing from 90 to 100

atomic per cent of aluminum have been observed while pro-

ducing extrusion slugs 1/2 inch in diameter by 2 inches in

length. The eutectic composition had, of course, the best

ca8ting ohatacteriatics of the aluminum-rich alloys, but

even in this case about 5 per cent solidification shrinkage

occurred. The alloys seemed to possess good fluidity, but

because of the presence of essentially pure aluminum, care-

fully controlled directional solidificationwas necessary

to eliminate piping and other shrinkage cavities. The

fluidity of the delta-phase

high and its solidification

no large castings have been

observations could be made.

solid solution was apparently

shrinkage seemed small, although

prcduced on whioh more adequate

Alloys containing between 40

-1o-
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and 90 atomic per cent aluminum were found difficult to cast,

primarily because of the high melting temperature of the

compound PuA12. High shrinkage and brittleness at lower

temperatures contributed to casting difficulties.

The densities of the alloys so far produced are listed

in Table I and presented graphically in Figure 1. The solid

line shown in Figure 1 is a curve of densities calculated

by the rule of mixtures using 2.70 g/cc for pure aluminum

and 15.85 g/cc, the density of the face centered cubic delta

phase, for plutonium.

-11-
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*
Composition doubtful, spattering occurred during melting.

-12-
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I

Specimen
Number

TABLE I

Weighed Out Composition by Density
Composition Chemical Analysis As Cast
(At. $ Al) (At. %Al) (g/cc)

321 99.05 98.89 2.93

292 98.00 98.07 3.08

293 95.00 95.06 3.60

291 90.00 90.23 4.43

294 85.05 85.62 5.18

340* 82.50 82.50 5.89

312 80.01 82.37 5.77

341* 79.14 6.05

313 75.00 6.18

342 72.49 6.78

314 70.01 7.39

298 65.02 7.61

299 60.05 7.16(?)

77.05

69.20

68.90

300 54.98 9.92

301 50.01 10.08

302 45 ● 12 10.84

303 40.09 11.13

304 34.96 11.90
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TABLE I (Continued)

Specimen Weighed Out Composition by Density
Number Composition Ch6mical Analysis As Cast

(At. ~Al) (At. $%Al] (#cc)

305 29.94 12.53

306 25.03 13.02

307 19.95 13.71

336 17.60 14.31

337 14.99 14.60
(and 14.58)

308 15.00 14.66

338 12.51 14.84

309 10.08 14.90

315 4.99 16.40

316 2.92 16.12

317 1.99 4.35** 16.36

318 1.10 2.94** 17.05

296*** 74.56 67.23 8.36

297*** 70.04 66●00 8.36

**Since chemical analyses were performed by determining
weight per cent plutonium and obtaining weight per cent
aluminum by difference, and since conversion from weight
per cent aluminum to atomic per cent aluminum (for lower
percentages ) multiplies errors by a factor of approximately
9, good agreement between weighed-out and analyzed oom-
poaitions cannot be expeoted for low-percentagealuminum.

***
These were clinkers, taken to 1325°C in melting. Con-
siderable weight loss oocurred during melting.

-u5-
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Figure I

VARIATION OF DENSITY WITH COMPOSITION

OF PLUTONIUM –ALUMINUM ALLOYS
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THERMAL ANALYSIS

In order to establish the liquidus and solidus temper-

atures of the plutonium-aluminumsyOtern,a vacuum-melting

furnaoe was employed for thermal analysis. By means of

chromel-alumelthermocouples, time-temperature curves were

obtained autographically on a Leeds and Northrup Model-S

klioromaxRecording Potentiometer, and inverse-rate curves

were obtained manually through use of’ a Leeds and Northrup

Type-K preoision potentiometer. Both type8 of data were

recorded simultaneously and during both heating and cooling

portions of the thermal cycles. The specimens were prepared

by additions of plutonium metal to an initial charge of 27

grams of aluminum.

Since, until very recently, interest in such data was

not so high as in other features of the diagram, this work

was not begun until 10 October 1949. Consequently, only four

alloys (and pure aluminum) have so far been run. Data are

presented graphically in Figures 2 through 8. Heating

curves for the 90 and 95 atomic percent aluminum alloys

are not a8 yet available. The curves obtained from the 99

atomic percent aluminum alloy are typical of results

obtained from an alloy consisting of a primary phase plus a

eutectic mixture. The discrete steps shown on the plateaus

-15-
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.,

of the time-temperature curves of the 98, 95, and’90 atomio

per cent aluminum alloys are not explained, but may have

resulted from the preaenae of an extremely narrow eolid-

plus-liquid field with an upper limit defined by a peritectio

horizontal.

Several extremely small heat effects were noted at

higher temperatures during runs on the 95 and 90 atomic per

# A—— L - 3 .—, — .—. - , * --—- —,- , ., -,.-L - , . ..–.,.

oenx a~umlnum alloya, wnlcn poznvs my nave resul~eu srom

the presence of a second peritectic horizontal at about .

725° C. The lower portions of the time-temperature curves

obtained from these two alloys suggest a solid-state reac-

tion extending over a range of temperature, and may repre-

sent the presence of a IIolvusline. If this is So. then

the intermediate phase occurring at about 80 atomic per

cent aluminum has a range of homogeneity which is rapidly

narrowed with decreasing temperature.

