ORATORY ~

LOS ALAMOS NATIONAL LAB

i

(e}
0
~
(2]
<
[a2]
(=]
=0
===
=M
=M
=
=m

|

APPROVED FOR PUBLI C RELEASE

9T

) e ] «
vune 25, 1946 This document con’cr::s.ns4\)" D2gOw

| PREPARATION OF UZANIUM METAL BY THE BOMB VETHOR

WORA DONE BY, REPCRT WRITTEN BYs

T TS AT A TS

R. D. Baker Ro Do Baker
B. R. Heyward 0 g hO™
H, Reich wgﬂ% o Ay S
A, R, Weiss peneeh e W Wﬂ%
Aot (g B, =\ )4',6,8
$B” Ly v,
C}ﬂaﬁt\ﬁo&* f)’; \ e '\ /\77
v jﬁ P L
o
Qb

REPRODUCTION e

COPY
IS-4 REPORT SECTION

PUBLICLY RELEASABLE

Yor 2 Zhtinisa FSS-16 Date: _3-/- 24
Oy Qe . CIC-14 Date: 39576

UNCL\CCIFIEE

APPROVED FOR PUBLI C RELEASE

2
-~


ABOUT THIS REPORT
This document contains one or more images that were scanned from oversize pages (greater than 8.5 inches by 14 inches).  Printing at larger sizes is possible with suitable equipment.

This official electronic version was created by scanning the best available paper or microfiche copy of the 
original report at a 300 dpi resolution.  Original 
color illustrations appear as black and white images.

For additional information or comments, contact: 
Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



F

Il

3 9338 00349 7863

. LR

o
LOS ALAMOS NATL. LA8. LIBS.

i

ie, aE" -‘.'_I;:“.'-»-qe?“ 1y
Y : '

YRR Y

APPROVED FOR PUBLI C RELEASE

PE B.D R N
e g g e gee e, ENCMS&;:{&H
cr iy GG Ge— )

Abstract .

This report deseribes in detail the methods developed at
Los Alarns for the preparation of uranium metal by the bomb reduction
method. The experirontal work on the development of the msthods is givon
for all soamles {grams of metel) of redustion., The larger-scale

reduction techniques which are dsseribed are now used for the routine

production ef U-235 metal,
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PREPARATION OF URAHIUM WETAL BY THZ BOMB LETHID

The problem of prepering urunium metal of ﬂigh purity by the
soe=called stationary bomb method was started at this laborstory in
August, 194u, The objectives of the problea weres (&) the develop-
ment of small-sonle methods (1 to 1000 grams of metal) for the preparae
tion of uranium metal of high purity which could be applied to U-235
metal when it becume available; and (b) the use of uranium as & standein
clemont for the develogment of bomb-reduction toohniques which mizht be
applied to the preparafion of plutcnium metal,

At the time the problem vias started only the large-scale (26
pounds of wmetal) reduction technique as devaelopsd at Awes, Iowe angd
the possible use of iodlne as a booster was known, This large-soale
mothod wus in no way applicable to smrllescale work where high yields
and hizh purity were needed, “The problem here thus involved the de-
velopment of refractory orucibles for the reaction, the design of suite-
able bombs, the investizaticn of raw maberials for the reaction, and the‘
devaelopment of technigues for each seale of redustion studied,

Successful bomb technlques were developed in this laburatory for
the reduction of uranium tetralluoride and ursvium trichloride with celcium
metsl on the 1 7, 10 g, 20 z, 250 g, 500 g, and 1000 g (of metal) seaiese
Host of the work was don® on the tetruflunride, but ezperiments have shown
that the trichloride can be successfully reduced on all the above sonles
using the saae technigues., Exporiments on the 18-z soele also showed that
Uy eould be reduced with ocaloium motal using the same procedures as wers
used with the tetrafluoride. This report deals in the main with the redus-

tion of the tetrafluoride the jsmieirlerddosbeingediscussed only where essential
L e s es o es s e
differences were found to 8XiSTLY 40l ele eos ooe
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ives a surmery of the optimum conditions

for the reduction of UF4 with Ca in Mg0 orucibles on the six scales

studied,
Nominal Heat.. Max. Crus - Yield in
Scale ing cible Temp, Single
grams of Charge Time  (without Button of
Uranium Composition (min) charge) °C Clean Metal
¥ 0,15 mole I, per 8 975 94 .5
mole U, 2544 Xs
Ca.
layers of Ip + Ca
on top and bottom
of charge
18 0,16 mole I, per 1 79 96.@
mole U,
254 %8 Ca
28 e on 6 708 99,0
250 0.2 mole I, per 14 400 99,6
mole U,
267.Xa Ca
500 wow " 14 400 ) 99.3
1320 0.1 mole I? per 14 400 99.8
mole U, .
25/ X5 Ca,
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I. Introduction

The reaction between & metal halide and an olkaline earth
metal as used in the so-called bozb reduction is of the thermite type.
The fundamental requirement for & successful bomb reduction is that & dense,
coherent piece of pure metal giving a yield olose to theoreticel be obtained.
The reaotion used for the preparatlon of uranium metal as reported herc is

as followsg

UFg +2Co ~mm3 U+ 2 CaFg

Vhen edapting this reaction to the bomb reduction, seversl considsrations
must be studied, The meliing points of the products of the reaction and

the amount of heat liberated by the resction are important, It is necessary
that the reduction be carried out in such a manner that the products of reavtion
are in the moliten state long enough, and that the slag has a sufficiently

low viscosity to allow the metal to collect in a ooheront pisce. In the
reduction of the fluoride with calcium, the combination of the melting points
of the y-oduocts and the heat of reaction is not such as to allow for the

best collection of metal, Three possible waye of overcoming this diffioculty
are: (a) supply more heat to the bomb by additional external heating (b)
lower the melting point of the slag by the addition of another substance

