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Abstraot \

This report describes in detail the methods developed at
Los Alaros for the preparation of uranium metal by the bomb reduction
method, The experiwsntal work on the development of the msthods is given
for all soales {grams of metel) of reduction., The larger-scsle

reduction techniques which are dsseribed are now used for the routine

production of U-235 metal,
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FREPARATION OF URAHIUM NETAL BY THE BOMB EETHID

The problem of preparing uranium metal of ﬁigh purity by the
so=0alled stationary bomb method was started at this laborstory in
August, 194, The objectives of the problea weres (&) the develop-
ment of small-sonle methods (1 to 1000 grams of metal) for the preparae
tion of urznium metal of high purity which could bs applied to U-235
metal when it becume availeble; and (b) the use of uranium as & standein
clemont for the develogment of bomb-reduction toohniques which mizht be
applied to the preparafion of plutonium metal,

At the time ithe problem was started only the large-scale (25
pounds of wmetal) reduction technique as devalopsd at Amnes, lowe and
the possible use ol iodlne as a booster was known, This large-socale
mothod w:s in no way applicable to smrnllescale work where high yields
and high purity were needed., “The problem here thus involvsed the de-
velopment of refractory orucibles for the reaction, the design of suit-
able bombs, the investizaticn of raw mabterials for the reaction, and the‘
devolopment of techniques for each scale of reduction studied,

Successful bomb technlques were developed in this laburatory for
the reduction of uranium tetrailuoride and uresnium trichloride with celcium
metsl on the 1 7, 10 g, 28 z, 2560 g, 500 g, and 1000 g (of metal) scaiaac
Host of the work was done on the tetruflunride, but ezperiments have shown
that the trichloride can be successfully reduced on all the sbove somles
using the same technigues, Exporiments on the 18-z scele also showed that
U4 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 jswieirlerddo.betsnyediscussed cnly whore essential

differences were Tound tu exist,
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The following table zives a swmary 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
grans of Charge Time (without Button of
Uranium Composition (min) charge) C Clean Metal
3 0,15 mole I, per 8 975 94 .5
mole U, 254 Xs
Ca,
layers of Ip + Ce
on top and bottom
of charge
18 .18 mole 12 per 4 776 96,8
nole U,
25+ X8 Ca
28 n won 6 7Q8 99.0
259 0.2 mole 15 per 14 400 99.6
mole U,
267.Xs Ca
206 woow " 14 400 A 995.3
1320 0.1 mole I? per 14 400 99.8
mole U, .
29/ Xs Ca,
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I. Introduction

The reaction between & metal halide and an alkeline earth
matal as used in the so-callad borb reducticn is of the thermite type.
The fundamental requirement for a successful bomb reduction is that & dense,
ooherent piece of pure metal giving a yield olose to theoreticel be obtained.
The reaction used for the preparation of uranium metal as reported herec is
as followsg

UFg + 2 Ca ——3 U+ 2 CaPy

When edapting this reaction to the bomb reduction, seversl considerations
must be studied. The meliing points of the products of the reaction and

the amount of heat liberated by the reaction are importsnt. It is necessary
that the reduction be carried out in such a manner that the products of reaotion
are in the molten state long enouzh, and that the slag has a sufficiently

low viscosity to allow the metal to collect in a ooherent piece. JIm the
reduction of the fluoride with calcium, thes combination of the melting points
of the y-oduots 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 hy theo addition of another substance

(o) inoreese the amount of heat liherated in the charge by having a re.ction
of high heat take place along with the reduction reaction. It is known that
external heating rust be carried out at such a rate that the products of he
reaction do not sclidify before 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 application of very rapid heating of the bomb and its contents, especially

when applied to the larger aoa?éa (?52 tq§1C?0:g:of metal), is vory difficult

o® 000 vod ..q LN BN T ]
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and impractl le. With the small-soale reductions (1to 26 g of metal),

L d
4
.

the application of rapid external heating is necessary because of the grester
effacgfkeat loss to the container., Zven with the smaller scales, the rapid
externnlvheating is not sufficient to compensate for the combined effects

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

points of the procducts of rsaction. In the reduction of uranium tetrafluoride,
points (b) and (o) are combined by producing by a oconcurrent 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:

12 + A evaed Ca.Iz

The formation of the Cel, supplies additional heat to the ocharge, and the
CarFa2-Calz slag has & lower melting point than the Can 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 atmosphers, such as argon,; in the bomb aids in the separ-
ation of the slag from the metal and gzives & much better formed ploe of
matal, This is probably duo to the lowering of the viscosity and/or the
melting point of the slag by the elimination of caloium oxide and caloium
nitride, If air or unitrogzeon is used, much of the slag f{reezes 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
reanotion mixture is ilmportant in the development of a suooassful heating or
firing procedure forra bomb reduction. A method wms developed in this

laboratory for dstermiming the starting temperatures of various reactions

under conditions similar to tuoye Qng ip-the actual reductions, This

determinetion was ocmrried cut gn the 10-g ‘s.t.:i:_kle"usa.mb the ssme type bomb

oo R ROIEIED,
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and crucible (liner) as used fore tho-a-otuo'} peduehonq A thermocouple is
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placed egzainsgt the inside wall of the liner, the charze placed in the liner,
and the bomb olosed, (Ths thermocouple leads- are sealed and insulated through
the bomb lid.) The bomb and its contents are then heated uunder conditions
similar to those used for an actual reduction, time-temperature date being
taken from the thermocouple in the bomb. At the time the chargze fires there
i5 a large increase in temperature per unit time. The values thus de-
termined are siven, along with the caleulated heats of reaction, in Tabls I,
TABLE I

Starting Temperatures for Halide-~-Caloium Mixtures

Heat of Reaction™ Starting
Mixture "~ (p H) Temp.
25% Xs ca K. oal/molo of halide c
UFq + Ca ' -126.0 516
UCly + Ca - 73.0 649
I, + Ca ~126.5 398
UF4t 0.1 mole «138.9 410

ia + Ca
“Date from - Brchowsky and Rossini, The Thermochewmistry of
Chemioal Substances, Reinhold Publishing Co. (1936)
It should be noted thaot in addition to supplyling more heat und
& lower melting slag that the I + Ca reaction determines the starting
temperature of the reaction mixture. It has been found that variationg
in the ¢ moure of iodine used in the charge does not change the starting
temperature of the reaction mixbture.
The container in which the reaction tekes place is a stesl
bomb with a liner of refractory material, This refractory liner is a very

inportant consideration in bomb reduction development. The following points
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are important when considering & recduction i;bqég

(a) Reaction between the electiropositive 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.

(¢) It should be capable of withstanding tho thermal shock of
the rapid heat evolution accompanying the reaoction,

(&) If a ziven rate of heating of the reduction charge is to be
repeated on every run, the thermnl conductivity of the liner must be repro-

ducible also, the rete of heat transfer {rom the homb to the liner mmet

be dupliceble; therefore, the fit of the liner to the bomb must be confkrolled,

The most sztisfaotory liners for uraniunm reductions on all scales
have been found to be prefired, magnesium oxide orucibles, The liners used
will be discussed in more detail under the various scales of reduoction.

11, Rew liaterials .

1, Calcium

The choice of calcium metal used in the thermite reaction under
consideration ié of primary importance. The . oductant must be low in light-
element impurities so as not to contaminate the uranium metal produced, It
magt also bs free of oxide end low in nitrogen, It has been found that
calcium oontaining 0,40% ¥z or less is satiefactory for reductions of the
tetrafluoride when the bomb is argon-filled, while with air-filled bombs
the nitrogen content must be‘OoO4QEor legs, If the nitrogen content is too
high, the metal buttons are poorly formed and the yield of metal tends to

be lower., The caleium used in the work reported here was redistilled-

ree * - voe &
. .

electrolytio calcium manufectured by tha Eleotna.%ahallur’ioqi Corporation,
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The calcium was reoeived as carrois. These wene gnquid 6r-sheared to

=3, +4 mesh (1/4" pieces), after which they were ground in & Wiley milf and
sorecned, the -20, +80 mesh fraction being used°< This grinding and screen-
ing removes much of the oxide and leaves a c¢learn. shiny product. Thse ground
calcium was stored under argon, The 1/4" piecces 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 smeller scales, The grinding and
soreeunliny operation is reoommended for caloium used for all scales because
of the oxide that 15 removed and because of the better mixing of the calcium
with the fluoride and iodine, A typiocal anmalysis of the calcium used is

given in Table II, The nitrogen speclfications have been given above,

TABLE II

Avalysis of Ca Used

Element ‘ppm
B <0.b
Al | <10
in <10
Mz <.1000
Fo 50

It has bheen found that caloium containing 400 to 500 ppm of AL, 400 to 500
ppm of M¥n, and lqﬂof ¥g countaminates the uranium metal with 100 to 126 ppm
of Al end Mn, luwers the average yleld for large-socale reduotions by 0.2%,
and zives s poorly formed tutton as compared with those obtained when the

"gtandard®™ caloium metal 1s used. It has also been found that redistilled
caloium which is packed and shipped as turnings is usually too bhigh in

nitrogen to bs used in the reduction proossses desoribed.