The above remarks concerning the two peritectic hori-

zontals and a eolvu8 line must as yet be regarded as largely

speculative.

-16-
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Points well defined by thermal arrests are as followB:

Weighed-Out Liquidus Solidua
Composition Temperature Temperature
(At. j%Al) ( ‘c) ( ‘c)

100

99.01

98006

96.02

89.63

A plot of

at 98.3 atomic

ture at 647°C.

660.2 660.2

663 647

647

647

647

these data has set the eutectio composition

peroent aluminum and the euteotic tempera-

Points ill defined by thermal arrests (to be regarded

as largely speculative) are as follows:

Weighed-Out PuA14 PUA14 PuAl
Composition Solvus i

Liquidus
Peritectic Peri ectio Temp

(At. %Al) Temp (°C) T’emp (°C) Temp (°C) ‘C

98.06 647 - 636 662 --- ---

95.02 647 - 636 652 725 820

89.63 647 - 636 652 725 &--

-17-
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X-.RAYDIFFRACTION STUDIES

J

I

.

I

Specimens for scouring Debye patterns were made by

filing the equilibration heat-treated half-buttons and

plaoing the filings in olear silioa capillaries. The filled

capillaries were then evacuated to a pressure of 10-4mm of

Hg and sealed. Patterns were obtained on all specimens in

the as-filed condition and after subsequent heat treatments.

The Straumanis(l) technique waB used with a 114.7-mm diameter

powder oamera for the production of the Debye patterns. To

obtain preoision lattioe measurements, stress-relieved

filings were mounted between layers of Sootoh Tape and ex-

posed in a back-reflection focussing camera. Resulting

patterns were analyzed by Cohen’s‘2) method.

In order to determine the solid volubility of plutonium

in aluminum, lattioe-oonstantmeasurements were made of the

aluminum-rioh phase in 99, 98 and 95 atomic peroent aluminum

alloys. As a cheek, measurements were made of the lattice

oonstant of the pure aluminum melting stock. The following

results were obtained.

(1)
M. Straumanis and A. Ievins, Naturwissenschaften,
Vol. 23, p. 833 (1935).

(2)
M. U. Cohen, Rev. Soi. Inst., Vol. 6, p. 68 (1935) and
Vol. 7, p. 155 (1936).

-25- .
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Nominal H. T. of H.T. of
Composition Original Filings for

a. at 250c(kx)

(At.% Al) Speaimen Stress Relief 18t 2nd

100 ---- 150°C-15 hr.-A.C. 4.04144 4.04139

100 ---- 200°C-15 hr.-A.C. 4.04148 4.04162

99 600°C-200 hr.-W.Q. 200°C-17 hr.-A.C. 4.0420 4.0421

98 600°C-200 hr.-W.Q. 200°C-15 hr.-A.C. 4.04186 4.04167

95 500°C-200 hr.-W.Q. 150°C-15 hr.-A.C. 4.04148 4.04199

. (W. Q. : water-quenohed) (A.C. z ~ir oooled)

The values obtained indioate that the solid volubility

of plutonium in aluminum, if not zero, is too low to be de-

tected by the lattioe-oonstantmethod.

The results obtained from the various Debye ~tterns

are mmmarized in Table II. Beoause of uncertainties of

compclsitionresulting from the relatively high vapor pressure

of aluminum at the oasting temperatures, spattering during

melting, and gross segregation, the compositions of the

intermediate phases, with one exoeption, have not yet been

aoourately determined. The composition of the phase PuA12

was fixed by determination of its relatively simple crystal

structure. In the vicinities of the compositions PuA13 and

PuA14, two intermediate phases of complex struoture exist.

Solution of these structures has not yet been accomplished.

I The intermediate phase ti3Al has proved to be diffioult to
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obtain in quantities large enough to yield a good diffrao~

tion pattern. However, the few lines obtained suggest a

tetragonal structure.

The orystal struo+aareof PuA12 was determined through

its isomorphism with ~12 and CU2Mg. Independent intensity

ohocks made on PuA12 corroborated th results of Rundle

(CT-2721) for UA12. The unit oell edge of the faoe-centered

oubio PuA12 uas found to be 7.820 IcX. The interatomic

distanoea are Pu-Pu, 3.38 kX; A1-Pu, 3.24 kX, and A1-Al,

2.76 kX. The oaloulated density ia 8.09 grams per oubio

centimeter (observed density - 7.6 g/oo). The determinations

were made on ptterns obtained from a speoiu.enwhioh had

been heat treated 200 hours at 500°C and was water-quenahed.

Photograms obtained from speoimens containing 25 to 50

atomio per oent aluminum after water quenching from a 200

hour - 600° heat treatment showed the presence of delta

solid eolution plus PuA12. As a result,the existence of a

broad two-phase field (delta solid solution plus PuA12) was

postulated. However, after the same speoimens had been

given an additional heat treatment at 300°C for nineteen

hours (followed by oooling in air) their patterns inoluded

faint lines whioh were found to correspond to those of a

distortod cubia struoture, possibly tetragonal with an axial

ratio of approximately 0.98. The oonolusion may be drawn
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that an intermediate phase exists in the composition region

of IhAl, but the exaot meohanism of its formation is unknown.

