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The graphite-centrifuge mothed was investigated as a possible msans of
reducing plutoniwm compounds to metal. Satisfactory reductions up to the one-gram
scale with excellent yislds of metal were obtained. Preliminary work with uranium
as a stand-in for plutonium proved unsatisfactory from the sbtondpoint of reduction
of plutonium, although excollenﬁ mothods wore developed for the reduction of
uranium.

This report covers studies mado of the types of halides of urenium end
plutonium, of various reducing agents and their effects on reduction snd quality
of metel produced, and of time-tomperature conditions that were most suitable.
Approximatoly 300 roductions were made with the graphite centrifuge to study these
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THE PREPARATION OF PLUTONIUN METAL ON THE ONE-GRAM SCALE
!' -

BY MEANS OF THE GRAPHITE CENTRIFUGE = .  # £ : % i »

During the development of this project, quantities of Pu?39 pecame
available in amounts varying between microgrems in the begimning to grams at pre~
aent,/and with antiocipeted quantities of hundreds of grams for production. Since
the plutonium was desired in the metallic state, research was begun on the prob-
lem of preparing coherent slugs of metal on the one-gram soale using uranium as a
stand~in. This report concerns the work which led to the preparation of one-grem

quantities of plutonium by means of the graphite centrifuge.

The Use of Centrifqggl Force to A3id in the Collection of MNetal on a Small Scale

The reduction of uranium or plutonium halides by alkall or alkaline earth
metals ia of the thermite type. It is well known thet the yield in a single large
mass, and the quality of metal produced in such reactions, improve as tho soale of
operation ies inoreased. The reasons for this improvement are that on the larger
scale surface-to-volume ratio is less for the metal product, and the balance of the
heat capacity of charge and product vs. that of liner and bomb is more favorable
for good yields. Information obtained from the literature eand preliminary experi~'
ments on the one-gram~scale preparation of uranium showed immediately that it was
relatively easy to prepare finely divided metal, but very difficult to obtain the
metal in the form of well consolidated buttons. One method whioh succeeded in
causing the reduced metal to form in a consolidated mass was that which employed
centrifugal force to throw down the molten metal into the tip of a cone during the
reduction. This was accomplished by placing the reaotion“mixture’in a cone-shaped

refractory liner which was sealed inside a steel bomb. The bomb was then pleced
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in en all-graphite centrifuge which was heated rapidly to e high temperature while
rotating. As the reduction took placo, the metal was thrown togethsr in the tip
of the refractory liner, tlus producing a good yisld of coherent metal. Applica-

ajiibdon of thig aplmigue has given suocessful reductions even.on the 50-milligrem. .

scale.

Desoription and Operation of the Graphite Centrifuge

The apparatus oconsisted of a praphite rotor, six inches in diameter,
rotated inside a high-freguenoy coil by mesns of & modified drill-press assembly.
The rotor was construoted with four slote, 90° apart to hold tie steel bombs which
oonteined the refractory liner with reastants; four reductions could be made
simltaneously. When less thaﬁ four reductions were made at one tims, the rotor
was balenced with "dwmmy" bombs. The losded bombs were packed into the rotor with
HgO,vwhich prevented attack on the stee at high temperatures by the graphite.

Fig. 1 shows the manner of sassembly of the bomb and rotor. The charge
of halide plus reducing agent, shown on the paper at the left, was placed into the
cone=shaped crucible of Be0 with the haiide on top covering the reducing agent.
The crucible, after having been covered wit! & lid of MgD, was placed inside the
steel bomb which was then sealed by welding. After the bombe had been packed

‘ tightiy in the graphite rotor with MgO, the loaded rotor was placed inside a high-
frequency so0il. Rotary motion from the drill press was conveysd Lo the rotor by a
slot-and-pin connector device. This cm Ie seen in Figs. 2 and 3.