(o) inoreese the amount of heat liherated in the charge by having a re.otion
of high heat take place along with the reduction reaction. It is known that
external heating must bo carried out at such & rate that the products of the
reaction do not sclidify beflore separation of the metal has taken place. If
this does not happen, it is not possible to collect the metal even by sub-
sequent heating at temperatures well above the melting points of the products,

The appliocation of very rapid heating of the bomb and its contents, especially

9 eo%e oy e ose [ ]

when applied to the larger aoa?ée (?5% tQ§1C?O:g:of metal), is vory difficult
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and impracti le. With the small-soanle reductions (1to 26 g of metal),

the application of rapid external heating is necessary because of the greater
effacg;%eat loss to the container. Even with the smoller scales, the rapid
externalvheating is not sufficient to compaensate for the combined effects

of the heat loss to the contaiuer, the heat of reaction,and the melting

points of the procducts of rsaction. In the reduction of uraniun tetrafluoride,
points (b) and (o) are combined by producing by a concurrent reaction a
substance which will lower the melting point of the slag while at the same

time the reaction supplies additional heat. The reaction used is &s follows:

I, +Ca ev==> Caly

The formation of the Cel, supplies additional heat to the oharge, and the
CaFa-0alz slag has & lower melting point than the CaFa alone; in the case
of the trichloride, iodine is used in the larger-scale reductions to supply
additional heat more than to lower the melting point of the CaCl, slag.
The use of an inert stmosphers, such as argon, in the bomb aids in the separ-
ation of the slag from the metal and zives & much better formed ploe of
matal, This is probably dus to the lowering of the viscosity and/or the
melting point of the slag by the elimination of caloiuwm oxide and caloium
nitride, If air or nitrogen is used,; much of the slag freezes on the liner
#alls, and the metal button is apt to be poorly formed and diffioult to clean.

A knowledge of the starting temperatures of the reactions and
reaction mizxture is iwmportent in the dsvelopment of a suocessful heating or
firing procodure fbrra bomb reduction, 4 method was developod in this

laboratory for dstermiming the starting temperatures of various reactlions

under conditiong similar to tuoye qsqg ipptka actual reductions. This

determinetion was cerried cut gn the, 10-z scala uging the ssme type bomb
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and crucible {liner) as used for-tho-motudﬁ peduoilonq A thermocouple is

...

placed egzainsgt the inside wall of the liner, the charze placed in the liner,
and the bomb olosed, (The thermocouple lends.are sealed and insulated through
the bomb lid.) The bomb and its contents are then heated under conditions
similar to those used for an actual reduction, time-temperature data being
taken from the thermocouple in the bomb, At the time the charge fires there
iz a large increass in temperature per unit time. The values thus de-
termined are given, along with the caleulated heats of reaction, in Tabls I,
TABLE I

Starting Temperatures for Halide~Caloium Mixtures

Heat of Reaction”™ Sterting
Mixture ~ (a H) Temp.
25% Xs Ca K. oal/mole of halide °c
UFq + Ca ' ~-126.0 515
UCly + Ca - 73,0 849
Ip + Ca ~128.5 398
UFqt 0.1 mole «138.9 410

Ia *+ Ca
*Data frem - Btchowsky and Rossini, The Thermoohemistry of
Chemioal Substances, Reinmhold Publishing Co. (1936)
It should bs noted that in addition to supplying more hsat and
& lower melting slag that the I, + Ca reaction determines the starting
temperature of the reaction mixture, It has been found that variationsg
in the t mourt of Jodine used in the charge doss not change the starting
temperature of the reactlion mixbture.
The container in which the reaction tekes place is a stesl
bomb with a liner of refractory material, This refraotory liner is a very

important consideration in bomb reduction development. The following points

*ee 2908 So *® 662 L
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are important when considering & roduction ixn <) R

{a) Reaction between the electropositive reductant, the
reduced metal, or the slag produced should be as small as possible,

(b) It should be sufficiently impervious to retain the reaction
products, and should be of such purity as not to contaminate the metal
produced.

(o) It should be capable of withstanding the thermal shock of
the rapid heat evolution accompanying the reaction,

(d) If a ziven rate of heating of the reduction charge is to be
repeated oun every run, the thermal conduoctivity of the liner must be repros
ducible also, the rata of heat transfer from the bombh to the liner mmst
be dupliceble; therefore, the fit of the liner to the bomb must be conftrolled,

The most sztisfactory llners for uraniun reductions on all scales
have been found to be prefired, magnesium oxide orucibles, The liners used

will bo discussed in more detail under the various scales of reduotion.

1I., Raw Materials -

l, Calcium

The choice of calcium metal used in the thermite reaction under
consideration ié of primary importance. The . eductant must be low in li hte
element impurities soc as not to contaminate the uranium metal produced, It
magt also bs free of oxide and low in nitrogen, It has been found that
oalcium oontaining 0,40% N2 or less is satisfactory for reductions of the
tetrafluoride when the bowb is argon-filled, while with air-filled bombs
the nitrogen content must be‘OoO4QEor loss. If the nltrogen content is too
high, the metal buttons are poorly formed and the yield of metal tends to

be lower., The oalcium used in the work reported here was redlstilled-

s L3 - o @
’ .