Its orystal struoture, combined with the fad that it be.

oomes plastio at elevated temperatures, suggests that it

may poseeea a fairly wide homogeneity range.

Examination of the speoimens containing 20 and 2S per

oent aluminum q.uenohedfrom elevated temperatures revealed

the presenoe of an additional intermediate phase. Although

only a few lines oould be obtained,the pattern suggested a

4tetragonal struoture, PU3A1, isomorphous with SrPb ~)

Patterns obtained from specimens heat treated at various

temporaturg~ reveal the faotthatthe intermediate phase

~A1. Is present at 550°C but absent at 575°C. The pattern

of the PuA1 intermediate phase is present at 576°C but

absent at 600°C. The sluggishness of the reaotione pro-

duoing Pu3Al and PuAl, and the miorostruotures of Suoh

alloys, suggest that these phases nay be formed by peri-

teatoid reaotions.

Preoision measurements of

plutonium-rich alloys quenohed

the lattioe oonstants

from 3000C and 500°C.

of

indicate that the limit of’solid volubility of aluminum in

plutonium (delta phase) is about 12.6 atomio per cent

(3)
Zintl and Iieumayr,Zeitsohrift fur Electroohemie, Vol. 39,
p. 86 (1933).
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aluminum at these temperatures. The alpha-phase plutonium

pattern was observed in the photograms of the 1 and 2 atomic

percent aluminum alloys but was absent in those obtained

from the 5 atomic percent alloy.

Representative Debye patterns obtained are shown in

Figure 9. For those phases for which they have thus far been

determined, interplanar upacings and estimated relative

intensities of Debye pttern lines are given in Appendix II.
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TABLE II

PHASES PRESENT IN
AS DETERMINED

Nominal
Composition

PLUTONIUM-ALUMINUMAL~YS
FROM DEBYE PATTERNS

Phases Represented
(At; ~Al) Treatment in Debye Pattern _

99 Cast button-500°C-
200 hr. Q, filings

95 Same as above

85 Same as above

80 Same as above

75 Same as above

70 Same as above

so Same as above

50 Same as above
3000C-165 hr.

plus
-Q

40 Cast button-500°C-
200 hr. - Q, filings

40 Same as above plus
300°C-165 hr.

25 Cast button-500°C-
200 hr. - Q, filings

25 Same as above plus
3000C-19 hr. - Q

25 Exposed in high-
temperature aamera
at 450°C

-30-

A1 + weak PuA14

Al + PuA14

Al + PuA14

Very weak Al + PuA14

PuA13 + very weak PuA14

PUA12

PuAl plus delta
81301i solution

PuA12 plus delta solid
solution plus medium PuA1

PuA12 plus delta
solid solution

PuA1 plus delta solid
%SOIU ion plus med. PuA1

Delta solid solution
plus weak PuA12

Delta solid solution
plus weak PuA12,
plus very weak PuAl

Delta solid solution
plus weak PuAl plus
weak PU3A1
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TABLE II (Continued)

Nomlna1
Composition Phases Represented
(At. %Al) Treatment in Debye Pattern_

10 Cast button-500°C- Delta solid solution
200 hr. - Q, filings

10 Same as above plus Delta solid solution
300°C-70 hr. - Q

5 Cast button-500°C- Delta solid solution
200 hr. - Q, filings

5 Same as above plus Delta solid 6olution
300°C-165 hr. - Q

2 Cast button, 5000C- Delta solid solution
200 hr. - Q, filings plus very weak alp~

2 Same as above plus ‘ Delta solid solution
3000C-70 hr. - Q

1 Cast buttons-500°C- Delta solid solution
200 hr. - Q, filings plus strong alpha

plutonium.

1 Same as above plus Delta solid solution.
3000C-19 hr. - Q
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FIGURE 9A. Pure aluminum (99.9988%A1)

Filings stress-relievedat 200°C - 15 hours-

A. C.* Exhibits Al pattern.

FIGURE 9B. 95 atomio percent aluminum, Speoimen

Number 293. H.T. at 500°C - 238 hours - W. Q.**

Filings stress-relievedat 150°C - 70 hours - A. C.

Exhibits Al plus PuA14 patterns.

*A.C. - Air.0001ed in sealed capillary or oapsule.’

**VY.Q
● - Water-quenohed in sealed oapillary or capsule.
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FIGURE 9C. 80 ●tomio peroent aluminum, Speoimen

Number 312. H.T. at 500°C - 238 hours -W.Q. -

as filed. Exhibits one phase, PuA14 pattern.

.

FIGURE 9D. 75 atomio peroent aluminum~ Speoimen

Wmber 313. E.T. at 600°C - 238 hours - W.Q.

Crushed eaaily. Exhibits one phase, PuA13 pattern.

FIGURE 9E. 70 atomio peroent aluminum, Speoimen

Number 297, H.T. at SOO°C - 238 hours - W.Q. As

filed. Exhibits one phaee, PuA12 pattern.

(Composition by ohemioal analysis: 66 atomio

peroent aluminum).

