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ABSTRACT

Six elements--aluminum, gallium, germanium, silicon, thallium
and indium--were found to stabilize the soft, high temperature phase
(delta) of plutonium, Of these, gallium conferred complete stability
down to the temperature of liquid air, and the percentage required was

low enough to permit nuclear applications.
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Properties of Plutonium Alloys
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When plutonium waes being produced on only a small scale in the
early days of its history, the metal exhibited an erratic behavior. For
example, the densities .of metal specimens subjected to similar treatments
gave widely ditfferent densities. A density as low as 15.8 grams per cc
was occasionally obtained, wheréas it was known that the density of a,
the phase stable aE room temperature, had a density of 19.6 or more.
Pure o was hard and brittle, but the low density metal was soft and mal-
leable. It was apparent that some impurity or impurities occasionally
present were stabilizing some soft, low density, high temperature form-at
room temperature. It was lgter learned that this was the § phase and was
normally stable only in the temperature range 300-470°C.

As time passed, 1t became necessary to develop a well stabl-
lized § phase alloy. Pure metal had to be pressed around 2350°C in the y
fleld of stability, as neither a'nor 6 metal wes malleable enough. A
contraction from y to £ and 4 to a was encountered in each pressing
cooled from 250°C to room temperature. The contraction in thg B ~a
transformation alone was about 11% in volpme. This frequently led to
distortion and‘cracking. A & phase alloy which would undergo no trans-
formation on cooling thus had obvious advantages so far as fabrication
was concerned. A stabilized low density alloy was also desired for cer-
tain nuclear experiments. |

A search was therefore begun for one or more elements which,

when alloyed with plutonium, would stebilize the § phase at room tempera-
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It was recognized at the outset that two types of stability of
the § phase &t room temperature were possible:

A - Stabllity in which the transformation temperatures
were so altered by the alloying elements that the § phase would be the
thermodynamically stable phase at room temperature.

! B ~ Stablliyy in which.rates of transformation were so
slowed by the alloying elements that the § phase could be super-coocled to
room temperature and there be retained for weeks or even months without
transforming to & phase of higher density. '

It was hoped that type A stability would be found, but it was
recognized that type B stability was more likely in view of the eatly re-
sults 1n'which the § phase was partially stabilized by impurities.

In the early period of the search for a stable § phase alloy,
plutonium was very scarce, and it was not possible to investigate each
element independently. Instead, alloys were made which contained as many
as four intentionally added alloying elements. Discrimination was used
in choosing combinations of elements which would be unlikely to interfere
with each other. Certain elements which were considered more promising
than others were alloyed individually with plutonium. The as-cast den-
sities were determined for all the alloys. Usually the alloys were then
annealed in vacuum at 400°C, cooled rapidly, and thelr demsities re~,
determined.

Alloys in which both the as-cast and annesaled densities were

greater than 18.0 were not considered at all promising. Alloys which had

S
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the ability of stabilizing the 5 phase generally showed as-cast densities
well beiow 18.0, and the annealed densities were substantially lower than
the as-cast denelties.

Table I reveals that six elements were found which stabilized
the § phase to some degree: aluminum, gallium, germenium, silicon,

thallium, and indium. In all cases, type B stability only was observed.

Aluminum Alloys
The first element found which had a atablilizing effect on the

3 phase was aluminum. Alloys from 2% aluminum®* to 4% aluminum were
studied. Alloys with 14% or more aluminum could be readily stabiliized as
3 metal (see Fig. 1). The § phase was stable at as low & temperature as
..+«769C. The metal was gquite soft at room temperature and could evenike
hammered into a foil. These alloys showed practically no change in
length on heating. The percentage change in length from room temperature

15 shown in the following table, and the dTlatometric curves are shown in -

Fig. 2.

Percentage Change in Length from Room Temperature

To Various Temperatures

Temp. Range 2% Al. alloy 3%1A1 alloy 4% Al alloy
25° to 3009C -.005% +.009% +.069%
259 to 380 -.022 +,007 +.070
25° 1o 400 ~.055 ~-.080 +.070 .
26° to 450 T -.160 - +.052
259 to 550 ‘ -.242 e -.0186 ,

* All percentagéi:f&? é}l&éé'ggégé;omic.