electrolytio calcium manufectured by tha Eleotna.%ahallungiqu Corporation,
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The caleium wms reoceived as carrots. Thege wewo grioukd 6r

sheared to

-3, +4 mesh (1/4" pleces), after which they were ground in & Wiley milf and
sorecned, the -20, +80 mesh fraction being uaed,‘ This grinding and screen-
ing removes much of the oxide zand leaves a c¢lear. shiny product. Thse ground
calcium was stored under argon, The 1/4" pieces of oalcium have been used
in the larger-scale reductions (500 to 1000 g of metal) with sucoess, but
the ground caleium is necessary for the smaller scales, The grinding and
soreening operation is reocommended for calcium used for all scales because
of the oxide that is removed and hecause of the betlter mixing of the caloium
with the fluoride and lodine, A typical anmalysis of the calcium used is

given in Teble 1I., The nitrogen speslfications have been given above,

TABLE II

Avmlysis of Ca Used

Element ppm
B <0.b
Al | <10
En <10
g <1000
Fo §0

It has been found that caloium containing 400 to 500 ppm of Al, 400 to 500
ppm of M¥n, and lﬁﬂof ¥g contaminates the uranium metal with 100 to 125 ppm
of Al and Nn, luwers the average yield for lurge-soale reduotions by OCQ%L
and zives s poorly formed tutton as compared with those obtained when the

"gtandard®™ oaloium metal ls used. It has also been found that redistilled
caloium which is packed and shipped as turnings is usually too high in

nitrogen to bs used in the reduction prooesses dosoribed.

*® o060 seop e oo L]
[ 3N ® L] L4 e o
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The UF, used for all exporimental work was of commercial grads

oases
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2. Tetrafluoride

prepared for the Manhattan Distriot Project by Mallinckrodi Chemical Works,

A typical chemical analysis of tho fluoride is given in Tgble III,
TABLE I1I |

Analysis of Uranium Fluworide Used -

%lement or Compound Percent or ppm
U0, 0,294
U0,F, 2,08 7
Hy0 380 ppm
H , 200
L c2 °
Be < 0,06 ®
B <0,6 "
Na 5 "
Mg 5 *
Al <20 "
5i 1 "
ca 100 ©

Fe , 20 ® )
The ﬁntamped hulk density of the fluoride was 2,8 g/co, and the partiole
size waes »100 mesh, The effeotz of bulk density and particle siée on the
reduotion of the tetrafluoride are n{;@to be very pronounced; but a
high bulk density and a small particle size are of value in mixing and putting
the charge into the bomb liners, This is especially true for the small-
scale reductions. The U0z and U0gFpcontonts given in Table IIX give the

fluoride an oxygen content of 0.25l, Experimeptgion thg: tdleksble oxide

UNGLASSIFIED . ¢
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content of tetrafluoride have been run and ané dbscrzbdd ﬁn'the section on
the 250 g soale reduction, The amount of oxide in the fluoride becomes more
imp rtant the smaller the scale of reduotion, In order to obtajn gonsistent
high yields on all scales, the fluoride should be 99+95converted fsom
the oxide.

Special fluorides prepared at Site X and by Group CH 18 were employed
in preparing U-235, The analyses of thess fluorides were nearly the same
as given in Table III. The bulk density of the fluoride prepared by CH 16
was lows Dbeing 1.8 g/Zo as coumpared with the 2,6 to 3.0 g/bc donsity of the
fluoride prepared at Site X. The low bulk density had no effect on the
raduction but it was difficult to get the full cherge into the redutiion
liner used,

3. lodine

Reagent-grade, redistilled iodine manufactured by Mallinckrodt
Chemical Works was used, For the small-scale reductions (1 to 25 g) it was
ground to =30, *+80 mesh, but was used as received for the larger=-soale
reductions,

111, le, 10-, 25-zram (of ketal) Scale R;ductions

lu' General
(a) Apperatusy The spperstus oonsids, in gemeral, of a bomb or

external container with a pre-fired refractory l:uer for the charge, and a
high=frequency converter and furnsce to heat the 1-7 led bomb under oonirolled
conditions. Figo I is & photograph of the bombs and liners used, TFig. II
2ives oross-sectional érawings with dinensions of the bombs and liners. The
bombs are machined from cold-rolled steel rod and have threadsc oaps with a
1lip on the inside which makes a seal with the copper zasket held in a gpoove
jin the body of the bomb. The screw in the ~;p'9f°hhe boqb Ja to enable

filling the loscded bomb with an inert a'aso os oes oes ses eee oo’

UNCLASSIFIED * ™ 7% =
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pro=tired orucibles

The most satisfactory liners wers found toqée
made of magnesium oxide, The HgO used was an electrically fused product
(Vitrafraz) ground to pass a 300-mesn sieve. Unfortunately, this material,
mede from mined magnesite, is no louger avallable, later shipments of powder
from the same supplier were found to behave quite differently, This powder

will be discussed after the use of the mined negnesite is described,

The mined maznesite had the followling amalysiss

Fe 0.,087.
5109 1,68
RZQ5 9059
Ca0 0,50

B ~20 ppn

Phs liner was formed in a graphlte mold using eithor a graphite or metal
plunger. The procadure was to jar a bottom layer of M0 in the mold
center the pluﬁger (which deteruiuned the shmpo of the inside of the liner)
in the mold, and add powder in small anountég the mold being jarred on the
Upsach after cach addition. When the height of the liner waa reached, the
plunger was ocarefully removed, The formed liner was then fired in the mold
%o 22009C by induction heating. This firing took about twenty minutes.
After oooling, the liner vas removed from the mold. Liners mado in this mamers
and i th the mined megnesite, were hard and dense, and wero satisfacltory for
fluoride reductions, They wers, however, too porous to ba used for chloride
reductions., The "vitrification" of the liner at still higher temperature
for use in both fluoride and chloride reductions was aocomplished ns followss
A large MgO orucible (4" 0D, 5;5“ ID and 6" high) whioh had been firéd to
23009C was placed in a graphite oruoible which was 6° OD, 6" ID and 9" high,