-s3-
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FIGURE 9F. 40 atomio percent aluminum, Speoimen

Number 303. H.T. at 500°C - 200 hours - W.Q.

Filings etress-relievedat 300°C - 165 hours -W.Q.

ISxhibitsPuA12 plus delta plus PuAl patterns. The

lines attributed to the PuAl phase are uxwked.

FIGURE 9G. 10 atomio peroent aluminum, Speoimen

Number 309. Cast button cold-worked and H.T. at

5000C - 200 hours - W.Q. Filings Strf388-rOliOVfJd

&t 300°C - 70 hoUr8 - Pf.Q. Exhibits delta-phase

pattern. Note that the positions of delta-pattern

lines are approximately the same as in Figure 9F.

FIGURE 9H. 1 atomio peroent aluminum, Speoimen

Number 318. Cast button cold-worked and H.T at

5000C - 200 hours - W.Q. Filings stre8s-relieved

at 300°C - 19 hours - JT.Q. Exhibits delta-phase

with resolved doublets. In oonjunotionwith

Figure 9G, shows the decrease in 80 with inaroasing

aluminum content.
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MICROSTRUCTUREL INVESTIGATION

The specimens used for microscopy were mounted

prefabricated lucite mounts with methyl-methaorylate

in

plastio

and faoed-off on a small lathe. The mounted specimens were

then polished through 4/0 emery paper and finish-polished

on a wheel using Gkmal oloth and Gamal alumina. This pro-

oeduro became less satisfactory as the percentage of plu-

toniumwas increased but was utilized over the entire range

of alloys.

The etohing procedure varied only slightly among alloys

containing between 20 and 100 atomic pert.emtaluminum, and

oonsisted of a swab etch with a solution of 2 to 3 percent

sodium hydroxide in water for periods ranging from 5 seconds

to 20 seoonds. For alloys containing less than 20 atomio

pmoent aluminum, an electrolytic etah, similar to that

which has been developed for pure plutonium, proved to be

superior to the sodium hydroxide etah. TIM electrolytic

etohing of these alloys required variations in current

density from alloy to alloy, but the electrolyte in all cases

was a solution of four per cent tetraphosphoricacid a~d

two porosmt glycerine in water. In several instances, ~

improvement in delineation of phases was obtained by fol-

lowing electrolfiic etching with a light mechanical polish,
.,..
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using Gamal alumina on a wheel covered with Gamal cloth.

This variation was used successfully on all alloys contain-

ing less than

Specimen8

treatment for

about 10 atomic percent aluminum.

in both the as-cast condition and after heat

200 hours at 500°C were examined microscopically.

Sinoe the heat treatment did not appreciably alter the struc-

ture in any case, the photomiorographs presented are of alloys
,,

in the as-cast condition, except Figures 32 through 35, which

for comparison show heat-treated structures.

The microstruotures of the alloys showed

of a eutectic composition at about 98 atomio

the existenoe

percent alumi-

num. The eutectio structure was shown to exist in all alloys

containing more than about 80 atomio percent aluminum.

Microhardness determinations indicated that the two phases

of the euteatio were substantially pure aluminum and a

relatively hard and brittle intermediate phase. Micro-

“struc:turesof alloys containing between 80 and 65 atomic

percent aluminum suggested the presence of three inter-

mediate phases containing about 80, 75, and 67 atomio per-

cent aluminum.

tbt the region

was a broad two

soli<isolution.

erratic resulte

From mioroscopio examination it appeared

between 67 and .15atomic percent aluminum

phase field composed of PuA12 plus delta

Miorohardness tests, however, yielded very

which indicated the possible presenoe of one

7 37’-
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or more additional phases. At no time were these suspected

phaseo observed microaoopiaally, but their postulated exist-

enae has been substantiated by the discovery, through x-ray

diffraction, of the phases P*1 and PU3A1.

Both hardness tests and mioroscopio examination have

~hown that, in alloys containing less than about 2 atomio

peroemt aluminum, two phases exist at room temperature

(delta solid”solution pluQ alpha plutonium).

The struoture exhibited in Figures 10 and 11 is typical

of a euteotic structure plus primary phase (aluminum). The alloy

shown in Figure 12 shows a nearly 10@ euteotic structure,

while Figure 13 exhibits a typical intermediate phase (PuA14)

plus euteotic struoture. Figures 15 and 16 indioate the

rapidly increasing amount of PuA14 up to the 80 atomic per-

oent aluminum alloy shown in Figures 17 and 18. Figures 19

through 23indioatean absence of euteotios between the inter-

mediate phases and thereby suggest peritectic reaotions.

Figures 24 through 29 show the steadily decreasing amount of

the PuAl~(@hite)ititermediatephase. Figure 30 indicates

that alloys containing approximately 10 @tomie peroent

aluminum aonsist largely of the delta solid

Figurm 31 shows a struoture consisting of a

delta solid solution and alpha plutonium.

-38-

solution, and

&ixtur@ of the

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



After photographing, the polished and etohed alloys

were given mi.orohardnesstests on a Tukon Miorohardness

Teste? using a Viokers type indenter. The results obtained

exhib:ltedconsiderable variation, but average values of the

harnesses of miorooonstituents are listed

Lineal analyses of amounts of phases

but wore found to be subjeot to suoh large

the results of no value.