Rapid induction heating of the rotor was obtained from & 50 KW, 3000

oycle, 400 volt generator (Westinghouse). The rotor was.rotatod at & spead of 900

rpm which developed a centrifugal foroe about 50 times that of gravity. In the
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early experimonts on uranium the temperature of the rotogf;&;};;ié;d-£02£§66;£400°
C in about five minutes and this temparature was maintained for five to ten minutes.
Later it was found better to maintain the high temperature for only one or two
minutes. For plutonium a temperature of 1100° ¢ for three minutes proved most
satisfactory. After shutting off the genorator, rotation 7as continued until the
temporature of the rotor reached at least 400-500° C. The bombs, after being
cooled to room témperature, were sawed open at the top and the contentrc removed.
The amount of slag covering the metal depsnded upon the porosity of the refraotory
liner. Fig. 4 is a longitudinal cross seotion of a bomb which has boen fired in
the graphite centrifuge. This particular specimen is far from the best, but it
clearly showe the layer of slag on top of tho button of uranium metal, which is
located in the tip of the cruoible. Also to be observed in this spscimen are the
particles of metal (black spongy deposit) olinging to the nppar part of the cone.
When this occourred, low yields were obtained. Not shown in Fig. 4 is the second
auxiliary or retainer 1id noted in Fig. 3. For reductions of PuClg it was noces~
sary to interpose a 1id of NaCl betwoen the Mg0 and the charge in order to prevent
metal from stioking to the 1id of MgO. This often happoned in the reductions of
PuClz, in which the mctal was violently thrown about at the time of the reaction.
The 1id of NaCl was s0lid at the time of the reaction, but melted as the tempera-
ture of the rotor was raised; any metal which was thrown up to the lid of NaCl
fell baok into tho crucible and combined with the major portion of Pu when the lid
of NaCl molted. Whethsr or not the slag was absorbe& by the walls of the refrac-
tory oruoible depended upen the nature of the refractory and the chemical ocomposi-
tion of the slag. In general, chloride slags were more strongly absorbed than

others. The best refractory liners for this work were made of highly vitrified
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BsO. The cone-shaped piece of metal showm on the paper at the right side of Fig.

1l i5 an exemple of the product from a typiocal reductioﬁ@—!:.f,
e & ¥

AT
Because of the rotation during an actual run it was impossible to moa-~
sure the temperature of the inside of ths bomb. Therefore, it was essential to
know the difference or lag in temperature between the inside of the bomb and the -
rim of the rotor, the tempsrature of which ocould be measured during rotation.
Stationary runs wore made in which the temperature inside the bomb was observed
with an optical pyromoter through a small hole drilled into the center. Table I
gives the data obtained which correlated the temparature of the inside of the

steel bomb with the temperature of the hottest part (rim) of the rotor.

TABIE 1

Relation between Tempsrature Inside Steel Bomb and Temperature of Graphite Rotor.
(Rotor not Rotating)

Time Temp. of Temp. of Remarks
Hottest Part Inside Tip of
of Rotor Steel Bomb
og °¢
1:52.0 25 25 Generator kept at 38-40 KW until
: 1:55.75 when it was turned down to
25 XN
53.0 1050 acoe
54.0 1200 dark red
. 5 1340 -anmo
55.0 coax 1000
25 1400 -
- 50 - - h 1110
. 75 1460 oo )
56-0 L ndnled 1225 2, ’ oo
'5 1405 - w o . : . o i -
57.0 . 1270 UNCLASS'HED
L 5 1415 C-T- 2 -Y-3
-75 bttt 130.(}: oo: . :o : o!. ...
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Time Temp. of Temp. of Remarks
Hottest Fart Inside Tip of
. of Rotor Steel Bomb PR T L
o 00 f * -

58.0 it 13256

.33 1420 oo

-50 —eoa 1325

.75 1400 LT

«33 ——oo ~coe generator turned off. Readings

teken very repidly from here to end
of run.

«66 1250 1300
€0.0 1150 1225

«5 1065 1165
61.0 1000 1100
62 950 1000
83 890 950

From this data "best" time-temperature conditions for actual operation were do-

cided upon.