UNCLASSIFIED <5474 "+ % 7
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2. Tetrafluoride

The UF, used for all experimental work was of commercial grads
.prepared for the Manhattan Distriot Project by Mallinckrodt Chemical Works,
A typical chemical analysis of tho fluoride is given in Tgble III,
TABLE 111 |

Analysis of Uranium Fluworide Used -

%lement or Compound Percant or ppm
U0, 0,294
U0,F, 2,08
Hy0 380 ppm
c , 200
7 2 "
Be < 0,06 "
B <0,5 "
R 45 "
Mg 5
Al <20 "
si 1 "
Ca 100 ©
Fe , 20 *

The ﬁnta:nped hulk density of the fluoride was 2,8 g/co, and the partiole
size was »100 mesh, The effeotxs of bulk density and partiocle siée on the
reduction of the tetrafluoride are n{;@%to be very pronounced, but a
high bulk density and a small particle size ere of value in mixing and putting
the charge into the bomb liners, This is especially true for the small-
scale reductions. The U0z and UOpFpcontonts given in Table IIX give the

fluoride an oxygen ocontent of 0,25/, Experimeptqiom theg: tdlebdble oxide

UNGLASSIFIED
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oontent of tetrafluoride have heen run and ané dbscrlbdﬂ éh:the section on
the 250 g soals reduction, The smount of oxide in the fluoride becomes more
imp rtant the smaller the scale of reduction, In order to obtain consistent
high yields on all scales, the fluoride should be 99+9éconverted ffom
the oxide.

Speoial 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 lowy Dbeing 1.8 g/zo as coumpared with the 2,6 to 3.0 g/ce density of ke
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 reduciion
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=-ssale
reduoctions,

111, le, 10-, 25-zram (of ketal) Scale Reductions

1. General
(a) Apperatusy The apperstus 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 furasce to heat the 1-7 led bomb under oonirolled
conditions. Figo I is & photograph of the bombs and liners used, TFig. II
Zives oross-sectional arawings with dinensions of the bombs and liners. The
bombs are machined from cold-rolled steel rod and have threadsd oaps with a
lip on the inside which makes a seal with the copper gasketAhold in a gpoove

in the body of the bomb. The screw in the 'gp'gf-hhe bomb ba to enabls

filling the losded bemb with an inert "'aso os ses soe ses ose oo.

UNCLASSIFIED " #7472
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The most satisfactory llners were found to be pfe-firod crucibles
made of wagnesium 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, lLater 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 descoribed.,

The mined maznesite had the following analyslss

Fe 00057,
510z 1,58
R2q3 0ﬁ39
Ca0 0.50

B ~20 ppa

Ths liner was formed in a graphlte mold using eithor a grephite or metal
plunger, The procadure was to jar & bottom layer of MgO in the mold
center the pluﬁger (which deteruined the shmpo of the inside of the liner)
in the mold, and add powder ip small anountgg the mold being jarred on the
Ubeach after cach addition. Whon the height of the liner waa reached, the
plunger was ocarefully removed, The formed liner was then fired in the mold
%0 22009C by induction heating. This firing took about twenty minutes.
After oooling, the liner vams removed from the mold., Liners mudo in this mamer,
and A th the mined megnesite, were hard and dense, and were satisfacltory for
fluoride reductions, They were, however, too porous to bae used for chloride
roductions. The "vitrification" of the liner at‘still higher temperature
for use in both fluoride and chloride reductions was aocomplished ns followsg
A large NgO orucible (4" 0D, 3.5" ID and 6" high) whioh had been firéd to
23009C was placed in a graphite oruoible which was 6° 0D, 6" 1D and 9" high,

The cover of this orucbile had e center vegt-hole &nd a nyrpmeter sight tube

UNGLASSIFIED
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8t an angle of 45 degrees. The liners prepared as above were placed in
the large HgO orucible 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 1,5 hours and
134 at this temperature for thirty Tinuteso

Calcium oxide liners were also made and vitrified by this method,
exoept that the first firing temperature was 1700°C and the vitrification
conditions were 2100°C, for thirty minutes, Electrically fused CaO was used.
The Ca0 liners wade 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 discussed under the reduction seales in
whioh they were used.

As stated above, the mined magnesia was later substituted by a
product whioh could not be used for the making of linere by hand tamping &
the dry powder., 7The use of the powder was teken over by Group CM-7, A
method was developed using machine tamping and pressing of the moist powder
to form the linmer., The formed linor was then dried and fired using the same
"vitrification" cycle as described above; The liners obtalned wers gatisfactory
for bofh ohloride and fluoride reductions. As can be seen from the follow.
ing analysis of the powder, the boron comtent was high, and the metal made

in the lipers ram hizher in boron than the metel made in liners of the mined

magnoesite,
Fe O;,l'?'?$
810, 2,35
R203 e R N
a0 0% i i E
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(b) Loading of the Bombs The halifieti

.
.I"..
\‘.