The cover of this orucbile had e center vejtihole dud B qyré?eter sight tube

* € L4 L d . [ ] [
oY S3® 660 S0 032 L X )
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et an angle of 45 degrees, The liners prepared as ebove were placed in

the large MgO oruocible which was covered with a MgO lid. The graphite orucible
was heated in & 7" I.D. induction furnace powered by a 20-KW Ajax converter.
The "vitrification" oycle was to heat the limers to 2300%C in 1,6 hours and
34 at this temperature for thirty u‘dmteso

Calcium oxlde liners were also made and vitrified by this wethod,
except that the first firing temperature was 1700°C and the vitrificationm
conditions were 2100°C, for thirty minutes, Electrically fused CaO was used.
The Ca0 liners made by this method were very dense and ncneporous, but were
inferior to the Mg0 liners for reduction, probably because of a resction
between the slay and the CaO, Thoria and zirconla liners were also prepared
by the hand tamping method and will be disocussed under the reduction scales in
which they were used.

As stated above, the mined megnesia was later substituted by a
product whioh could not be used for the meking of liners by hand tamping
the dry powder. 7The use of the powder was teken over by Group CM-T, A
method was developed using machine tamping and pressing of the moist powder
to form the liner, The formed liner was then dried and fired using the same
"vitrification" cycle as described abO‘VOo' The liners obtalned wers gatisfactory
for boi;h ohloride and fluoride reductions., As can be seen from the follow.
ing analysis of the powder, the boron comtent was high, and the metal m=de

in the liners rem hizher in boron than the metel made in liners of the mined

magnosite,
Fe Oo1777
510, 2,35
Ra03 0P8 o2 o 3 ore o,
Cad O:bg -:5 .5. .:§ .g. ::
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(b) Loading of the Bomb: The hal;ﬂe;i

{?5 »the reducing

metal and icdine in a closad bottle and the mixed charge poured into the
liner, covered with the refractory 1id, and the bomb cap is screwed on and
tightened, The closed bomb is then plaved in & vacuum jar (see Tig, 3),
throuzh the 1id of which a screw driver passses by me:ins of a Wils:n seal,
The sorew in the cap of the bomb is then run out, it being held by means of
8 clip on the screw driver.The jJar isthen twice evacuated and twice filled
with argon, the sorew repluced and tightened in the aap, and the bomb
removed from the Jjar ready for [liring,

(o) Pirinz of the Charze: In the firinz of the reaction mixture

2 controlled and reproducible rate of heating 1s necessery, and a knowledge

of the top teumpernture reached is important, This isvespeoially true in the

case of the smallescale reduotions where the heat genersted by the reaction

iteolf is not sufficlent to keep thg reaction products in the molten state

long enouzh for the metal to colleot in one coherent piece, The rate of

heating of the reaction mixture is alsc important because if the temperature

rise is not fast enough through the firing temperature, the products may

solidify,and subsequent heating to temperatures above the melting pointé

of the ;roducts will not coagulate the weisl satis factorily, A method of

heating the bombs was developed where the rute of temperature rise and top

liner temperature (without the charge) reached were known and could be veried.
Data for the above method of Iiring were obtuined by taking

time~-temperature data on the iéside of the liner without a charge. Fig. 4

is & graph showlny these deta for MgO liners on the l-g, 10-g, and 25-g scales.

These rates of hoating have been found best for firiug the bombs, having

boen asoertained in most cases by trying both slowser and more rapid rates

of firing. The converter, colly location of bomb, etc,, used to obtain these

L L]
. . 0 ...

ourvas will be ziven in the discussions of G??h°lca1en..Tne e of these
UNCLASSIFIED -+ ¢ - G——
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curves can be oxplained with en example, . Coxtsi&er theﬁ 1-3 scale bomb with a

MgO liner. A reduction of UFg with Ca is to be run., 1t has been found

that firing to a liﬁar temperature of 975°C at the rate given by curve 1

is satisfactory (not conasidering the heat of reaction), The time of heating
would be 8 min (see ¥ig. 4).

(d) Unloading of the Bomb and Cleaninz of the Metals The liners

we? usually essily removed from the bomb, Theyarc then broken open and the
button of metal removed. Slez and excess calcium which mey be on the metal
is removed by pluc ing the button in a 133 ecetic acid solution, After
piekling, the button 1s washed in water and dried in aocetone,

2, 1l-gram Seale Reductions

The bomb and liner for this scale of reduoiion huve been described.
Curve 1 of rig. 4 gives the heating rate which was found to pive the most
aatiéfactory ard consistent reduction results, A 7,.5-KN high-frequency
lepel converter was used with the following coils 3% ID, 2" high, and 7
turns of 1/4"™ copper tubing flattened to a thiockness of 1/8%. The oonverter
settings were as follows:
Coarse Ipnductance Settings Left M, Right M
Fine lnductance Setting: 18
- Power 3et; 6
The bomb was contored in the coll,
The charge composition waé studied with respect to the amount of
iodine used; varimtions from 0 to 1.36 mole Ip/mole U belng tried., The
voptimum charge comp :~ition for all wethods of firing was as followsy 0,15
nole Ia/b with Zﬁﬂbezcoss Ce over that required to resot with the fluoride
and iodine. The charge also counsisted of a layer of C.15 g I, + 0,02 g Ca

at the bottom epd & similar layer at the top.of,_tlgg. chargeo The use of

UNCLASSIFIED .- . o 7 ——
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these I, + Ca layers was important the* sfd % ety
by adding the corresponding amount of Iz and Ca to the reaction mixture
itselfs It was found that amownts of I below the dc15 mole ratio were

poor but that amounts above this value did not aid in the neductibn but only
inerensed the amount of slag absorption and, in general, the mectal buttons
were not as well formed, The heating rate used was found to be oritiocal =&
summary of the important variations studied being given in Teble IV, The
charge was the one given above, Wngnesium oxide liners fired at 22009C in

graphite were used,

TABLE IV
Iiner
No. Zemp, Yield yﬂ
of Heating Without' ' ' ,
Entry runs Time Charze Maz, Min. Ave Remarks

1 29 8 min. 975% 97,0 90,0 94,5 All well formed
buttons slag
down well,

2 2 3 min. 87L°C 84,0 94,0 94,0 Well formed bute
tons, slag dowmn
fairly well.