X
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Densities of Alloys
Densities
After
Nominal After Holding
Sample Composi tion As Cast 4000¢ in Ice
No. in atomic Anneal Water
58577 -1 14 Gallium 16.67 cale. 15.80
5857F -2 " 16,98 " 15,80
5857p-1 2% callium 16.23 15.82
5857P-2 » 16,27 15,79
. 5764L-1 3% callium 15.93 15,75
5764L-2 " © 16,01 15.66
7057B-1 33% Gallium 15.92 cale. 15,70
5057B-2 " 15.89 " 15.70
© 7083A-1 44, Gallium 15 .77 calc. 15.70
7083A-2 " 15.74 " 15.70
5557K 14 si, Ge, Sn, Pb 16,47 16.32 17.00
5408.2A1A 4% Aluminum 17.58 17.25,  17.45
5498 AlA 14 Aluminum 16,92 16,76 16.90
5536F 124 Aluminum 16.55 16.05 16.30
- 5783D 14% Aluminum 16.72 -——
f' 57838 124 Aluminum 16,74 15.74
55368 24, Aluminum 16.01 15.80 15.98
5664G " 16.47 15.60
S5664E 34 Aluminum l16.18 15.57
56640 4% Aluminum 15.93 15.59
5596K 14 Silicon 16.82 16.63
5664L 2,24 silicon 16.94 15.73
56640 3.3% Silicon 15.79 15,49
56647 4% Silicon 15.89 15.44
5764H-1 1/3% Al, 13% si 16.48 15.65
5764H~2 o % AL, 16.89 . 15.81
5789G 3% A1, 1% si 16.06 15.77
| 5789H " 16,18 15.84
57647-1 3/4% Al, 1% Si 16.94 15.87
57647-2 " 16.75 15.85
5764E-1 2% Germanium 17.85 calc. 17.80
5764E-2 " 17.89 ————
7170E-1 3% Thallium 17.06 —
7170E-2 " 17.16 16.64

5857T &% Indium _ | 16.80 calc. 16.80




APPROVED FOR PUBLI C RELEASE
. ° !

o 0o ==
o P o -'b!gABﬁB'I, contd.

Densities of Alloys

Densities
After
Nominal After Holding
Sample composition As Cast 400°¢ in Ice
No. in atomic ¢ Anneal water
5415-254 . 14 Uranium 18.65 18.46
5857-R1 44 Uranium 19.37 ———-
5857-R2 " 19.35 ———-
5857-L1 8% Uranium 19.10 ———-
5857-12 " 19.06 —-———
5764 ~-N1 154 Uranium 18.0 -—
5764-N2 " 17.95 17.99
5857-N1 25% Uranium 18.07 —_——
5857-N2 " 18.07 ———
5437 -MnA 14, Manganese 18.46 18.69
5465-Co,Ni 14 Co, 1% Ni 18.12 18.40
5465-71,V 14, 71, Vv, Cr, Mo, Zr 18.73 18.67
5465-FeA 1% Fe 18.38 18.44
‘ 5529-A 1% Li 18.42 18.84
' 5529-p 1% Ru, Rh, Pd 18.55 18.61
N 5529-1 14 Pt, Ir 18.93 18.95
5557 -F 19, ¢ 19.12 19.11 19.11
5557-G 19, Th 19.28 19.2¢ ° 19.28
, 5557-1 1%, Mg, Zn, cd 18.74 18.76 18.92
X 5596 -§ 1% cu, Ag, Au 18.88 18.82 18.75
5596-G 1% 1a, Ce, W 18.81 18.76 18.86
5596~1 14 Ta 19.21 19,06
5415-3Ba0 Be 19.16 ————
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This is probably the smallest linear expansion for such a
..... \

On annealing the 1% aluminum alloy gave a density of about
16.8 instead of 15.7 to 15.8, the density of the 3 phasp. This density
and 8. Dilatometric studies hpwe conclusively shown that this is an
erronecus explanation. In the case of this alloy and of all other par-
tially stebilized alloys, the results have been identicsl. The presence
of small inflections in dilatometric gurves at the transformation tem-
peratures of o, 8, and v indicates that a certain fraction of 3 phase
has been stabilized and the remainder has transformed all the way to a,
so that a partislly stabilized alloy at room tsmperapute is composed
primarily of the 3 and a phases. However, in some cases when such &
partially stabllized alloy is heated into the 8 field and he}d for some
time, the S formed from the a is stabllized sc that when the alloy le
then cooled to room temperature, it consists of the § and 5 pheses with
substantially no a or 7.

