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Abstract

The homogenizationbehavior of cast gallium-stabilized delta

plutonium was investigated and characterizedby metallographic and

electron microprobe techniques. Approximate diffusion data for gallium

in delta plutonium were calculated from parameters of the hanogenization

process. For ccanparison,the hanogenizationbehavior of rolled,

relatively impure gallium-stabilized delta plutonium was investigated.

The effects of heat treatment in the epsilon temperature region and

cooling through the delta-plus-epsilon field were also investigated.
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Introduction

This study was undertaken to determine the homogenization

characteristics of cored delta plutonium. The coring or micro-

inhcmogeneitiesare caused by segregation of the gallium when the

casting is cooled through the liquid-plus-epsilon and the delta-plus-

epsilon regions. The areas that are lean in gallium can be plutonium

allotropes other than delta, or delta that is unstable to mechanical

or themal t~atment.

Experimental

The specimens used in the major

a cylindrical casting that contained

Procedures

part of this work wen taken fran

1.00 w/o gallium and 1.05 w/o

gslliumby anslysis in its top

analysis of the alloy is given

The casting waa sectioned

and bottan, ?x?spectively. A chemical

in the Appendix.

into specimens weighing approximately

2 grams. The specimens were then

silica capsules evacuated to 10-5

a specific time at one or more of

individually sealed within vitreous

torr. Each specimen was anneshd for

the following temperatums: 425, 500,

525, and625 *2”C. All the spechnens were quenched in water frcsnthe

snnealing temperature with the capsule not being broken except in

several instances with the 625°cseries.
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After the heat treatment and quench, the specimens we~ mounted

in polyester plastic, metallographicslly polished, electrochemicaUy

*
etched, exsmined and photographed, ad finslly analyzed with an electron

microprobe. The microprobe was able to provide a point-by-point quanti-

tative anslysis for gallium. The standard deviation of an individual

analysis by the microprobe was 0.05 w/o gallium. The actusl scatter

in the microprobe data was larger due to a sampling prcblem. The

operator could not always hit the highest or lowest gsllium concentration

points in the cores, nor did the section taken always intersect the

highest or lowest concentration points.

Results

Description of Starting Material. —

The typical.cored microstructure in the cast specimens is illustrated

in Figure 1. The islsmds are high and the valleys are lean in gallium.

The results of the microprobe analysis indicate that the maximum gallium

content in the cores is 1.50 w/o, while the gallium content in the lean

regions ranges as low as 0.10 w/o.

Homogenization and Diffusion of Relatively Pure Cast Alloy.

Annealed at 425°C. Figures 2 through 7 are representative photanicro-

.graphsof the progressive homogenization of this alloy at 425°C. It is

*
The etching techniques are applicable to other delta alloys and will

be reported later.
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clear from the figures that the degree of coring decreased as the

gallium diffused frcm the high to low concentration areas with increase

in smnealing time.

The microprobe results fran the same series of specimens are

plotted in Figure 8. These results slso illustrate the progress of

homogenization of this alloy at 425°C.

Annealed at 500”C. The next nine photcznicrcgraphs(Figures 9 through

17) and the microprobe results plotted in Figure 18 illustrate the

faster progress of homogenization at 500°C than at 425”C.

Annealed at 525”C. The next set of photomicrographs (Figures 19 through

26) plus the microprobe results plotted in Figure 27 illustrate the even

faster homogenization of delta plutonium at 525°C than at 500”C. In

addition considerable grain growth occurred at 525°C but was not

observed at 425 or 500”C.

Approximate Diffusion Data. From the photomicrographs snd microprobe

data the times for homogenization at the different annealing tempera-

tures were estimated and plotted as log vs l/T. The slope gave an

activation energy of j58kcal/g atan for the diffusion of gallium in

delta plutonium.

Using the core size as measured on the photxxnicrcgraphs,the start-

ing high and low gallium concentrations, and the concentrations at some

intermediate time, the following relationship for gallium diffusion in

delta plutonium was found to fit the calculated D values:

11



It should be emphasized that, although these vsLues are reasonable,

they are only approximate because of the number of asswnptions involved.

Homogenization of Relatively Impure Rolled Alloy.

Anne&Led at 500”C. Scme 1 w/o gallium-stabilizeddeltawlutonium sheet,

as rolled to 37.5 per cent reduction, was obtained for canparison with

the purer materisl. A chemical analysis of the rolled material is

tabulated in the Appendix. The experimental procedures were identical

with those used on the purer alloy. However, this series was annesled

at only 500”C.

A set of photomicrcgraphs (Figures

microstructure of the starting material

annesling. After the first hour little

28 through 33) illustrates the

and the appa~nt effect of the

change was &served. This may

have been due to disruption, by the impurity phase or phases, of the

etchant’s nonna.1sensitivity to gsllium concentration.