“oixe Em{il »the reducing

.?. I'I.

metal and icdine in a cloébd 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 placed in & vaocuum jar (see Tigz, 3).
through the 1id of which a screw driver passss by meins of a Wils:n s&eal,
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 Jar isthen twice evaiocuated and twice filled
with argon, the sorew repluced and tightsned in the ocap, and the bomb
removed from the Jar ready for firing,

(o) Piring of the Charze; In the firinz of the remction mixture

a controlled and reproducible rate of heatipg is necessery, and a knowledge

of the top tamperature reached is important, This isvespenially true in the

case of the smallescale reduotions where the heat generasted by ths reaction

itzolf 1s not sufficient to keep th; roaction 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 heuting to temperatures above the melting pcints

of the ;roducts will not coagulate the wetzl sntisfactorilyn A method of

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

1liner 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 1;side of the liner without a charge. Fig. 4

is a graph showlnyg these data 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 slower gnd more rapld rates

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

ourvas wlll be ziven in tho discussions of Qaph-lcalen.:Tne use of these
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ocurves can be oxplained with en exampleo. Codbi&er thd’l-#:scale bob with &

Mz0 liner. A reduction of UF4 with Ca is to be run. 'It has been found
that firing to a liner temperature of 975°%C at the rate given by curve 1
is satisfactory (not considering the heat of reaction), The time of heating

would be 8 zin (see #ig. 4),

(&) Unloading of the Bomb and Cleeninz of the Metals The liners

w2 usually essily removed from the bomb, Theyarc then broken open and the
atton of metal removed, Slag and excgss calcium which may be on the metal
is removed by plac ing the button in a 133 ecetic acid solution, After
pilekling, the button is washed in water and dried in mocetone.

2, l-gram Seale Reductions

The bomb and liner for this scale of reduction huve been deseribed.
Curve 1 of g, 4 gives the heating raute which was found to give the most
aatiéfactory and consistent reduotion results. A 7,5-KWN 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 lnductance Settings Left M  Right M
Fine lnductance Setting: 18
- Power 3et; 6
The bomb was centered in the coil,
The charsge composition wa$ studied with respect to theo amount of
iodine used; variations from 0 to 1.36 mole Ip/mole U belng tried, The
voytimum charge comp :~ition for all wethods of firing was as followsy 0,15
aole Ip/U with 26%exoess 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 apd & similay laysr at ths top.of,,thg. ohargeo The use of

UNCLASSIFIED .- . o 7 —
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350Td not be aocomplished

thesé I, + Ca layers was important th;';déé %Ffé%%:
by adding the corresponding amount of Iz and Ca to the reaction mixture
itselfs It vas found that amounts of I» below the dc15 mole ratio were

poor but that amounts above this value di'd not aid in the neducti-on but only
incrensed the amount of slag absorption and, in genseral, the mctal buttons
were not as well formed., The heating rate used was found to be oritical =
summery of the important variations studied being given in Table IV. The

charge was the one given above, WMugnesium oxide liners lired at 2200°C in

graphite were used,

TABLE 1V
liner
Noo Zempa Yield 920
of Heating Without' : : ,
Entry runs Time Charze Maz, Min. Ave Remarks

1 29 8 min. 975% 97,0 90,0 94,6 All well formed
buttons slag
down well,

2 2 3 min, 87Y°C 94,0 94,0 94,0 Well formed but-
tons, slag down
fairly well,

3 3 1 min. 550°C 95,0 90,0 92,0 " " ®

4 10 46 ses, 1380°C 96,0 250 82,0 Buttons not as
woell formed slag
absorption high.

5 5 46 sea, 1380°C 95,0 62,0 75,0 " w u
held at 1382°C for

2 min,

Batry 1 gives the data oblained using the most reliable procedure found
that is heating for 8 min., at the rate given in ocurve 1, Fig. 4. Entries

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

metal button as well, and the yields are not guifdia’d*highs;e It is believed

*® 500 e0s o0 o‘:'u‘ -'i"

ulﬂbhaagaﬁﬁﬁ efe 33 0t e ees -

APPROVED FOR PUBLI C RELEASE . S ——




APPROVED FOR PUBLI C RELEASE

[ L S S R
S gy eet see "e® ee s 0 %’
et
e o * s+ oo
that these lower temperature firings are not as rellable as the 975°

procedure. It should be noticed thet the rate of firing through the
starting temperature of the reuction (410°9C) is the same for the first three
ontries in Table IV, the only differences beiag in the top teupercztures
reached., Zntries 4 and 6 are for much 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 weres run
where the time of heating tv the starting tesperature was 3 minutes and then
the heating rate increased 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 motal was obtulned. From the ebove dls-
cussion it should be noticed that the rete of heating through the starting
temperature is very important that the amount of iodine used is not oritiesl
above Q.15 mole 12/hole U and that the use of the I, + Ca layers is impdrtant’
for a successful reduction of UF, on the l-gram scule.