A partially stabilized alloy, such as & 1% aluminum alloy,
!bén ﬂﬁ =B A~ andy~3 transfomtim on heating in a dile-
tometer. The transformations occur at sboxt }hp same temperatures as
for pure metal.

The only. thing very unusual about them is that the o -~ ¢
transformation appears to be more sluggish as it takes place over &

wider temperature range. The true equilibrium temperatures of the

»
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transformations have not been determined for these alloys. The dilato-
meter data indicate, however, that they have not been radically shifted
by the alloying contenta. This indicates that only type B stability is
involved in these alloys.

After much work had been done on aluminum alloys, the toler-
ance on aluminum content for other reasons was get at about 0.76% alum~
inum, which elimin;;ed thege alloys from further consideration as 14%

aluminum was needed to stabilize §.

Silicon Alloys

Alloy 5557K which contained 1% each of Si, Ge, Su, and Pb gave.
an as-cast density of 16.47 and an annealed density of 16.32. It was
apparent that one or more of the four elements wes partdelly stabilizing
the § phase. Silicon and germanium were later alloyed individually with
plutonium, and both turned out to be effective. The silicon was the
more effective of the two. Tin and lead have not been tried as yet.

Four alloys from 1 to 4% silicon were investigated. Alloys of
2% or more suppressed the transformation of § to a to room temperature,
and consequently these alloys looked very good for a while as the toler-
ance for silicon was twice as great as for aluminum. However, when the
stability of the alloys below room temperature was investigated, it was
found that they partially transformed to a between‘?0°c and 10°C (see

Fig. &).

Combination Aluminum and Silicon Alloys

Combination aluminum and ailicon alloys were tried in the hope

that one might be found ﬁhigh wgukp be'within the composition tolerance

APPROVED ﬁOR PUBLIC RELEASE
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limits and yet be as stable as the li% aluminum alloy.

The alloys tried were 1/3% Al, 14% Si; 2% Al, 1% Bi; and 3/4%
Al, 1% Si. These three alloys behaved alike. The § phase was stabi-
lized down to room temperature, but in none of them was the § phase
stable down to ~75°C. They all transformed between -20°C and -60°C de—‘
pending on the length of anneal and on the rate of coéiing.

. These alloys might have proven satisfactory, but ﬁt ebout the
same time the 3% gallium alloy was developed and proved to be much

better.

Germanium Alloys

Only one germanium alloy was tried, a 2% alloy. It was not
very good. The 5 phase began to transform at about 100°C after anneal-
ing and ended up with the same as..the as-cast density.

It is possible that a germanium alloy could have been found
which would have been satisfactory, as the tolerance was higher than for
silicon. However, it seemed unlikely coneidering the relatively high

density after annealing.

Gallium Alloys

Gellium alloys looked good right from the first test. The as~
cast densities were particularly good. Whereas it took 4% aluminum,
which was way over tolerance for aluminum, to bring the as-caat'denaity
of its alloys down to 16.0, it took only 3% gallium, which, on the other
hand, was way under its tolerance. Also, even 1% gallium stabiliized the

-** 8 phase to below ropm.Lampethqu.r.This alloy transformed at -20%C.
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Alloys with 2% or more gallidm:dﬁd hot.irjneéeim even after being held
at -759C for three days (Fig. 41},
The expansion coefficient of the § phase did not appear to be

greatly influenced by the gallium content as shown in the following

table.

Alloy Expension Coefficient Average Value of Exp. Coeff.
x 1076 (5 phase) x 1076 25 10 4009

1% Ge .9 in/in/°C .9

2% Ga -9.0 -9.0

3% Ga 1.4, 2.0, 4.0 2.5

3% Ga 3.2, .9 2.0

4% Ga 4.0, 2.0 3.0

These values were determined in the range from room tempera-
ture to 400°C. The apparent expansion coefficient of the § phase for
pure metal in the range 350 to 450°C is -20 x 10~6,.

The & phase was stabilized in gallium alloys by annealing at
410°C for 16 hours. After such a trestment, the alloys were stable at
any temperature down to -75°C, excepting the 1% gallium alloy which be-
gan to transform at about -20°C. The 2% and 3% gallium alloys were
found to be stable in liquid nitrogen at -195°C. The others were not
tested at this extremely low temperature.