3 3 1 mino 55090 9500 9000 9200 " " @

4 10 46 ses, 1380°C 96,0 25 82,0 Buttons not as
woll formed slag
absorption high.

5 5 45 seac. 1380°C 95,0 62,0 75,0 " " "
held at 13B0°C for

2 min,

Eatry 1 gives the data obtained using the most reliable procedure found

that is heating for 8 min., at the rate given in curve 1, Fig. 4. Entries

2 and 3 (cﬁrve 1 Pig. 4 usod) show that good results may be ovbtained by
L<ing lower top liner tesperatures, Yowever, the slag doss not run down over

metal button as well, and the yields are not gyifdia’d*highase I is believed

.
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that these lower teumperature firings are not as"?bii%éi; as the 9759
proocedure. It should be noticed thet the rate of firing through the
starting temperature of the recction (4109C) is the sawme for the first three
ontries in Table IV, the only differences beiag in the top teuperztures
reached., &Entries 4 and & are for mmch more rapid rates of heeting and higher
top temperatures, These heating rates jeve lower yields, poorly formed buttons,
and much higher slag absorption by the liner. Some experiments were run
where the time of hesting tv the sturting tesperature was 3 minutes and then
the heating rate inoreased so that a liner temperature of 9759C was reached
in an additional Y minutes. This heating or firing procusdure gave very low
yields and sometimes only powdered metal was obtulned. From the ebove dls-
gussion it should be noticed that the reate of heating through the starting
temperature is very important that the amount of iodine used is not oritioesal
above 0,15 mole lp/mole U and that the use of the I, + Ca layers is impdrtant
for a successful reduction of UF4 on the l-gram seuls,

A photograph of u 1 gram reduction button is given in Fig. 5.
A typiocal anulysis of the metal nade on this scale is as follows (values
in pp,)s Be, 0.4 B,<0.2¢ Mg, 25; 8i, J.r and Pe, 50, The scule-range
of the reduction charge using the l-gram bomb, liner, oharge compositlon,
and heating c&cle as described is from 0.5 to 1.5 grams of metal. Reductions
of UFy using the same ohargze and firing procedure javs yields comparable to
those of UF4 reductions. The sams flring proocedure w:s used for sugcessful
reductions of UClz with Ca; The "vitrified™ g0 liners were necessary
for the s.loride reductions, and no iodine was used in the ohargéo

Profired ThO, liners of the sune dasign as the MgO liners wore
used and found to give very poor results, the ylelds teing irom 0 to 752ﬂ

Sevoral charge compositions and firing progsduies “¥drejtepted, but no successful
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reductions were made using ThOp for the refractory liner, The ylelds obtained

ogc
....

using vitrified CaQ liners were from 80 to 90%, and the metul buttons were not
as well formed as with MgQ liners, There was :uch slug absorption, probably
due to a resction of the slaz with the Cu0 liner,

ds 10-Gram=Scsle Reduction

The bomb and liner for this scale of reduction have besn described.
Curve 2 of Tig, 4 gives the heating rate which was found to give the most
satisfuctory snd consistent results, A 3<Kw high={requency Ajax converter wes
used used with a standard Ajax ocdls 4" ID and 4" high, The bottom of the bomd
was located 1/4" above the bottom of the soilo The conve;ter wes run at full
power (angle 0},

The charpe composition was studied with respeoct to the amount of
jodine used varlations from 0 to 2 moles Iz/hole U being tried., It vas found
that the slag formed with nc iodine present had too high a melting point and
viscosity only beads of metul being obtained. Iodine ratlos above 0,10 moles
Iz/holé U did not improve the r eduction but only increased the amount of slag
ebsorbed by the liner, When the slag absorption is high, there ie a decrease
in the yleld, due to some metal buing absorbed with the slag. The optimum
charge composition was found to be 0o 15 moles of Ig/mole U with 254 excess
Ca over that required to react with the fluoride asnd iodine. The use of layers
of Iy + Ca as in the 1 gram roduotion was found to be of no valug. Much of he
work on the 10 gram scole was carried out using eir<filled bombs, When air
was used the slag frézo on the walls of the liners leaving the button with a
slightly rough top. When argon Qas used, the slag collected above the well
formed button in one onpapsot piece, The ylelds obtained using air or argon

did not vary appresiadlye.
The firing or hewting cf the loaded-bomb°wgs shudi&dg the most
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satisfactory rate being that given by curve 2, Fig. 4, The heating time was
4 minutes, giving a top-liner temperature (without the charge) of 770°C,
Suceessful reductions were made using the same rate of firing as above with =
top-liner temperature of 450°C however, the results were not &s consistent
ag when & liner temperature of 770°C was used, More rapid rates of firing
were studied, since it was found that the collection of metal was poor and that
the results could not be duplicated. A series of experiments were run where
the loaded bombs were held at temperatures of 500°, 300°, and 200°C in a
curcible furnace and then removed and heated in the induction coil. The charges
whioch were heated at 500°C fired about one<half the timed if they did noty
heating to 770%C in the induotion coil did not start the reaction, Those that
did fire in the orucible furnace gave very poor collection of metal, The charges
which were heated at 300%9C snd 2009C and then fired in the induction coil
gave low yislds and poorly formed buttoms, Examination of the charges which
had been hoated to 3009 and 2000C showed that a layer of Cal; had been formed
on the Ca particles, This layer of Calp probably lowers the rate of reaction,
thus allowing more heat to bo dissipsted to {he liner snd bomb beflore the resce
tion is ocomplete, causing poorvooilection of metal.