A photograph of u 1 gram reduction button is given in Fig. 3.
A typioal anelysis of the metal made on this scale is as follows (values
in pp,)s Be, <0.4, B,<0.2¢ Mg, 25; Si, JJy and Fe, 50, The scale-range
of the reduction charge using the l-zram bomb, liner, ocharge composgition,
and heatling o&cle as described is from 0.5 to 1.5 grams of metal. Reductions
of UFz using the same ohargze and firing procedure javse ylelds comparable to
those of UF4 reductions. The sams firing proocedure w:s used far sugcessful
reductions of UCls with Ca; The "vitrified™ #4g0 liners were neoessary
for the s.loride reductions, and no iodine was used in the ohargéo

Profired ThO, llners of the sume dasign as the g0 liners wore

used and found to give very poor results, the ylelds teing irom O to 7522

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

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

ds J0-Gram=Scsle Reduction

The bomb and liner for this scale of reduction hzve besn described.
Curve 2 of Tig, ¢ gives the heating rate which was found to glve the moszt
satisfactery snd consistent rosults, A 3<Kw high=frequency Ajax converter wes
used used with a standard Ajax odls 4" ID and 4" high. The bottom of the bomd
was located 1/4" above the bottom of the ;Oilo The conve;ter wes run at full
power (angle 0),

The charge composition was studied with respeoct to the amount of
icdine used varlations from O to 2 moles I,/mole U being tried, It ves found
that the slag formed with nc iodine present had too high a melting point and
viscosity only beads of metal being obtained, Iodine ratlos above 0,15 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 is a deorease
in the yield, due to some metal buing mbsorbed with the slag. The optimum
charge composition was fourd to be 0,15 moles of I,/mnole U with 254 excess
Ca over that required to reaot with the fluoride snd iodine. The use of layers
of I + Ca as in the 1 gram roduction was found to be of no value. Much of he
work on the 10 gram scole was carried out using eir<filled bombe, When air
was used the slag frézo on the walls of the liners leaving the button with a
slightly rough top. #hen argon Qas used, the slag collected above the well
formed button in one onapaot pieoce, The ylelds obtained using air or argon

did not vary appresiabdbly.
The firing or heating of the 1oaded-hoﬁb'wgb atudi&dg the most
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satisfuctory rate being that given by curve 2, Fige. 4. The heating time was
4 ninutes, giving a top-liner temperature (without the charge) of 770°C,
Successful reductions were made using the same rate of firing as above with =
top~liner tempersture of 480°C however, the results were not es consistent
ag when & liner temperature of 770C was used. 4ore rapid rates of firing
were studied, since it was found that the collection of uetal was poor and that
the results could not be dupliocated. A series of experiments were run where
the loaded bombs were held at temperatures of 500°, 300°, and 200°C in a
ourcible furnace and then removed and heated in the inductlon coil, The charges
wnioch were heated aut 500°C fired about one-=half the timcd if they did not,
heating to 770%C in the induotion coil did not start the reaction, Those that
did fire in the crucible furnace gzave very poor collection of metal, The charges
which were heatad at 3009 snd 2009C and then fired in the 1induction coil
gave low yislds and poorly formed buttoms, Examination of the charges which
had been heated to 3000 and 2000C showed that a layer of Caly had been formed
on the Ca particles, This laysr of Cal, probably lowers tho rate of reaction,
thus allowing more heat to bo dissipsted to t{he liner and bomb belere the reac-
tion is complete, ecausiag poorvooilection of metal,

The most satisfactory liners for the l0-gram-scale reduction were
Found %o be of prefired magnesium oxide preparod as previously described,
Liners fired at 2200°C in graphite werevused for fluoride reduotioqs, but
the "vitrified" liners were found necessary for chlorilde reductions. Pre-
fired Zr0, liners made by the hendetemping method and fired in grgphite to
1800°% were tested and found to zive ylelds of 40 to 70%with poorly formed buttons.
The metal obtainod from ihese liners containoed 0020% 2r, The uain reason for

the feilure of these liners is probably due to-tha fapt that the Ca metal reducud

L J
\ . .
. . .
.

the Zr0g, thus lowering the efficlency of thé-ﬂﬂi. :ku;yagtlon. and also
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reising the melting point and/or the viscosity of the slag. Prefired Tuo,
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
ThOg does not make o zood liner is not clear. Loose maznesium oxide liners
made by hend-tamping the powder into the bomb were found to be very poor
boeoause of the high slajy abeérption and the rosoction and mixing of the slag
with the g0 powder. Prefired Ou0 liners msde as preyiously descrihed were
tested and found to zive 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,
sod uranium with the same size bore as the Hz0 liners were tested without liners.,
The metal formed alloyed with the bomb walls and bottom, thus ziving very poor
roductions,