The microprobe results plotted in Figure 34, if we ignore the lW

concentration level, show that this alloy hcxnogenizesin 14 hours in

contrast with a value of 60 hours for the purer material.

The relative stability of the low-level concentrations may result

frcm the presence, at the snnealing temperatuz=, of a liquid impurity

phase that has a low volubility for gallium. However, the large amount

of impurity in these areas may cause absorption and fluorescence effects

12



which would influence the accuracy of the microprobe results.

Effects of High Temperature Annealing of Relatively Pure Cast Alloy.

tie~ed at 6250c. A series of the relatively pure alloy specimens was

annealed at 625°c in the epsilon phase region. The next set of photo-

micrographs illustrates the resultant microstructums (Figures 35

through 42). There was little or no change with time. The microprobe

results plotted in Figure 43 indicate essentially the same behavior.

Another specimen was annealed at 525°C for 89 hours to homogenize

it and then was further annealed at 625°cfor 25 hours. The resulting

microstructure is shown in Figures 44 and 45 and the microprobe results

are similar to those plotted in Figure 43. The results am the s~e as

were obtained for those specimens which were annealed only at 625”c.

This indicates that the epsilon-to-delta transformation is responsible

for the microsegregation found in the 625°cannesling series.

Effect of Cooling Rate on Co= Size.

Seversl specimens were cooled from 625°cat the following

*
estimated rates:

Furnace cool 2.sO/min

Air cool 320/rein

Intact capsule quench > 100°/min

Broken

The next four photomicrographs

It !*
=-> looO/min

(Figures 46 through 49) illustrate the

*
For comparison, the cooling rate of the cast alloy was 9.5°C/min
(see Figure 1).

,
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resulting core

Figure 43. It

the core size,

size. The microprobe results are similar to those in

is apparent that the faster the coolin~ rate the smsller

though the degree

remains approximately the same.

capsules were broken under water

of coring with respect to cmnposition

However, if, during quenching,the

the specimens were cooled fast enough

to partislly suppress the coring.

Summary

1. Cored delta plutonium in the

h(xnogenizedin the following

relatively pure

minimum times:

500 hours at 425°C

60 hours at 500”c

16 hours at 525°C

2. The following approximate diffusion equation

alloy was

was calculated:

3. A relatively impure alloy, rolled to 37.5 per cent reduction

took 14 hours to become homogenized at

areas are igno~d.

4. Cooling of 1 w/o gsllium alloy through

field produces a substantial smount of

500”C, if the impurity

the epsilon-plus-delta

microsegregation.



Figure 1. Microstructure of caat 1 w/o gd.lium-stabi.lized delta
plutonium. 500 X

Figure 2.
plutonium

Microstructure of ca8t 1 wjo
annealed for 1 hour at 425”C.

gallium-stab ilized delta
500 x
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Figure 3. Microstructure of caat 1 w/o gadli.um-stabilized delta
plutanium annesled for 8 hours at 425“C. 500 X
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Figure 4. Microstructure of cast 1 w/o gallium-st~ilized delta
plutonium annealed for 24 hours at 425“C. 500 X
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Figure 5. Microstructure d? cast 1 w/o gsllium-stabilized delta
plutonium annealed for 50 hours at 425°C. 500 X

Figure 6. Microstructure of cast 1 w/o gal.lium-stabilizd delta
plutonium annesled for 120 hours at 425°C. 500 X
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Figure 7. MicrostructUxY? of csst 1 w/o gaUiixn-sttibilized delta
plutcmium snnealed for 504 hours at 425°C. 500 X
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Figure 8. High and low gallium concentration levels found in specimens
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Figure 9. Microstructure of cast 1 w/o gallium-stabilized delta
plutonium annealed for 1 hour at 500°C. 500 x

Figure 10. Microstructure of cast 1 w/o gallium-stabilized delta
plutonium annealed for 2 hours at 500°C. 500 X
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Figure 11. Microstructure of cast 1 w/o gallium-stabilized delta
plutonium annealed for 8 hours at 500°C. 500 X
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Figure 12. Microstructure of csst
plutonium annealed for 16 hours at

1 w/o gsllium-stabilized delta
500”C. 100 x

Fi~ 13. Same as Figure 12. 500 X
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Figure 14. Microstructm of cast 1 w/o gslLim-stabilized delta
plutonium annesled for 50 hours at 500‘C. 100 X

Figure 15. Ssme ss Figure 14. 500 X
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Figure 16. Microstructure of cast 1 w/o gallium-stabilized delta
plutonium annesled for 248 hours at 500°C. 100 X

Figure 17. Same ss Figure 16. 500 X
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Figure 19. Microstructum2 of cast 1 w/o gsllium-stabilized delta
plutcmium annealed for 1 hour at 525‘C. 500 X