Two temperatures of the rotor were recorded during a run, (a) the

hottest portion of the rim, and (b) the temperaturs of the body which was taken

at approximately the center of the outer surface of the steel bomb. Table II

gives data for typical runs of (a) uranium and (b) plutonium.
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TABLE II. Timo-Temperature Date for Typical -Reductions

(a) Uranium (1.32 g of UFy, 0.32 g of Iz, 0.50 g of Ca)

Timo Temp. of Temp. of Power Supplied
Rim of Rotor Body of Rotor EW
11:32 Converter turned on oot 40
32.5 1026 cooe 39
33 1170 945 38
33.5 12€0 1050 38
34 1300 1140 34
4.5 12856 1185 34
35 1295 1200 36
35.5 1350 1250 31
36 1345 1265 31
36.5 1360 1290 31
37 1380 1305 29
37.5 1376 1325 27
38 1380 1320 29
38.5 1395 1350 off
A SN R SRR KT A e
(b) Plutonium (1.45 g PuClz, 110 mg of Li)

3:24 Converter turned on 40
24.5 870 so~ 40
25 1135 930 38
25.5 1230 1000 30
26 1230 1080 20
26.5 1250 1100 10
27 1110 1085 20
27.5 1125 1075 22
28 1160 1100 17
28.5 1165 1100 17
29 1155 1100 18
29.5 1160 1120 14
30 1155 1115 14
30.25 off

The Uss of the Graphite Centrifuge on the 50-milligram Scale

Thréo modifications of the above teclnique were used to carry out reduce

tions on the 50-milligram scale. The first modification empldyo& a similar centri-

fuge, but one which was ebout 1/3 the size of that used for the one-gram soale.

The speed of rotation, however, was increased to obtain a oeﬁtrifugal force aqual



APPROVED FOR PUBLI C RELEASE

g g

UNCLASSIFIED

to that used on the large scale. This miniature rotor;dsvibe was soon abandoned
in preference to an sdaptation of the larger rotor assembly: the ong~-gran-scele
steel bombs were drilled out to reveive & smaller steel;bgmb into which was placed
the 50-milligram-scsle refractory liner agp;dhﬁrgo.;.rhhi there resulted a doubly
scaled bomb which provided added protuctibﬁ‘in tho carly sxperiments with pluto-
niun when least was known about its behavior.

The third modification, which was the most satisfactory, for carrying
our 50-milligram reductions consisted of placing the small charge in the tip of
the one-gram-ecoale ocnes. Immediately above the charge was placed a small.lid
which effectively made a small crucible out of the large ocne. In nearly all reduc-
tions of plutonium, either on the 50-milligram or one-gram scale, the air inside
the bomb was displaced with argon before the 1lid was welded on.

The reaction mixture for the ocna-gram soale consisted of enough halide
to produce one gram of metal, plus one of the reduocing agents, Ca, Ba, Li, etc.
When iodine was used, it was added in the ratio of one mole of Ié per 3 moles of

halide. Enough reducing agent was added to give an over-all excess of about 20

percent by weight.

Results;

A. TUranium and Other Stand~ins

1) Approximately 250 reductions were mede using uranium halides and
various reducing agents. UF, reduced with Ca plus I, as a "booster" always pro-
duced brittle metal which contained considerable amounts of entrapped slag and a
high content of iron. Yields obtained were about 90-104 percent, the 104 percent

caused by slag trapped inside the metal. The probable funotion of the iodine
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"booster" in reductions of UFy was to form Calz (MP 5756° C) which lowered the

melting point of the slag of pure CaFz (1360° C).

UF, reduced with Li, on the other hand, gave very malleable (indicating
good purity) metal with yields of about 94-99 percent end with much lower slag md
iron content. When Li was used, it was not necessary to add I "boéster" beocause
of the lower melting point of the LiF slag compar’sd to %hﬂt of CaFy.

2) UFz was successfully recgoéd' with Li.

3) UClz was successfully reduced with Ca, Ba, ~ca.r Ti.

4) A nixture of UF4 plus MnFz was successfully reduced with Li or Ca.

5) A mixture of UClzy plus MnCly was successfully reduced with Na, Ca,
or Li.

In the latter two combinetions, about 5 percent by wt. of resulting Mn
metal in the alloy was used because tho melting point of this alioy is betwsen 700
and 800° C, thus more closely approximating the melting point of Pu (630° C) than
that of pure U (11309 ¢). This permitted the use of lower operating temperatures,
thereby better simuleting the conditions for the reduction of plutonium. Table III
gives a summary of a fow of the reductions of uranium.