The most satisfactory liners for the l0-gram-scale reduction were
found %o be of prefired magznesium oxide preparod as previously described,
Liners fired at 2200°C in graphite were used for fluoride reduotiogs, but
the "vitrified" liners were found necessary for chlorlde reductions. Pre-
fired Zr0, liners made by the hendetemping method and fired in grgphite to
1800°% were testad and found to zive ylelds of 40 to TO%With poorly formed buttons.
Tho metal obtainaed from ihese liners contained 0020% iZr, The wain reason for

the fallure of these liners is probably due to.tha fapt that the Ca metal reduoud

.
\ . ' o .
.

the Zr0y; thus lowering the efficlency of thé-ﬂRQ;txkxz?qgtlon, snd also
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raising the melting point and/or the viscosity of the slag. Prefired Tu0,
liners made in the same way and fired to 1800°C in _raghite were “ound to be
very unsatllsfaotory, giving very poor colleotion of metal, The reason why
ThOy does not make o good liner is not clear. Loose maznesium oxide liners
made by hend-tamping the powder into the bowb were found to be very poor
beoause of the high slag abeérption and the rosotion and mixing of the slag
with the g0 powder., Prefired CuQ liners msde as prayiously descrihed were
tested and found to give yeilds of 80 to 90/ The slag absorption was high,
probably because of a reastion of the slag with the CaQ. Bombs of iron, copper,
and uranium with the same size bore as the g0 liners were tested without liners,
The metal formed alloyed with the bomb walls and bottom, thus ziving very poor
reductions,

The procedure used for the 1l0-jram reductions of UF4 ss outlined sbove

was found to be satisfactory for reductions of both UClxy end Ulg -v'h Ca,

except that the addition of I, was not necessary. The Ul is hygroscopic and
decomposes at room temperature. It was therefore neoessary to work with the
icdide at dry-ice tenperatures and in dry alr.

The average yleld obtained in the reduction of UF, with Ca as
described above was 96%. A photograph of a 10 gram esereduced button is given
in Fig, 5, A typlcal analysis of metal made on this scele is as follows
(values in ppm). Be, 0.1 B, oﬁ:) Mz, 5; 51, 3.5 Ca, 20}' and Po, 100. The
scnle=range for the reduction charge using the 1l0.jram bonb, liner; cherge
compasition, and heating cycle as desoribed 1s from & to 12 grums of metsl .

4, 2D.0ram-Soale Reduotions

The bomb and liner have been desorlbad. Curve 3 of Flg. 4 gives

the hauting rate which was found to zive the mest.ﬁatibfaotory and consistoent
'.o

results. A 3-K¥ high=frequency Ajax convertdr'wﬁq geed'&ith arptandard Ajax

LL K I ™

coil 4" ID and 4" high., Tho bottom of the bomt da¥*loented LZ4" above the
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bottom of the coll, The totsl heating time was 6 minutes to a top<liner
temperature (without the charge) of 7009 (see curve 3, Fig. 4), The con-
verter settings for thils heating sycele werss angle 25 for 2.5 minutes and
angle O for 3.5 mimetes. The optimum charze oomposition was found to be .
0,15 mole Iz/hole U and aﬁﬂZaxcess s over that required to resot with the
fluoride and iodine. The avera_,e yleld for this scasle of reduction was 994,
the buttons being well formed (see Fig, 6). The liners used were prefired
Mg0 fired at 2100°C in graphite or "vitrified" as previously described. The
scalo~range of the reduotion charge using the 25 gram bowb, liner, charge

composition, and heating cycle as desoribed is from 10-30 grams of metal.

IV, 250-, 500-, 1000-Gram (of Metael) Scules:
Io' General

(a) Apparatuss Theo apparatus consists, in gensral, of a bomb or
exterunl container with a pre-fired refractory liner for the oharge, and a
high={rsiuency coaverter and furnaoe® to heat the bomb under occatrollied con=
ditlons, Two types of bombs have Veen used for reductions on the 280-and 500.
gram scales, one with a double flange and one with a solid bottom, The two-
flange bombs are desirable where the liners do not £fit well and mey stiok in
the bomb after firing, TFig. 8 and 6 (a) sre photographs of thess 2650-pram
bombs and liners, while Fig, 7 and 7 (&) are cross-sectioned drawings with
dimensions. PFig. 8, 8 (a), 95 9 (a), are for the 500-zrsm scale bombs and"
liners, Fig. 10 and 71 are for the 1000=-gram socale. All bombs are made of
cold=rolled steel. The screw and gasket in the 1id of the bomb is to snable
f£illing the loaded bomb with an inert zas, The thermocouple well is for the
purpose of following the heating ocyole. The lids or covers of the bombs

hgve a lip which is forceed into {18 wgne;.-led:w:pp.er. zusket,
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The most sstisfact ory liners were found to be pre-fired orucibles
made of electrically rused magneslum oxide, Only m few liners used were
made by the hand-tamping method desoribed in the small-scele section, Most
of the liners were made at HoloTe or by Group CMe7. The powder used by M,I.T.

had the following analysis:

Fe 0,024
SiOz 2,00
R203 0,23
Ca0 0,69
B 30 ppm

The analysis of the pr(wder used by Group Cl-7 was as follows;