TABIE III

in Table III.

were attempted,

errors as to make

Mioraclonstituent Nominal Cornosition
T

D.P.H.N.*
(At.% Al

Pure Aluminum

Eutecttio

PuAl~

PuA13

’12’

PuAl

PU3A1

Delta Solid Solution

Alpha Plutonium

100 17

98.3 48-62

80.0 500-525

75.0 400-450

66.7 500-600

50.0 100-150

25.0 ‘ 160-200

5.0-12.5 95-1oo

0.0 150-175

*Diamond Pyramid Hardness - 25-gram load on Viokers type
indenter in Tukon Miorohardness Tester.
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An attempt was made to develop a convenient and reason-

ably rapid technique for differentiating between pha8e8 of

differing plutonium content. Preliminary results were

gratifying and are illustrated in Figure 36 and Figure 37.

The teohnique, which is here called autoradiomiorography,

oonsists of making an autoradiograph by plaoing the frf38hly

polished metallographio speaimen in direot oontaat with a

photographic film of extremely fine grain, and subsequently

making a photomiorograph of the developed autoradiograph.

Figure 36, the autorridiomicrographof a 99 atomic per-

cent aluminum alloy, oan be oompared with Figure 10, the

photomicrograph of the same alloy. The autoradiomiorograph

shows that the plutonium atoms are concentrated in the

eutectio struoture. Figure 37 shows the degree of segrega-

tion of a 65 atomio percent alloy and should be oompared

with Figure 23. There seem to be three degrees of con-

centration of plutonium atoms shown, perhaps the result of

a sluggish reacrtion.

The above two autoradiomicrographswere nxidefor

Group CMR-5 by Group GMX-1.

-40-
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FIGURE 10. Speoimen Number 321a, 99 percent

aluminum, as east. Illustrates the aluminum-

PuA14 euteoti~ in the interstices of the pri-

mary aluminum dendrites. Swab-etohed in 2%

NaOH - 15-20 seoonds. khgnii’ioation100 diameters.

FIGURE 11. Speoimen Number 321a. Same as Figure 10,

exoept magnification is 500 diameters.
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FIGURE 12. Specimen Number 292a, 98.1 percent

altinum, as aast. Almost 10@ euteatic, with

small excess of PUA14. Swab-etohed in 2% NaOH

15-20 seoonda. Magnification 100 diameters.

*$,

FIGURE 1S. Speoimen Number 293a, 95.1 poroent

aluminum, ● s aaat. PuA14 in eutectio matrix.

Swab-etohed in 2XNaOH - 15-20 seoonds.

Magnification 100 diameters.
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FIGURE 14. Specimen Number 95.1 percent

aluminum, aa caat. Same as Figure 13 except

unetohed. Mechanically polished.

Mngnifioation 100 diameters.

FIXJRE 15. Specimen Number 294a, 85.6 percent

aluminum, as cast. PuA14 in matrix of euteotic.

Swab-etohed in 2% NaOH 15 to 20 seoonds.

Magnification 100 diameters.
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Figure 16. Speoimen Number 294a, 85.6 peroent aluminum,

as east. Same as

Clearly shows the

ameters.

Figure 15 exoept for higher magnification.

euteotio matrix. Hagnifioation 500 di-

Figure 17. Speoimen Number 312a, 80 percent aluminum

(ohemioal analysisx 82.4 per oent aluminum), as east.

Almost entirely PuA14 with little euteotio. Euteotio

easily resolved under polarized light. Blaok portions

are voids produoed in oasting. Swab-etohed in 2%liaOH

15-20 seoonds. Magnif’ioation500 diameters.
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FIGURE 38. Specimen Number 312a, 80 percent aluminum,

as cast. Same as Figure 17 except lower magnifioa+ion

and unetched. Does not resolve the small amount of

eutetio present. Magnification 250 diameters.

FIGURE 19. Speoimen Number 313a, 7’5percent aluminum

(ohemioal analysis* 77.1per eent aluminum), asoast.

Apparently the intermediate phase PuA13. Swab-etohed

in 2-3$ NaOR - 5 second8. Magnification 500 diametera.
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FIGURE 20. Speaimen Number 314a, 69.2 percent aluminum,

as east. ‘ho-constituent struoture, both constituents

appear to be oompounds (PuA13 and PuA12). Swab-etohed in

2 to 3 per oent NaOH - 5 seoonda. lkgnifiaation 250

diameters.

FIGURE 21. Speaimen Number 297a, 70 percent aluminum

(ohemioal analysis; 66.0 per sent aluminum), as cast. A

seoond constituent in tk interstices of’PuA12 dendrites.

Mechanically polished, unetohed. Magnification 100 diameters.
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FIGURE 22. Specimen Number 297a, 70 percent aluminum,

as cast. Same as Figure 21 except higher magnification.

Any fine structure of the gray constituent is not re-

solved, either with or without etching, or with polarized

light. kgnification 600 diameters.

FIGURE 23. Specimen Number 298a, 66 percent aluminum,

as east, Predominantlyan intermediate phase (p~lz).