6) RdClz was successfully reduced with Ca.

7) CeClz was succesafully reduced with Ca.

8) laClg was successfully reduced with Li.

9) MnFz was successfully reduced with Li.

The last four reductions were carried out in order to determine the
"versatility" of the graphite centrifu;é. The centrifuge msthod is much less
sensitive to small variations which may cause complete failure when the stationary

bomb method is used. It should be pointed ocut again that reduction of oompounds

' UNCMSS}HW
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TABLE III. Reduction ol Uranium Halides in the Grophite Csntrifuge

oy

Run Wt. Compound Reduc-  Refrac- Temp. Timoe Button Character of button
Metal tant tory % min yield
ng °
8a 1000 TUF, Ca(+Ip) BeO 13257 L& 104.5 Metal brittle, but of good appearance.
84 1000 UFy Ca(+Ip) BeO 1325 L& 92.5 ietal brittle, but of geod appearance.
2 9a 1000 U¥, Ca(+I;) BeO 13257 8% 101.5 Metal brittle, but of good appearance.
LY, gb 1000 UF), Ca(rIz) BeO 1325%¥ 85 99.5 (Considerable slag with metal.
5 9c 1000 UFy, Ca(+Ip) BeO 1325°¢ &% 103,5 Excellent button.
m 9d 1000 TUF), Ca(+Ip) BeO 1325% 8z 100,2 Brittle button, but of good appesrance.
§.... L***820 1000. UFh Ca{+I2) BeO 1325 i 9.0 Smell leak in bomb; metal was good. o o oece
* )24 1000 UF, Ca{+Io) BeO 1325 7 90.5 lLarge lesk in bomb; metal was poor im  ‘ee” ¢ ‘ee
é:;:: :o:.o: ) charaoter. °..°'E E..
W S Sesess - : sesose oo
Resess  $°**15a 2000 UPy, Ca(+Iz} ThO2 1325+ 6% 90.5 Good button, very well forfind. *:
J.ooe 3,100 1000 UF, Ca(+Ip) Bed 1325t 6% 100.8 Pxcellent button. PP ®ieesl °°
#:..8 3eew2dn 1000 UOp+ UF),  Ca(+Ip) BeO 1325 6  101,0 Fairly good button with miSh dark slag. 3°°3°% °°%
et 2% _ ’ ‘ {7t sesces o
I_gn“" * 28d 2000 UF& i BsO '1350"' 2 99,7 Excellent button, very maileable. ."Q oo
= 3la 1000 UF5 Li BeO 1400 1 99.7 Excellent button, very mi—lqable. §
:Z: . ) ‘“i e
-y lia 1000 UF, Li Be0 oo 1 97.7 Excellent button, very mallsable. =,
o L 1000 UFy, Li Be0=Ca0 1400 3 97.3 Exceilent button, very malleable. Cn
Yy Lhe 1000 UFy Li Be0-Ca0 1400 1%  98.8 Excellent button, very malleable, ;-;
| ¥ g
swerrt Sha 1000 UClsz Ba Be0 1375 1 96.5 Well formed, but poroue metal. :F:
"’Il 5 1000 uciz Ca Bed 1375 1 9.5 Well formed, but dense metsl. =
<¥ 55¢ 1000 UF, Ba Beo 1,00 1% 85.8 Slag not well separated from metal .

=31}l-

ASV3 T34 O IdNd d04 d3aNodddv



d4Qd4 d3aNodddv

sscee

[ ]
eocee
e
e
[[ecocee
o o

TABLE III. (Continued)