Fo _ 0,17 #
8102 2,36 7:
Ry04 0,56 %
cad 0,94 A
B 300 ppm

The boron content of this powder is higher and, as will be disoussed later,
the boron content of the metal made in these liners was higher than that
of motal made in M,I1.T, liners. Some liners ware rsceived from M.1.T. whioch
were made of powder containing 4‘1» SS.O20 These liners, even though fired at
high temperatures, showod very high slag absorption, sud the metal obtained
wes high in Si (1000 ppm) and Mg (250 p.pm.)o

Briefly, the mathod used ut M.I.T. for the mamufacture of the liners
vas 88 fodlows; The mapgnesium oxide was mized with '/%water and tamped and

wrossed into steel dies, The fordl'&!d uxter qu-‘thon extruded from the dle,

dried, and fired in & gas furnsece ‘L--L’\IOG. :Cor:.tl;;'eo hours, The only

....'
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essentinl difforence from the above procedure and that used by CM=7 was that
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the dried liners were induction fired to 2100°C using graphite as a heuter,
With both methods the resultant body was hard and had a porosity of less than
229, Idners fired by ‘nduction to 2300°C for "vitrification" were found to
orack due to thermal shock when the reduction reaction took place. Prefired
Ca0 liners made at Ames, Iowa were tested om the 250 gram ssale and found to be
inferior, probably because of the reaction between the slag and Cal.

(b) Loading of the Bombs The halide is mixed with the reduoing

metel and lodine in a closed bottle and the mixed charge poursd into the liner;
csovered with the refractory lid, end the spaoce between the liner and bomb wall
and above the liner 1lid and gasket groove filled with 40 mesh elecirically fused
magnesin powder. The gasket groove is then brushed free of mznesia and the
annoaled copper gasket put in places The bomb lid 1s then bolted on, A stop-
cook assembly (Fig. 12) is then sorewed into the hole in the bomb lid and the
bomb twice evaucuated and filled with argon., The stopsook &ssembly is then re-
moved and quiokly replaced with the screw and copper gaskst.

(¢) Firing of the Charges The essential differsnoce between the

firing technique used for the larger scale reductlions aﬁd that used for the small
soales is that the large~scale charges are hosted just to the starting temger-

ature and the heating stopped, while on the smsaller scales the heating is con-

tinued past the starting temperaturs of the reaction nixture. The heating of

the bomb aud its conteats to the starting temperatﬁro of the reaotion mixture

is very importrat., It has been found in thlis laboratory that the charge

roguires a definite prehoat period before the starting temperature is reached,

If tho bomb is neated rapidly, the reaction starts at the surfaos betwsen the

charge and liner, while the center of the cherge is at a muoh lower temperatures

In this oase more of the heat of quptipn-is diésipatod in heating the sharge,

thus allowing thoe products to solidiiy‘hdre rup!&iy.%han if a prehsat 19 used.

.
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If the prehest period is too long, the cslcium particles are coasted with

a layer of Caly (see 10-gram soale) which presumably lowers vhe rute of re-
actioﬁ with the fluoride, This allows more heat to be dissipated to the liner
and bomb before the resction is ocomplete, thus aguin causing poor oollection

of matal, The hemting or firing procedures used for the 250-, 500-, sand 100-
gram scales are the samo, and were arrived at by experiment, using several diff-
erent heating oycles to locate the optimum conditions. ¥When developing a heating
cycle, three thermocouples are placed on the inside surface of the liner, one
near tho top; one &t the center, and one on the bottom. The temperature of

the liner can then be correlated with tho tenperature of the outside thermocauple
well, 1t 1s imgortant that the boxd be located in the coil so that the éntira
leugth of the liner neats at nearly the seme rate (+75°C). ' For example, if

at the time of firing, the bottom portion of the liner is well below the firing
temperature, the melal button ie& poorly formed and o lower yleld is cbtained,

In the aoctuel firing procedure used for the 250, 500, and 1000-zram-
scale roductions, the leoaded boab is placed inm an induction [uranace which is
powsred by & 20~-E{ high~-frequensy Ajax converter, The 250-and 500-gram bombs
are plasced in a 7" ID, No, 312 Ajax furnace so that the bottom of the bomb is
1" sbove the bottom of the coils The 1000-gram bomb i& placed in a 9" ID, No.
_siz AjJax furnace so that the bottom of the bomb is 1" above the bottom of the
coil. The coils are protected by a silloa slesve which fits on the inside of
the ocoil, After the bomb is placed in the coil, the thermocouple (Chromelalumel;
1s then placed in the well onm ths bomd and the heating oyole given in Table V
followed, The liner temperature jiven is an example und will vary *75°C de-
pending on the fit of the linor. The heating cycle for the thermooouple well
is one rocormended for the bombe used however, if different bombs, linera,

ato, were used, Llhe liner temperaﬁhﬁa dﬁté sqéui? 3§’duplioated and not the
g gpii: 4 ”".' ‘ L®, 2 2 ®ee  es e ”
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thermocouple~well oycle. When the charze reaches the starting temperaturs,
which is between 12 and 15 minutes, there is a sudden inoresse in temperature
with time. When the inorease oocurs, .he power is turned off a nd ths bomb is
allowed to stend in the ocoll for about five minures befors cooling to room
temperature in frout of a fan. Fig. 13 is a photograph of the firing orucible,
o0il, and converter used.

TABLE V

Heating Cycle for 250-, 500-, and 1000~ Gram Bombs

Time ‘ Thermooouple Liner Temperature
#in, Well - °C_ o¢
1 110 : 28
2 200 » 47
d 280 - 54
4 - 360 102
7] 400 : 135
6 425 le4
7 450 21
8 475 262
9 500 279
10 626 320
11 660 347
12 576 381
13 600 - 416
14 625 442
16 660 270
15 874 Y]
gi%uuuiiliﬁ LIPS I S I8 MG




(d) Unlomding the Bowb end Cleaninz of the Metals After the 1id

is removed, the outside of the bomb lg tapped with a8 hommer until the conteuts
of the bomb van be poursd out., Slag and oslclum which may be on the uetal is
removed by placing the button in a 133 ecetic acid solution. After pickling,
the button ils washed in water eand dried in aocetone.