Swab-etohed in 2-3 per oent NaOH - 5 seoonds.

Magnification 100 diameters.
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FIGURE 24. Speoimen Number 299a, 58.9 peroent aluminum,

as oa8t. Appears to be two phases (PM12 and deltm).

Meohani@lly polished, unetohed. Magnification 500 diameter8.

FIGURE 25. Speoimen Number 300a, 5!Jpercent aluminum,

aa oant. heohanioally polished, unetohed.

Magnification 500 diax.eters.
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FIGURE 26. SpeoiinenNumber 302a, 45 percent aluminum,

as east. Mechanically polished, unetched.

Mgnifioation 600 diameters.

I

FIGURE ~7. Specimen Number 304a, 35 peroent aluminum,

as east. Swab-etohed in 2$ NaOH 16-20 seoonds.

Magnification S00 diameters.
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FIGURE 23. SpeoixnenNumber 305a, 30 percent aluminum,

a~ 0a8t. Mechanically polished, unetohed.

Z.@gnifioation600 diameters.

FIGURE 23. Speoimen Wnber 307a, 20 peroent aluminum,

afjeast. JCeohanicallypolished,unetched. Magnification 500

diameters.
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FIGURE 30. Specimen Number 309a, 10 peroent aluminum,

as cast, Nearly 10Q% delta solid solution. Mechanically

polished, electrolyticallyetohed in 4$ tetraphosphorio

acid, and lightly repolished mechanically. Magnification

100 diameter8.

FIGURE 31. Specimen Number 318a, 1 percent aluminum,

a8 oa8t. Alpha plutonium in a delta solid solution

matrix. Electrolytically etohed in 4$ tetrapho8phoric

aoid and lightly repolished mechanically. Magnification

100 diameters.
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FIGURE 32. Specimen Number 292. 98.1 percent aluminum.

As cast and equilibration heat treated for 200 hours at

600°C and water quenahed. Essentially the same as Figure

12. Swab-etched in 2% NaOH. Magnification 250 diameters.

FIGURE 33. Speoimen Number 297. 70 percent aluminum.

As cast and equilibration heat treated for 238 hours at

500°C and water quenched. Essentially the same as Figure

21. Mechanically polished,unetched. Magnification 250

diameters.
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FIGURE 34. Speoimen Number 299. 58.9 percent aluminum,

aa cast and equilibration heat treated for 300 hours at

500°C and water quenched. Mechanically polished unetohed.

Compare with Figure 24. Wgnifiaation 250 diameters.

FIGURE 35. Speuimen Number 338. 12.6 percent aluminum,

as caat. Exhibits Viokers indentations indicating three

different hardne8se8. Eleatrolytiaally etched in 472

tetraphosphorioaoid. Magnification 6~ diameters.
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FIGT~E 36. Autoradiomiorograph of 3pecimen Number 321a,

93 percent aluminum. Shows the concentration of

plutonium in the eutectic structure. kgnification

25 diameters.

FIGURE 37. Autoradiomicrograph of Specimen Number 298a,

65 percent aluninum. Shows three levels of plutonium

content, presumably beoau8e of a sluggish reaotion and

non-equilibrium state. Magnification 25 diameters.
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MACHINING AND PLASTIC FORMING

A half-inch diameter cast rod of 90 atomic percent

aluminum alloy was found to have a machinability quite

superior to that of pure aluminum. In turning this rod

down to l/4-inch diameter in a lathe, it was found to have

about as good machining characteristics as gray cast iron.

Prior to equilibration heat treatments, attempts were

made to hand-forge the cast alloy buttons. Those contain-

ing high percentages of delta solid solution (2 to 20 atomio

percent aluminum) were found to be quite malleable and were

u
successfully cold-hammered into rectangular bars. Alloys

containing 98 and 99 atomic percent aluminum were aold-

forged successfully but with some difficulty. A 98.5 atomic

percent aluminum alloy was hot-extruded from a l/2-inch

cylinder to form l/4-inoh rod, but again the operation was

difficult, doubtless because of the strengthening effect of

the eutectia structure. Pure alyminum was extruded from

the same die at a temperature of 210°C under a pressure of

30,000 lbs. per square inch; but the 98.5 peroent aluminum

alloy required a temperature of 425°C and a load of 45,000

pounds per square inch. A second extrusion of the same

alloy performed at 485°C under a load of 50,000 pounds per

square inch yielded a rod of better appearance than the
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first. All three rods were prepared for use as thermal-

. conductivity speoimens.

The two 98.5 atomio peroent aluminum rods and the

pure aluminum rod were formed in an indirect extrusion-type

die hkving a tight-fitting plunger (olearanoe less than

0.0005 inch). A fourth l/4-inoh rod was formed from a 95

atomic percent aluminum alloy in a direct extrusion die

having a plunger 0.040-inch undersize. While this resulted

in the production of a 0.020-inoh thiokness of flash be-

tween plunger and die wall, it permitted this alloy oon-

tainiug approximately 28 volume percent PuA14 to be extruded

into a satisfactory thermal conductivity speaimen at a

temperature of 275°C, a pressure of 60,000 pounds per square

inoh, and a speed of 4 inches per minute. (approximately ten

times the maximum speed attained with pure aluminum in the

indireot extrusion die).

