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ABSTRACT

A number of delta-stabilized plutonium-gallium alloys were sub-

jected to pressures as high as 11,000 atm at 24”c. Transformation

pressures and volumes, compressibilities$ densities, and harnesses of

these alloys were determined as a function of composition, and the

effect of gallium content on the stability of’delta plutonium was

studied and related to the plutonium-gallium
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The first studies of the effect of pressure on pure plutonium and

plutoniun alkys were made by Bridgman in 1945.1 Iiisdata on pure plu-

tonium have been recently declassified and published.2 In 1956 Hughes3

made some studies on two delta-stabilized plutonium-gallium alloys.

Hughest results showed that an alloy containing 3.4 a/o ga~ium under-

went an almost completely reversible transformation between 8500 and

9000 atm and that an alloy containing 1.7 a/o gallium uderwent an ir-

re”rersibletransformation at approximately 4700 atm.

/
It was hoped that a more detailed investigation of the eff.ct of

pressure on the delta-stabilized alloys might provide an explanation for

the anomalous expansion behavior of the high-temperature delta phase in

pu:replutonium. Although such an explanation was not obtained, some

interesting correlations between the high-pressure studies and the binary

phase diagrams were observed.

To supplement Hughess data, several more

and several other binary plutonium alloys were

plutonium-gallium alloys

investigated. The re-

su:Ltsof the current investigation on plutonium-rich alloys containing

copper, zinc, cadmium, aluminum, iridium,germanium, tin, and cerium have

4
been reported elsewhere. The results of the investigation of the plu-

tonium-gallium alloys are reported below.

Delta-phase plutonium can be easily retained tc room temperature

by a proper combination of alloying and heat treatment. Alloys of this

/

7
.
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to as delta-stabilized alloys} although the

delta phase in many such alloys is actually metastable and will trans-

form to a more stable phase or combination of phases when the alloy is

thermally treated or compressed. In the limited range of our apparatus

(maximum pressure 11,000 atm), some of the alloys that were studied were

found to transform under compression although others did not. The trans-

formation pressures and volumes, compressibilities,densities, and harn-

esses of the alloys have been determined and plotted as a function of

alloy composition.

APPARATUS AND TECHNIQUES

Alloy ingots were prepared by vacuum-melting and vacuum-casting

weighed amounts of the component metals in an induction furnace. The

cast ingots were about 1/2 in. in dismeter and 1-3/4 in. long. These

ingots were homogenized at 450”C for at least 200 hours> air-quenched

to room temperature, and then machined to form right cylinders that were

0.434 in. in diameter and from 1.5 to 1.7 in. long. All alloy compo-

sitions given in this report are nominal.

All the alloys were subjected to metallographic and X-ray exami-

nations before and after compression. Density measurements were also

*
nade before end after co~lpression. ‘l?’nesetests were necessary because

several alloys were found to be cored or otherwise inhomogeneous as a

*
Precision of density measurements is 0.03 gm/cm3.
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kti”fike~t”time at the heat-treatment temper:

given further heat treatment for an additional

2CI() to @j hours.

The alloys were compressed in the simple piston and cylinder

device shown in Fig. 1. The stationary piston was placed in one end of

the high-pressure cylinder, and the specimen, glycerine, and movable

piston were inserted at the opposite end in that order. The assembly

was then fitted into the guide and protecting cylinder, and dial indi-

cators were attached to the movable piston holder and guide.

the

was

The assembled apparatus is shown in Fig. 2. Force was applied to

movable piston by means of a 50-ton press. A Baldwin SR-4 load cell

used to measure the load, and the equipment was calibrated for

pressure measurements at the solidification points of mercury, 8850 atm

and 7.5eC.* The dial indicators located on opposite sides of the high-

-pressurecylinder made it possible to measure the linear displacement of

the movable piston. Vol&e changes in the s’pecimen,however, could not

be obtained directly from the dial-indicator readings because the glycer-

ine compressed, the cylinder expanded, and the pistons shortened under

pressure. The data were corrected for the compression of the glycerine

using values published by Bridgman,5 and for the dimensional changes

the cylinder and pistons using calculations based on elastic theory.

The volume measurements determined with this apparatus are estimated

*
Accuracy of pressure measurements
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be accurate to 10 per cent of the”t~lti~f;>orie~:
:0
This estimate of the

accuracy is based on the results obtained with a pure aluminum standard.

All measurements were taken at 24”c.

RESULTS

The results of these compression studies are summarized in Table I.