E

Figure 20. Microstructure af cast 1 w/o gallium-stabilized delta
plutonium snnealed for 2 hours at 525“C. 500 X

26



Fig- 21. Microstructure of cast 1 w/o gsllium-stsbilized delta
plutonium annesled for 4 hours at 525“C. 100 X

Figure 22. Same ssmple as Figure 21. ~00 X
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Figure23. Microstructure of cast 1 w/o gallium-stabilized delta
plutonium annesled for 8 hours at 525°C. 100 X

i

Figure
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24. Same specimen ss Figure 23. 500 X
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Figure 25. Microstruc-ture of cast 1 w/o g&12ium-stabilized delta
plulxmium annealed for 24 hours at S2S”C. 100 X

Figure 26. Same specimen as Figure 25. 500 x
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Figu 29. Microstructure of rolled xelati.vely impure 1 w/o gallium-
stabilized delta plutonium annealed for 1 hour at 500“C. 500 X
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Figure 30. Microstructure of rolled relatively imp- 1 w/o geJ.lium-
stabilized delta plutonium annealed for 6 hours at 500‘C. 500 X

Figurs 31. Microstructure of rolled relatively impure 1 w/o gsJJ.ium-
stabflized delta plutonium annesled for lb hours at 500‘C. 500 X
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Figure 32. Microstructure of rolled relatively impure 1 w/o gsllium-
stabilized delta plutonium annealed for 53 hours at 500‘C. 500 X

Figure 33. Microstructure of rolled nlatively impure 1 w/o gallium-
stmhilized delta plutonium annealed for 150 hours at 500‘C. 500 X
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Figure 35. Microstructure of cast 1 w/o gallium-stabilized delta
plutonium annealed for 1 hour at 625”c. 500 x

Figure 36. Microstructure of cast 1 w/o gallium-st~ilized delta
plutonium annealed for 4 hours at 625”c. 500 X
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Figure 37. Microstructureof cast1 w/o gallium-stabilized delta
plutonium snnealed for 16 hours at 625°c. 5CCIX

Figure ~. Microstructure= of cast 1 w/o gtiium-stabilized delta
plutonium snnealed for 24 hours at 625”c. 500 X



Figure 39. Microstructu of cast 1 w/o gsJlium-stabilized delta
plutonim sm.nealedfor 50 hours at 625”c. 500 x

Figure 4.0. lficrostruct~ of cast 1 w/o gallium-stabilized delta
plutonium annealed for 120 hours at 625°c. 5(x)x
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Figure 41. Microstructure aE’csst 1 w/o gslt.ium-stabilized delta
plutmiun annealed for 250 hours at 625“c. 500 x

Fig- 42. Microstructure of cast 1 w/o gallium-stabilizeddelta
plutonium annesled for ~0 hours at 625°c. 500 X
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Figure ~. Microstructure uf cast 1 w/o gallium-stabilized delta
plutonium annealed for 89 homw at 525“C end sn additional 25 hours
at 625°c. mo x

Figure 45. Ssme specinenas Figure~. 500 X
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Figure k6 . Microstructm of cast 1 w/o gallium-stabilized delta
@utonium anne~ed for@+ ho~ S.t625 ‘C ~d furnace cooled through
the epsilon-to-delta transfomuation. 500 X

Figure 47. Microstructureof cast1 w/o gallium-stsbilizeddelta
plutoniumannealedfor @+ hours at 625‘C and air cooledthrowzh the
epsilon-to-delta transformation . 500 x

--––_——-
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Figure 48. Microstructure of cast 1 v/o
plutonium annealed at 6250C for 50 hours
the capsule unbroken. 500 x

gallium-stabilized delta
and quenched in water with

Figure 49. Microstructure of cast 1 w/o gallium-stabilized delta.
plutonium annealed at 625°c for 90 hours and quenched with the capsile
broken under water. 500 X
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APPENDIX

Chemical analysis results for the two types of alloy material

used. The zesultsare m?ported as p??nexcept as noted.

Element

Al

B

Be

Bi

c

Ca

co

Cr

Cu

F

Fe

m

Ia

Li

m

Mn

Mo

Na

Ni

R)

Si

Sn

‘I%

Th

u

w

Ztl

Pure Alloy

15

< 0.5

< 0.1
<1

30
10

< 10

<5
<2

<2

20

1.00 w/o

< 10

< 0.2

< 10

<2

<1

< 10

< 10

< 10

< 10

<1

< 35

< 15

<30

28

< 10

43

Impure Alloy

90

< 0.5
< 0.1
< 1

ljo
< 10
< 10

75
25

< 2

270

0.99 w/o

< 10

< 0.2

10

10

4.5

< 10

150

5
45

2

< 35

< 15

60

< 2.5

< 10