A § phaese alloy once stabilized was partially converted to a
higher density form by the application of extreme pressures; usually
greater than 100,000 psi at room temperature or 8t dry ice temperatures.
Once an alloy wes partiaslly converted to a by pressure, it could usually

be further converted to a by extended low temperature treatments, pref-

“PTe Y YY) o000 eop o0
[ ] [ 3 (L4 (4 [

erably liquid nitrogen
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APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

(e}
N/ - 3

4

| T
/r w \
\ -

Y
°8
A -
<
=
2
f L2
o

. {
o <
\ | 5 2
\ ‘ m4.%
S0,
) B HFE
1 - W >
: 2 O
Ww O

\ |a"
%)
e
—
(VU]
p
\ S
B <
—
o

/ //[
o ~ R PR e P 5
N < Lo o 0
wmzm?? £ 00 h.ﬁ#mo

APPROVED _nnHN _ucw_u_ C RELEASE




APPROVED FOR PUBLI C RELEASE

g

A gseries of tests on 18 samplee of the 34% gallium alloy was
conducted to establish the stability of this alloy. A complete des-

cription of methods and results is given in Appendix I.

Indium and Thallium Alloys *

Inasmuch as gallium suppressed the transformation of the §
phase to o, it whs felt'that the other members of its family, indium and
thallium, might also, so they were tried out. Both were found to be

effective but neither proved to be as good as gallium. '

Uranium Alloys

Uranium was tried out in much higher concentrations than the
other elements, for had it proved effective, Uz:55 could have been used
as the alloying metal. Consequently there would have been no inert
material added.

In the cese of uranium, & very definite shift in the trans-

formation temperatures occurred. This is shown in the following table

for pure metal, 4% U alloy, and 6%k U alloy.

Transformations Pure Metal 4% U Alloy 8% U Alloy
! a—8 127-147°C 122-160°C 120-154°C
‘ . B=v : 218-228 271-292 286,298
| y =8 302-338 465-480 495- 7

5~ .« 470-496 ? ?

APPROVED FOR PUBLI C RELEASE

- ___________________________________________________________
p—




APPROVED FOR PUBLI C RELEASE

.21§é= .*

The 15% U and 25% U alloys showed only one transformation at
280~-330°C and 295-350°C respectively. It was not clear which transfor-
mation this was, but it appeared to be the 8 - v. In any event; the
higher temperature phase was readily supercobled to room temperature.

One rather remarkable fact relative to the transformations in
uranium alloys was that where the y ; 8 reaction occurred it was rever-

gible with practically no hysteresis.
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Appendix I
STABILITY TESTS ON GALLIUM ALLOYS OF PLUTONIUM

]
A series of tests was conducted on 18 samples of 3% Ga con-

tent to determine the range of density stability of the alloy.

A comprehensive outline of the various tests and their results
as to density will be seen in Table I.

The only significant changes in density, of the order of 0.2
g/cc, were accomplished by applying high pressures of 100,000 to 200,000
pounds per square inch at temperatures of 24°C to -60°C. It is peculiar
thas two of the six samples, all supposedly identical, subjected to high
pressure, did not change in density by 0.2 g/cc until pressed at 200,000
pounds per square inch at -50°C, while the oiher four specimens chinged
in density by 0.2 g/cc under less severe conditions.

The important result of the tests is found in the unchanging
densities of those samples given liquid air treatment, a 48 hour test at
-180°C. One must believe, for all practical purposes, that this alloy
is in a well-stabilized delta form.

For the high temperature annealing, the samples were sesled in
evacuated glass tubes which, in turn, were enclosed in appropriate metal
containers. These were placed in small controlled temperature resis-
tance furnaces and drying ovens. For the 410°C anneal, the metal con-
tainer consisted merely of a single copper cylinder closed at both ends
with copper discs with a step fit, hoiding one glass tube at a time.

For the 709C and 100°C anqga}gJ thg Tetal containers were aluminum cy-

® ° o6y o0
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lindrical boxes 4" in diaﬁeter. The bottoms of these boxes weres 34"
thick and were drilled to accommodate four glass tubes simultaneously.
A thermocouple well was drilled inta these aluminum boxea, and the tem—
perature inside was continuously controlled.