URCLASSIFIED

Run W®t. Compound Reduo~  Refrac- Temp. Time Button Character of button
Metal tant tory % min yield :
mg
62s 1000  UCly Na BeO 1275t 2 63 Bad button because rotor broke during run.
69b 1000 UF)+MoFp L4 BeO 1000 L2 9 Good metal, very malleable.
768 1000 UFh't- MnFo 51 Be0=Ca0 2100 L 9 Poorly formed button of alloy, brittle.
.82 13000 UClztMuCly Li B0 100 2% 98 Excellently formed button, o,
2iHh 50 uR, Ca(+Ip) Beo 1300 L2 o Excellemt button =~ C feendd
'35 50w, Li(+Iz) Beo oo 1 o Excellent button. P
:o:.oo S :.ooo:
EooooE 5 ~1 :oo:o:
: .ol. Rl 4 * ¢
" o
-
-—— e
=
w.ﬂ
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of uranium and other metals was carried out rathor extensively to develop the
technique for operating the centrifuge, and because gram quantities of plutonium

wore not available. When suffioient quantitiep of plutqéium wores made availablo,

{«’.‘i 'j.tﬁ

.

it was soon learned that uranium wad. not a sutisfaotory aubstxtute or stend-in for
plutonium. (Baker found that the bost stand-in for Pu, from the metallurgical
standpoint, was Cs. It was not until Pu was actuelly used, however, that signifi-

cant progress was made.)

B. Plutonium

1) 50-milligram-scale reduction:

The first attempts to prepare Pu metal at Site Y were on the 50-milli-
gram scale in the graphite centrifuge. It was first proved with U as a stand-in
that reduction on such & scale was possible. Best results were obtained by using
1i to reduce eithor PuFz or PuClz. This scale of redustion proved particularly
valuable for testing techniques, and to check ths quality of larger amounts of
halide before use. If should be emphasized again that the smaller the scale of
operation, the more magnified are the inherent difficulties of a reduotion of this
type. Therofore, in Table IV, s yisld greater than 50 percent should be considered

excellent, a yield of 97 percent, remarkable.

2) One-gram reductions:

The first one~gram (930 mg) reduction of plutonium in the centrifuge was
carried out at a timo when the belief stil) persisted that plutonium was similar
in properties to uranium. Thorefore high temperatures (1300~14000 C) were employed
in the reduction of the PuFz with Li, resulting in only a 56 percent yleld of metal.

Fig. 5 shows this motal button as it camo out of the bomb--the first piecs of pluto-

nium metal ever produced whicly was 'gargor-than-&ofsw microgrems.

ses o3e oot ..m
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TABLE IV. Contrifuge Method - 50-mg Scale ' Q
— ORCLASSIFIE
Run Wt. Metal, Compound Reductant Refractory Temp. Time, Button Character of Button
mg ‘ °% min  Yield
%
1333 50 PuF3 Ce (+In) BeO . 1300 5 =~---- Black cokey mass.
1355b 50 PuF5 Li (+Ip) BeO 1350~ 3 Lo Small button, hardness 9l;. Micro
showed 2 phases. MP about 1050°11?
2607 60 PuCl Ca BeO 1100 137 ---=-=  No so0lid metal.
3 (0.13% 02) No solid metal
§608 50 PuF), from Li Be0 1100 33 S — Metal brittle, but of good appearance.
m Pu0s
W)
519 eeeeel50 PuClz Li BeO» 1100 2 9l Malleable. Excellent button, demsiiy &°°
gedes Selaeet (0.L6% 02) 15.0. o e s
-U [ [ [ :....: :
Soel; seeee250 "o L1 BeO» 1000 2 =-=-== Black cokey mass.. cveses oo
E L J [ : [ ]
(365 efesesp " " Li Ca0 1100 2t ————— Black cokey mass.’ Secnel 3
&Y ¢ ..°50 moom sr BeO# 1100 2f  o-ce-=  Some bright, brittle metal.  : + ¢ ..%
. s, ® T ’ 00000 L ]
61la 50 " " Ba BeO#* 1100 2 eee-~= Black cokoy mass. Toess® ‘oo
m . aeted
1625a 50 PuClz new 11 BeO» 1100 2t 70 Bright metal. 7Yield reduced by rotor
' failure, denaij:&]ﬂ‘.o;
1663b 50 mooon 14 N 1200 3 ceece=  Black cokey mass,
16630 50 - " Ce UN 1100 3 w-ceee  Black cokey ms?;.
1659 50 " " 14 Ta 1100 25" 90(est) Metal produced, “bit mostly stuck to
erucible.
UNCLASSIFIER
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TABLE IV (cont'd)
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Run Wt. Metal, Compound Reductant Refractory Temp. Time, Button ) Cheracter of Button
mg ¢ min  Yield
z
1632 50 PuF) from Li BeOs 1100 1% 86 2 small buttons of good motal.
Pu0,
1662a 50 " L1 BeO» 1000 3% 68 Poorly formed button.
1659 100 noow Ca (+12) BeO» 1100 2% ‘wmme-=  Blaok cokey mass.
16590 50 LA K BeO» 1100 2% c==ece Black ocokey mass.
».¥el.- 7% porosity fRotor broke Seeses 3°°
—-—— o
T
v
UNCLASSIF) >
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Subsequent information on the melting point, obtained both from experi-
ments here and at Chioago, showed that lower temperatures of reduction ip}e edvis-
able. It was found that reduction could bte carried out at 1000° €, but ?haq 11000
C gave best results. Table V lists all of the reductiﬁ&ix'nsﬁ%e: }g;t;w fgxg‘&'h&{, e
centrifuge on plutonium on a scale greater than 50 mg. PFig. § shows a group of 4