Attempts were made to press both 80 atomic prcent

and 70 atomic percent alloys at 485°C. Both were defi-

nitely brittle at this temperature and showed no evidenoe

of plastic deformation. A 45 atomic percent aluminum

alloy was pressed at 450°C and, though the alloy was quite

brittle at room temperature, it was found oapable of under-

going plastic deformation to a considerable extent at the

pressing temperature. An alloy containing 25 atomic percent
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aluminum was pressed at 4300C and evidenced definite

plastic deformability at this temperature. The 25 atomic

percent alloy was not eo workable as the 45 percent alloy

at elevated temperatures, and was just as brittle at room

temperature.

The 5, 10, and 15 atomic percent aluminum alloys were

rolled at room temperaturewith a reduction of between 75

and 90 peroent. The c~ld workability of these alloys is

excellent, though there was definite evidence of work .

hardening

From

between 2

50 atomio

in all instances.

these data, good cold workability can be expeoted

and 2(3atomic percent aluminum. Between 20 and

percent, it iS necessary to attain temperatures

in the region of 450°C before appreciable plastic deforms- “

tion can be expeoted. All alloys between SO and 90 atomio

percent aluminum were found to be brittle, and no plastio

deformabilitywas noted up to 485°C, the highest temperature

investigated. Alloys between 90 and 100 atomio percent

aluminum require temperatures above 250°C in order to be

easily worked, but they are sufficiently malleable at room

temperature to allow some deformation.
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CORROSION OBSERVATIONS

A systematic investigation of the oorrosion oharao-

teriatica of plutonium-aluminumalloys has not yet been

undertaken. However, in the course of other work, preliminary

observations of oorrosion behavior have been made. It has

been found that the polished surfaoes of metallographio

speoimens containing more than about 75 atomio peroent

aluminum will remain virtually untarnished for periods of

several weeks in laboratory atmosphere at room temperature.

With decreasing aluminum content, an increasing rate of
J

oxidation was observed, but this did not seem excessive in

any instance.
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THERMAL CONDUCTIVITIES

Although results of experimental measurements are not

yet available*, a few deductions may be tide regarding thermal

conduotivities to be expected for some plutonium-alwninum

compositions. The rule of mixtures should apply to the two-

phase alloys containing from 80 to 100 atomio peroent

aluminum. For example, since the solid volubility of plu-

tonium in aluminum has been found to be essentially zero,

the thermal conductivity of an alloy containing 91 atomic

percent aluminum (50 volume percent PuA14P 47 weight per-

oent plutonium) may be expected to be about half that of

pure aluminum, even if the thermal conductivity of PuA14

is aasumed to be zero.

The delta solid solutions, containing from 2 to 12.5

atomio percent aluminum, have the same close-paoked oubic

crystal structure as the delta phase of pure plutonium; and

throughout their .entirerange of aluminum oontent they

closely resemble delta plutonium in all suoh ‘good metallion

properties as bright metallic luster and good plastio

—.

*Since this report was written, preliminary measurements of
thermal conductivities have indicated that (1) the rule of
mixtures is olosely approximated for alloys in the 90 to
100 atomic percent aluminum range, and (2) the thermal
conductivity of the aluminum phase in these alloyfimust be
substantially the same as that of pure aluminum.
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deformability. It seems probable, therefore, that their

thermal oonduotivitiesmay be the same order of magnitude

as that of delta plutonium, which acoording to unpublished

data is about 0.02 oal/om2 seoflC/om at room temperature

(approximatelyone-third the thermal conduotivityof stain-

less steel). Compositions from 12.S to about 42 atomic per-

oent aluminum, as oastj would consist of PuA12 in 50 or more

volume percent of a delta-phase matrix~ and henoe by the

rule of mixtures should have at least half the thermal con-

ductivity of the 12.5 atomio percent alloy. However, these

compositions (12.5 to 42 peroent aluminum) may not be stable
I

againat thermal cycling (see discussions of PU3A1 and PuAl

above).

It appears, therefore, that alloys containing from

about 25 to 85 atomio percent aluminum would be composed

largely of brittle intermetallic oompounda and are almoat

oertain to be poor thermal conductors. While

could probably be sintered into compaats with

aluminum as a matrix to improve conductivity,

bility of these

‘only moderately

matrix by solid

powdered PuA12

powdered

the incompati-

phases makes it seem likely that, even at

high temperatures, loss of the aluminum

state reaotion would occur.
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SUMMARY

The data, deductions, and speculations set forth in

this report a;e presented graphically as a tentative phase

diagram in Figure 38.

Data whioh oan be considered as oorreat within the

degree of error of the investigative methods utilized fix

the following featuree of the diagram:

1. Essentially zero solid volubility of plutonium in

aluminum at all temperatures.

2. A eutectia reaotion at 98.3 atomio percent

aluminum and 647°C.

3. An intermediate phase of composition PuA12 having

the face-centered aubio orystal struoture of Cu2Mg and a.

equal to 7.280 kX.

4. A face-oentered cubio solid solution of aluminum

in delta-phase plutonium containing a maximum of 12.6 atomio

percent aluminum within the temperature range 300°C to 500°C.