2¢ 280uiram=-Scale Reductions

The bombs and linors for this scals of roduction have been discusaed.
Iuckh of the work om this soale wes carried out using air-filled bowmbs rather
than argonefilled bombs, Whoen air was used lu the bomb, the slag froze on the
walls of the liner, snd the button of metal had a rough top which was difficuylt
to olesn., With argon, the slag colleotsd in onmec piece above the metnl button,
which had a smooth, cleqn top. The yieldsvobtained in alr-filled and argone-
filled bombs were not appreciably different, |

When the atmosphere in the bor™ was sir, the optimum charge oome
position was found to ﬁe 0,40 mole Ip/mole U with 26%excess Ca over that
required to react with the fluoride and iodine, lodine ratiosras low ss 0,16
mole Iaﬂnole U gave satisfactory reductlons, but the results were not as re-
producible, Reductions using less than C.15 mole I were not satisfactory,
while I, ratios greater than 0,40 mole I,/mole U were of no advantage. ‘hen
argonefilled bombs were used, the optimun charge was found to be 6520 mole
Iz/hole U with 20 oxcoess Ca over that ;aquired,to react with the fluoride and
iodine. JIodine ratios as low a3 0,10 mole Izjhole U zave satisfoctory reductions,
but the results were not as consistent ms with 0,20 molo 12; Reductions using
less than 0,10 mole Ip were not satisfactory, while more Ij was of no advantage

and the metal obtained was higher in magnesium.
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A study, using air-rilled bombs, was made of the U05 content of the
UFs. The experiments wore made by mixing UOp with the standard UFg. It
was found that the yleld of ooherent metal was not affected for UOp contents
as high as 4.22 (0.57%0z). A decrease in yleld of only 0.9 percent was
obtained using 8.44 percent U0, (1.,007,,02)° larger amounts of U0y gave poor
reductions, the yields being low and the metal buttons poorly formed. Ex-
periments were also run using fluorides whioch had low conversions from the
oxide, Argon-filled bombs ﬁore used, I% was found that fluoride of 98°7jb
conversion gave satisfactory reduction results; the yleld from 9307§Q90nVQrted
fluoride dropped 0950¢L and the button was poorly formed. Fluorides 910779
converted from the oxide zave only powdered metal.

The firing or heating procedure used for this scale of reduction

" has been given and desoribed, The procedure wasz arrived at by running exper-

iments using different rates of heating it belng found that the preheat period
wag very important, and that heating the bomdb after the reaction had started
wos of no advantage. Experiments were also run using & resistence furnace for
heating the bomb and its contents, It was found diffloult to obtain and
duplicate the desired preheat rate, and much trouble wa® encountered with the
copper gaskets‘leaking iodine. This was Jue to the gaskets being heated more
than with the induction heating, |

The average yield for the 250-gram-scale reduction using the stundard
procedure as Sﬁtlined was 99ﬂ6?§ An average analysis of the metal obtalned
from M.I.T., liners was as follows (values in ppm)s Be, <0.% B, 0.2, Mg, 15;
¥, 5) Al, <5, 51, 9; Fe, 10; C, 120, and Ca, 20. The boron content of metal
made in liners from Group CM-=7 ran scmewhat higher, the value being from

<0.2 té 1 ppm., This was, as 5iven 1n thn 11ner a}sousaion. due to the fact

thet the magnesium oxide powder usoc}.b;f:cm? MS :hivher in boron., A photograph
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of & 2560-gram button 1is given im Fig, 14.
The scale-range of the reduction charge using the 250-gram
bomb, liner, charge composition, and heating oycle as desoribed is from 100

-

grams to 300 grams of metal,

The s=me techmique as desoribed above was found to zive satisfaotory
reductions of UCly with Ca 0.2 mole I2/mole U being used in the oharge,

3. H600-Grem Soals Reductions

The bombs, liners, and heating oyola for this soale of reduction
have teen described. The opti,.ui sherge was found to be 0.2 mole Ig/hole i
with 26% excess Ca over that required to react wi th the fluoride and iodine,
The scale-range of the reduction charge using the 500 gram bomb, liner, charge
composition, and heating cycle as described is froﬁ 250 to 600 zrams of metal.

The everage yield for the 500-gram-scale reduction using the standard
procedure as outlined was 99,87, An average analyseis of the metal obtained
from M,1.T. liners was as [ollows (values in ppm): Li, £5.0; Be, <0.2' B,
0.2 Ba, <6; Mg, Ty Al, <5 8i, 20, Fe, 15; C, 100; Ca, <20, Metal mads on
this soale using €M7 liners ran 0.2 to 2 ppm of B. Fig. 1% is a photograph of
8 500-gram button.

4, 1000=Gram-Scale Reductions

The bomb, liners, and heating cyocle for thlis scale of reduction’
have been discussed. The optinum oharge was found to be 0.1 mole Iz/hole
T with 28% oxcoess Ca over fiat regquivd to reaot with the fluoride and iodine,
The scwle-range of the reduction charge using tho 1000-gram bomb, liner, charge

composlition, and heating cyoie as desoribed 18 from 630 to 1300 grams of metal.
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The average yleld for the 1000-grem-scale reduction es outlined was

An average analysls of the metal obtained from M,I.T. liners was asg

Li, {002‘ Be, 40005/' B, 0022; m" 5; Mr;a 12; Al:“’sl

99.8%.

follows (values in ppm):
Migo 16 is 2 photograph of a 1000-gram button,
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