buttons of plutonium metal produced in the graphite centrifuge.

Conclusion:

During the time that reductions were being carrisd out in the graphite
centrifuge, Baker developed the technique for reducing U, and Pu in the stationary
bomb on the one-gram scale. Such a method, once proper conditions for the reduc~
tion had been determined, was casier to carry out, less time consuming, and in
general gave & more pure product. The centrifuge method on the one-gram scale has,
however, to dete given slightly higher yields. Tho stationary msthod has now dis-

placed tho graphite centrifuge. Neverthslsas, the centrifuge served its purpose

UNCLASSIELED

at a time when it was needed most.
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TABLE V -- Reduotion on l-gram Scale b Y
URCLASSIEIEN

Run Nt. Cam- Redue- Refrac- Temp, Time Button Button Remarks
Metal pound tant tory °c min. Yield Density
mg %

Wbba 930 PuF}, L BeO» 1350° 12 min. 56A 17.7 Slightly malleable button. Pu 97.6%.

at temp. High in Li, Be, Na, Mg and Pe.

1626a 700 PuCIZ’ Li Bo0 1100 2* 19 s Porous BeO lid. 130 mg. button.

L9l Rest stuck to 1id as metal.

163%a 870 PuFf,  Li . Be0 1100 2" 73 19.2(C) BaClp 114 over chargs. Good button.
o 5/1/4h from 18.3(I) M.P. about 805°. Violont gas e.vo‘uc...
Jreeer Pul, tien at about 1050° C. ‘e 3 e
...+ 1660 1250 " 1i  Beo 1100 3T 84.5 15.6(C) LAF 1id. Good button. 2
: . 5/6M 16-7(1) : s
TSt 1667 85 " L B0 1100 3* 93 16.1(C) NaCl 1id, Bxoellent button, -Wd
2evecs 5/6/4 17.2(1) absorbed in UN orucible on repreRsy °°%
R lns' [ELELT .:‘

1050 PuCly Li  Be0 1100 %" 88 16.5(I) HaCl 1id. Good button.

5/9_/35 »

167w 515 " ca  Beo 1100 27 54.5 14.5(C) KNeCl lid. Poor button with eoke?

5/9}@& mass on top. - —

17373' 225 PuCly;  Ii BeO 1100 a1 coce Exoellent button, slag layer om~top.

R "

17893, 1205 " Li Beo 1100 97.5 18.8 Good button. Same chleride as :#')I?BL;

# BeQ ~ 0.7% porosity, other87%4 porosity. UNCL'ASS’f’KD 5:_:'

(C) Density by capillary method fadat

(1) Density by immersion in bromobenzene N —
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Fig. 8

Product from First One-gram Reduction of Plutonium
Weight = 6520 mg., yield = §6 percent. Sample No. 1456a.

I

Fig. 6 UNCLASSIFIED

Product from One~gram Scale Reducstions of Plutoni
Refer to Table V for complete history of buttons.§
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