The procedure used for the 1l0-gram reduotions of UF4 as outlined sbove

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

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

The average yleld obtained in the reduction of UF, with Ca as
desoribed above wms 96%. A photograph of a 10 gram asereduced button is given
in Pig. 5, A typical analysis of motal mads on this scele is as follows
(values in ppm). Be, 0.1 B, oﬁ:} Ugs 87 S1, 3.5 Ca, 20}‘ and Fo, 100. The
scnle=range for the reduction charge using the 1l0.sram bonb, liner; ochergse
compasition, and heating cycle as desoribed is from & to 12 grums of metsl .

4, 2b.Gram-Soale Reduoctions

The bomb and liner have been desorlbad. Curve 3 of Flg. 4 gives
the heoting rate which was found to zive the montsﬂntibfaotory und consiatont
rosults, A J3-K¥ high-frequency Ajax convertdr'wgq ggpq:ﬁaﬁh awgtandard Ajax

coil 4" ID and 4" high, Tho bottom of the bomt da¥cloented LZ4" above the
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bottom of the coll, The totsl heating time was 6 minutes to a top<liner
temperature (withouf the charge) of 700°C (see ocurve 3, Fig. 4). The con-
vorter settings lor this hesting aycle werss sangle 25 for 2.5 minutes and
angle O for 3.9 minutes. The optimum charge oomposition was found to be _
0,15 mols Iz/hole U and aﬁﬂZexcess Ca over that required to resot with the
fluoride and iodine. The avera,e yleld for this scale of reduction was 99%,
1he buttons being well formed (see Fig, 6). The liners used were prefired
MgzO fired at 2100°9C in graphite or "vitrified" as proviously described. The
scalo~range of the reduotlon charge using the 25 gram boub, liner, charge
compositlon, and heating ocycle as desoribed is from 10-30 grams of matal.

IV, 250-, 500<, 1000-Gram (of Metel) Scules:

1, General

(a) Apparatuss Tho apparatus consists, in general, of a bomb or
externnl ocontainer with a pre-fired refractory liner for the oharge, and a
highefreguency converter and furnsos to heat the bomb under ocoatrolisd ocon=-
ditlons, Two types of bombs have Veen used for reductions on the 260-and 500.
gram gscales, one with a double flange and one with a solid bottom, The two-
flunge bombs are desirable where the linors do not f£fit well and may stiok in
the bomb after firing, Fig. 8 and 6 (a) sre photographs of thess 250-pram
bombs and liners, while Flig, 7 and 7 (&) are cross-seotioned drawings with
dimensions. Fig. 8, 8 (a), 9, 9 (a), are for the 500-zram socale bombs and"
liners, Fig. 10 arnd 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
£illing thoe losded bomd with an inert zas, The thermocouple well is for the
purpose of following the heating cyole. The lids or covers of the bombs

have a lip which is forceed into the unno;ied-aqpper gusket.
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The most satisfact ory liners were found to be pre-fired orucibles
made of electriocally iused majgnesium oxide. Only m few liners used were
made by the hand-tamping method desoribed in the small-scele section, Most
of the liners wers made at M.I.T. or by Group CM~7. The powder used by M.I.T.

had the following analysis:

Fe 0.024
510, 2,00
Rp03 0.23
Ca0 0,69
B 30 cpm

Thoe analysis of the pgﬁder used by Group CU-7 was as follows;

Fe _ 0.17 »
510, 2,36 7:
R,04 0,567
cap 0,94 A
B 300 ppm

The boron content of this powder is higher and, as will be disoussed later,
the boron conteut of the motal wade in these liners was higher than that
of wotal made in M.I.T, liners., Some liners were received from M.I1.T. whioh
wore made of powder containing 4¢,8102° These liners, even though fired at
high temperatures, showod very high slag absorption, sud tho metel obtained
was high in Si (1000 ppm) and Mg (250 ppm‘)o

Briefly, the method ussd ut M.I,T. for the mamufacture of the liners
vas 88 fodlows; The magnesium oxide was mizxed with 7ﬂ$water and tamped and
prossed into stoel diéso The fordﬂﬁ 11nqr qu°¢hon extruded from the dle,

dried, and fired in & gas furnsce t-iﬁoé. :or:&b;ao hours. The only
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essentinl difforence from the above prooedure and that used by CM=7 was that

L XXX

the dried liners were induction fired to 2100°9C using graphite as a heuter,
With both methods the resultant hody was hard and had & porosity of less than
22%. Iiners fired by ‘nduction to 2300°C for "vitrification” were found to
orack due to thermal shock when the reduction resction took place. Prefired
Ca0 liners made at Ames, Iowan were tested om the 250 gram soale and found to be
inferior, probably because of the reaction between the slag and Gal.