For the low temperature anneals, the specimens were placed in
glass bottles covered with screw caps and sealed in paraffin. One set
was meintained at 0°C by placing the bottles in a Dewar flask filled
with cracked ice, and the others were held at -50°C in a Dewar flask
filled with dry ice.

All the specimens were from 2] to 26 grams each, and each wes
stamped with its individual number. If, during the course of the test,
any sample appeared to accumulate too excessive a coating of oxide, it
was removed electrolytically.

All densities were determined by immersion in bramobenzens.

8ince the plutonium samples were thermally active, a tempera-
ture-density chart for bromobenzene was made by weighing a plumb bob of
known volume in the liquld at various temperatures. The density of each
plutonium sample was then calculated for the temperature of the liquid

at the time the weight of the immersed sample wes recorded.

l
|
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17 hr. ! 1C,0C0

t
4 nr, 176,0CC 48 hr. 48 hr., 17€,00C / 20C,0C0 48 hr.

Sample As 17 hr, 100,0CC 17 nr.
No. Cast 410°% ! 450°C | psi, psi, 450°% | lig. psi, P lig, -50°¢  opsi, psi, -£09¢C
* : 249¢ 24°C air 240¢ | air to dry ice dry ice- to
©+ =180°C -180°c 70°c  -50%  -50°%C  7¢o¢C
3 cyclic cycliz
7083-3 #1 15,88 15,71 Yetal eant to recovery after =elting in die
2 16.1% 15,74 " 15,79 15,77. Held at 70°C for 40 da;s--no change
2 15.87 15.68 16.79 115,76 Held st 10C°C for 76 days~=-no cnange
4 15.9C 15,72 15,77 115,74 Yeld at QOC for 27 davs, 250°C for 2 days--nc change
5 15,87 1£,65 15.72 ﬁ15.70 Eeld at -50°C for 77 ds:;s--no changs
> 6 15.86 15,72 15,87 15,72 .72
) 7092-A %7 15,31 15,72 15,72 1,72 [eld at 24°C for %2 days--no changs
- 15,83 15,76 15,74 15.75  Held at 70°C for 40 days--no change Lo, tee
5:"": o'e %o 9 15,82 1E.75 15.75 15.7¢  Eeld at 100°C for 40 days--no caange ee o oo
i soee o oo 16 15,78 E==$8 16,74 15,74 15.74 Held at 0°C for 27 days, 3C0°C for 2 days--nc cuange Cecees °°
U %0 eesees 11 15,99 15,75 15,77 16.7€ FHeld at -50°C for 27 ds s--nn change .
T vees eees 12 15,58 15.7€ 15,77 15.76 Zeld at 1£0°C for 17 hours--n> change seeges e
%-. oo 17 15.80 15,76 15,75 15,75 1£,7¢ 15,77 15.7€ 15,81 16.02 iela at 2497 fof
csceoe o ° : ° 25 d!y:rrn“: C}:.
o o geecer 14 15,84 15,71 15,72 15,84 15.85 1€.0% Leld at 100°C for "7 dsys--no change seseee oo
% eeses osseees 15 15.84 15,70 15,70 15,71 15,71 15,77 15.77 15.93 Eeld st -500C fos 7 dn e e
™ “eeeee o ° o . ~-nd change esvcee .
e e eesess 16 15,77 15,66 16,74 15,92 15,94 Held at 70°C for 40 days--no change ®eese’ ‘ee'
Ofene® *eeee® 17 15.82 15.65 15,67 15,72 15.71  15.75 15.7€ 15,84 15427 15.95
F-H 18 16.01 15,72 15,76 15,97 15.9%  Held at C°C for 7?5 da s--no change
L
5
m 70583-8 - .”1/2,’.' Ga. alloy 7092-A - 7 Ca slloy *All firurss are densitiss in
“Anslysis® Ca - 10,2C0 ppm “Enalvsis® B - 0.7 ppm c/cc, accurac, within C.C5 ;/cc.
= Si - €23C Li- Npco.ss
= Li - §D¢1.2 Be- #D<o.17
E Be - HD<C.12 Na- 8.5
Ne - &10 - &-
rpe ve - § M; .8
1;4’2 Al - 25 Bl 136
=y K - ND<42 K - ;DX 170 .
@ Ca - & Co- 5./
e Ba- ND<17? i
la- ~¥o2<1L?

Ce - ND K 12,
Mo - ND ¢ 20.0
&a- J|o,®e0

e«
i 3
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