Data of reasonable reliability, but which will be more

positively established by further work, postulate the following:

1. E%istenoe of an intermediate phase of oomplex orys-

tal struoture in the composition region PuA14.

?.. E%istenoe of an intermediate phase of oomplex crys-

tal structure in the composition region PuA13.
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3. Existenoe of an intermediate phase

orystal struoture in the composition region

4. Existenoe of an intermediate phase

of tetragonal

PuA1.

with a p6salbly

tetragonal struoture in the composition region Pu3A1.

5. Zero solid volubility of aluminum in the alpha,

beta, and gamma phases of plutonium.

6. A degree of similarity between the plutonium-

aluminum and uranium-aluminum phase diagrams.

7. A degree of simihrity between the plutonium-

aluminum and the rare-earth-aluminum phnse diagram.

~PeoulationB based

following:

1. Existenoe of a

phase PuA14 at elevated

2.

solution

3.

solution

4.

PuAl~ to

6.

PUA12 to

6.

Existenoe of a

on incomplete data ooncern the.

narrow homogeneity range for the

temperature0.

periteotoid reaotion, delta solid

plus PuA12 to form PuAlg at 586°C.

Existence of a periteotoid reaotions delta solid

plus PuA1 to form l?u3Al,at 560°C.

Existenoe of a peritectic

form PuA14, at 652°C.

Existenoe of a periteatio

form PuA13, at 726°C.

Estimation of the melting

about 1250°C.
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The delta-phase solid solution is highly workable,

both hot and oold, and has good casting properties. Alloys

containing large amounts of the intermediate phases PU3A1

and PuA1 are brittle at room temperature but oan be hot-

workgd at @bout 460°C. Alloys containing high percentages

of the phases PuA12, PuA13 and puA14 are brittle at room

temperature and exhibit no plasticity at or below 486°C,

the maximum heating temperature utilized. Castabilities of

alloys containing from 45 to 90 atomio peroent aluminum are

poor. Alloye

oan be easily

age cavitiea.

containing from 90 to 100 peroent aluminum

cast, but care must be taken to avoid shrink-

These alloys can be oold-worked to only a

slight degree, but oan be hot-formed at temperatures above

2509C. The 90 to 100 peroent compositions have a machin-

ability superior to that of pure aluminum.

“Visualobservations indioate tlmt plutonium-aluminum

alloys are reasonably resistant to atmospheric oorrosion in

all compositions and that the alloys containing more than 75

atomic percent aluminum possess such resistance to a high

degree.

It seems reasonable to expeot that, with respect to

order of magnitude of thermal oonductivities, 2 to 20 atomio

percent aluminum alloys will resemble stainless steel, 25

to 85 atomia peroent aluminum alloys will be ohara~teristio
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of brittle intermetallio phases, and 90 to 100 atomio per-

cent compositionswill not be greatly different from pure

aluminum.
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I
APPENDIX 1

ANALYSES OF PLUTONIUM AND ALUMINUM MELTING STOCKS

SpectrochemioalAnalysis of Plutonium Remelt Stook RZ-16
as Determined by GrouD CMR-1

Element PPm

c 120

Na 6

M 14

Al 8

Si 15

Ca 3

Ti ND*

v ND*

Element PPm

(k 2

Ml 50

Fe 61

Ni Zo

Cu 15

Mo ND*

Ag 1

Ia 16

Pb 16

Chemical Analysis of High-Purity Aluminum - Lot Number
6-94007-2, as Reported by the Aluminum Cbmpany of!America

Element Weight ~,

Al 99.9968

Si 0.0011

Fe 0.0006

Cu 0.0004

& 0.0007

Na o●0004

*Not detected.
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APPENDIX 11

DEBHI PATTERN DATA FOR THE INTERMEDIATE PHASES OF THE PLUTONIUM-
9 ALUMINUM SYSTEM

PuA12; a. z 7.820kX

Cu-K-Alpha Radiation

Ml1ler Interplanar
Indices Spaoing

111 4.450
220 2.740
311 2.341
400 1.944
331 1.786
422 1.s90
611,333 1.500
440 1.379
531 1.318
ii2&~ 1.231
533al 1.189
“44421 1.124
711,511al 1.093
642al 1●044
731,563al 1.016
800 al 0.976
733al 0.964
822,6GOa1 0.921
761,555(i1 0.902
840al 9.874
911,753al 0.858
911,753a2 0.858
664 al 0.833
664a2 0.833
931al 0..819
931 q 0.819
844 c1 0.798
844 a~ 0.798
933,771,765al 0.786
933.,771,755u2 0.786

0.0299
0.0789
0.1080
0.1567
0.1856
0.2342
0.2633
0.3115
0.3409
0.3897
0.4179
0.4678
0.4949
0.6424
0.5719
0.6199
0.6489
0.6972
0.7257
0.7744
0.8036
0.8071
0.8516
0.9560
0.8799
0.8847
0.9279
0.9328
0.9668
0.9620

Intensity

5U

Ins

ms
m
mw
m
m
m
m
ma
m
w
m
m
m
w
w
m
m
m
m
m
m
m
m
m
ms
m
ms
m
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