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

metal end iodine in‘a closed bottle and the mixed charge poursd into the liner,
covered with the refractory lid, emd the space botween the liner and bomb wall
and above the liner lid and gaskel groove filled with 40 mesh electrically fused
magnesia powder. The gasket groove is then brushed free of mznesia and the
annealed copper gasket put 1n place: The bomdb lid 1s then bolted on. A stop-
cook assembly (Fig. 12) is then sorewed into the hole in the bomb lid and the
bomd twice evucueted and filled with mrgon. The stopoock assembly is then rs-
moved and quiokly replaced with the screw and copper zZaskut,

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

firing technique used for the larger scale reductlons aﬁd that used for the small
soales is that the large~scale charges are honted Just to the starting temger-

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

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

the bomb and its conteats to the starting temperatﬁro of the reagtion mixture

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

roguires a definite prehoat period before the staurting 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 onse more of the heat of quptipn-is diduipatod in heating the sharge,

thus allowing the products to solidiiy'&dre rupiaiy-%han if a prehsat 1s used.

Uisuirooll ILG S
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If the prehest period is too long, the calcium particles are coated with

a layer of (aly (see 10-gram somle) which presumably lowers vhe rute of re-
aotioﬁ with the fluoride, This allows more heat to be dissipated to the linmer
and bomb before the resotion is complete, thus aguin causing poor asollection

of metel, The hemting or firing prooedures used for the 250-, 500-~, and 100«
gram scales areo the samo, and were arrived at by experiment, using several diff-
erent heating oycles to looate the optimum conditions. ¥hen developing a heating
cycle, three thermocouples are placed on the inside surface of the liner, one
neer tho top; one &t the center, and one on the bottom. The temperature of

the liner ocan then be correlated with tho tenperature of the outside thermocauple
well, 1t is imgortant that the boxd be located in the coil so that the éntira
leugth of the liner ncats amt nearly the same rate (+75°C). ' For example, if

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

In the aoctuel firing procedure used for the 250, 500, and 1000-zram-
scale reductions, the loaded boab is placed in an inductionm [urnace which is
powsred by & 20-Ki high-frequensy Ajax oconverter, The 250<and 500-gram bLombs
are placed in a 7" ID, No, 312 Ajax furnace so that the botiom of the bomb is
1" sbove the bottom of the coil. The 1000-gram bomb i& placed in a 9" ID, No.
_sis Ajax furnace so that the bottom of the bomb is 1" above the bottom of the
colle The ooils are protected by a silloa slesve which fits om the inside of
the coil, Alter the bomb is placed in the coil, the thermccouple (Chromelalumel;
1s then placed in the well om ths bomd and the heating oyole givenm in Table V
followed, The liner temperature siven is nn ezample und will vary *75°C de-
pending on the fit of the linor. The heating cycle for the thermocouple well
is one rocormended for the bombe used however, if different bombs, linera,

atc., were used, Lhe liner temyuratmze gptg should le duplioated and not the

e TR —
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thermocouple~well oyole. When the charze reaches the starting temperaturs,
which is hetween 12 and 15 minutes, there is a sudden inoresse in temperature
with time. When the inoresase oocurs, .he power is turned off a nd ths bomb is
allowed to stend in the ooill for sbout five wminures before cooling to room
temperature in frout of a fan, Fig. 13 is a photograph of the firing orucible,
o0il, and converter used.

EABLE v

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

Time ‘ Thermoocouple Liner Temperature
Hin, Well - °C_ o¢
1 110 : 25
2 200 » 47
3 280 - 54
4 - 360 102
5 400 ~ 135
6 425 le4
7 450 21l
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 N
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(d) Unlomding the Bowb end Cleaninz of the Metals After the 1id

is removed, the outside of the bomb 19 tapped with s hommer until the conteuts
of the bomb van be poursd out., Slag and cslclum which may be on the uetal is
removed by placing the button in a 1;3 ecetic aold solution. After plckling,
the button 1s weshod in water end dried in acetorns.