The compression curves of six plutonium-gallium alloys are shown in

Fig. 3. It may be noted that the alloy containing 1.7 a/o gallium under-

went an irreversible transformation (similar to that reported by

Hughes3), and that the transformation in alloys having higher gallium

content tended to become more reversible with increasing gallium content;

i.e., the extent of reversibility increased. These irreversible trans-

formations have been found to result from the change of detestable

delta plutonium into alpha, or alpha plus a small amount of beta, with

some untransformed delta usually remaining after compression. The

amount of the delta phase remaining after compression increases with

increasing gallium content. These data are in agreement with the re-

suits reported earlier by Hughes.5 Figure 4 shows the variation of the

transformation pressure and volurr.eof transformation as a function of

composition. The intersection of the transformation-pressurecurve with

the composition axis at about 0.6 a/o gallium indicates that this compo-

sition represents the minimum smount of gallium that is required to

retain delta phase to room temperature under the heat-treatment ccndi-
.

tions that were used. This interpretation has been verified for the

plutonium-aluminum
4

alloys.

12
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Fig. 3. Compression Curves of Six Plutonium-Gallium Alloys
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Figure 5 shows the densities }? %%”~flo~s”fi~o~tedagainst their

gallium content. The intersection of the after-compression curves at

~.O a/o gallium is interpreted to mean that all alloys containing less

than 4.0 a/o ga~ium are metastable and should be expected to undergo

some transformation reversibility, and that alloys containing more than

4.0 a/o gallium should be thermodynamically stable at room temperature

and should undergo a completely reversible delta-to-alpha transformation.

Although transformationswere not observed for alloys containing more

than 3.75 a/o gallium (probably because of the pressure limitation of the

apparatus), the above interpretation is believed to be correct because

the plutonium-cerium alloys that were studied showed complete reversi-

bility at cerium compositions greater than that indicated at the

intersection of the after-compression density curves.
4

The compressibilities and harnesses of the gallium alloys before

and after compression are shown in Fig. 60 The amount of gallium appears

to have little or no effect on the compressibility of the delta phase

over the composition range for which measurements were taken. It should

be noted that the compressibilittes are believed to be accurate to

1.0 x 10-6 -1atm . The after-compressionhardness is seen to decrease

rapidly with increasing gallium content until the composition of about

3.5 a/o gallium 1s attained. For alloys containing more than this

amount of ga~ium only slight hardness changes occurred. The 3.5 a/o

value is seen to agree reasonably welJ with the value obtained from the
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frcinthe density curves is the more reliable.

The effects of cycling and of pressure on

l-lNc~SSl~jE~

Without doubt, the value

the derisitiesof some of

the alloys are shown in Fig. 7. For the 2.5 a/o gallium alloy the density

is seen to increase linearly to a certain point as the number of cycles

is increased. Beyond that point the densityj for all practical purposes}

remains constante For the 3.5 a/o gallium alloy, the cycling experiment

was not continued long enough to find the leveling-off point. Figure 7

also shows that the density increases with increased pressure. However,

above some certain but undetermined pressure the increase in density would

be expected to reach a maximum ad then remain constant. The increase

in density with increasing pressure indicates that the transformation

becomes more irreversible as the pressure increases. It is expected

that cycling and pressure would have no effect on alloys containing more

than 4.0 a/o gallium. If this were not true, then the transformation in

these alloys would not be truly reversible.

DISCUSSION

Some interesting correlations can be inferred from these studies.

If the alloy composition indicated at the intersection of the density

curves (~.O a/o gallium) as shown in Fig. 5 can be assumed not to change

with pressure, then this composition should indicate a point lying on

the delta/delta-plus-alphaSOIVUS line (at room temperature and pressure)

for the plutonium-galliumphase diagram. This value (4.0 a/o gallium)
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agrees reasonably well”kt~”the V&l@#”ofY5.0 + 2.0 a/o gallium, which

was obtained by ectrapol.stingX-ray and density data from 200 to 250”C

to room temperature in a study of the plutonium-gallium system. A ten-

tative plutonium-galliumphase diagram is shown in Fig. 8 (Ref. 6).

One of the authors (K.A.G.) has calculated that, at elevated

temperature, delta plutonium will transform to either the gamma or the

del,ta-primephase at 1300 atm; i.e., at pressures greater than 1300 atm

no delta phase can be formed regardless of the temperature. As mentioned

earlier, the delt~~phase in alloys containing

will transform reversibly to alpha plutonium.

bring about this reversible transformation in

more than 4.0 a/o gallium

The pressures required to

alloys containing 4.0 a~o

gallium must be at least 9900 atm, and for greater gallium content the

pressure will be accordingly higher. Thus the addition of gallium to

plutonium has the effect of extending the delta-field

which is similar to the effect produced by gallium in

delta-field temperature-wise (see Fig. 8).

-.

pressure-wise,

extending the
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