2, 2950«0ram-Scals Reductions

The bombs and linors for this scazals of roeduction have been discusaed.
Huch of the work on thls soale wss carried out using air-filled bombs rather
than argonefilled bombs. Whon alr was used in the bomb, the slag froze on the
walls of the liner, snd the button of metal had a rough top which was difficult
to olean., With argon, the slag colleotsd in onc plece above the metnl button,
which had a smooth, cleqn top. The yieldsvobtained in air-filled and argon-
filled bombs were not appreciably different, |

When the atmosphere in the bom™ was air, the optimum charge oome
positlon was found to Ee 0,40 mole Ip/mole U with 26%excess Ca over that
required to react with the fluoride and iodine, lodine ratiosras low a8 0,16
mole Igﬁnole U zave satlsfactory reductions, but the results were not as re=
producible, Reductlions using less than C.15 mole I were not satisfactory,
while I, ratios greaster than 0,40 mole Iz/hole U were of no advantage, When
argonefilled bombs were used, the optimum charge was found to be 6520 mole
Iz/hole U with 256 oxcess Ca sver that gaquired,to react with ths fluoride and
iodine. Jodine ratios as low as 0,10 mole Izjhole U zave satisfactory reductions,
but the results were not as consistent ms with 0,20 molo 12; Reduotions using
less than 0,10 mole Ip were not satisfactory, while more Ij was of no advantage

4nd the metal obiained was higher in magnesium.
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A study, using air-filled bombs, was made of the U0p content of the
UF4. The experiments wore made by mixing UOp with the standard UPg. It
was found that the yleld of coherent metal was not affected for U0p contents
as high as 4.22 (0.57%02). A decreamse in yleld of only 0.9 percent was
obtained using 8.44 percent U0, (1.100']‘02)° larger amounts of U0 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 wore used, I% was found that fluoride of 98.7%
converelon gave satisfaoctory reduotioh results; the yleld from 9307§Q90nVerted
fluoride dropped 0950¢L and the button was poorly formed. Fluorides 910779
converted from the oxide gave only powdered metal.

The firlng or heating procedure used for this soale of reduction

" has been given and desoribed. The procedure wasz arrived at by ruoning exper-

iments using differont rates of heaiting it belng found that the preheat period
was very lmportant, and that heating the bomdb after the reaotion had started
was of no advantage. Experiments were also run using a resistanoce furnace for
heating the bomb and its contents, It was found diffloult to obtaln and
duplicate the desired preheat rate, and much trouble waw 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 éﬁtlined was 99«6?§ An avcrage anslysis of the metal obtained
from M.I.T., liners was as follows (values in ppm)s Be, <0.3 B, <0.2:, Mg, 15;
Ne, 5; Al, <5,81, 95 Fe, 10; C, 120; and Ca, 20. The boron content of metal
made in liners from Group CM-7 ren somewhat higher, the value being from

<0.2 té 1 ppm. This was, as 5iven 1n thn 11ner o}soussion. dus to the fmot
thet the magnesium oxide powder usad by:cnm MS :hifh,er in boron. A photogreph

uwbuﬁﬁgﬁ’r t@‘ oot
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of & 2560-gram button 1s given in Fig. 1l4.

The scals-range of the reductioa charge using the 250-gram
bomb, liner, charge composition, and heating oycle as dessribed is from 100

-

grams to 300 grams of metal,

The ssme technique as described above was found to give satisfactory
reductions of UCly with Ca 0.2 mole Iz/mole U beimg used im the charge,

3. H600-Grem Soales Reductions

The bombs, liners, and heating oyola for this soale of reduction
have teen described., The opti,ui, cherge 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 socale~range of the reduction charge using the 500 gram bomb, liner, charge
composition, and heating cycle &s described ig froﬁ 250 to 600 grams of metal.

The averageo yield for the 500«gram-scale reduction using the standard
procedure as outlined was 99,87, An average analysis of the metal obtained
from M,I.T. liners was as follows (velues in ppm): Li, £5.0; Be, <0.2; B,
0.2 Ba, <6; Mg, 7) Al, <5 Si, 20, Pe, 15, C, 100; Ca, <20, Metul mads on
this soale using €M7 liners ran 0.2 to 2 ppm of B, Fig. 16 is a photograph of
a8 5Q00-gram button,

4. 1000-=Gram-Scale Reductions

The bowb, liners, and heating cyocle for this scale of reduction’
have been discussed. The optinum charge was found to be 0.1 mole Iz/hole
U with 25% oxcoess Ca over tiat requivd to reaot with the fluoride aud iodine,
The sowle-range of the reduction charge using the 1000-gram bomb, liner, charge

composition, and heating cyoi@ ag desoribed 1g from 600 to 1300 grams of metal.
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The average yleld for the 1000-grem-soale reduction as outlined was

An average analysls of the metal obtainsed from M,I.T. liners was asg
Li, <0 2‘ Be: 40005/' B: 0922; )‘h.‘ 5; M&a 12", Al,"—S_,

99.8%.

follows (values in ppm)s

Fe, 15; C, 120) Ca<20., Tig. 16 is 2 photograph of a 1000-gram button.

83, 58;
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