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THE PRODUCTION CF URANIUM BY THE

REDUCTION OF UF! BY ks

By: F. H. Spedding, H. A. Wilhelm, and W. H. Keller
June 26, 1945

ABSTRACT

Due to difficulties encountered in the production of calcium metal
in adequate quantity and of adequate purity at low cost, it became
desirable to replace calcium by a cheaper metal in the production of
uranium. Bscause of the heats of formation of its compounds, its rela-
tive stability in air, and.its cheapness in high purities, magnesium was
was ithe best suited metal for the purpose. Since  the heat of reaction
of the reduction of UF, by Mg was not sufficient to melt the products,
it was necessary to ad& heat to the system. This was done in experi-
mental studies both by preheating the reactunts before reaction was
jnitiated and by the use of a simultaneous auxiliary reaction producing
more heat then the primary reaction. For the latter purpose the reduc—
tions of XC10,, K,S.,0, and of other salts by Mg were suitable reactions.
The use of "boostEr§" or auxiliary oxidants irvolved extra work and
materials, thus increasing costs and offering tdditional opportunity
‘for contamination, hence the preheating of the weactants was adopted -
for large scale production. ' '

The reactants were mixed in a mechanical mixer, placed in steel
reactors or "bombs" lined with high-calcium or fuged dolomitic lime and
preheated in a gas-heated furnace at 1150 to 1250°F for about 50 minutes,
until reaction cccurred. The products, U and MgF,., were fused by the
combined heat of resction and the heat added by thie furnace and col-
lected as liguids in the bottom of the reactor. There they were sepa-
rahed by gravity into 2 pool of metal covered by a pool of slag. - The

metal sclidified into a cylindrical ingot.

The purity and particle size of the UF, had mch to do with the
yizld and condition of the metal. Over thr%e per cent of U), or UO
caused an appreciables decrease of yield with 7 or 8% causing™a larg
decrease. The salt gave best results when ground to 100 to 325 mesh,
with not cver 60% of =325 mesh. '

Of various types of magnesium tested for their productivity in
the process, that produced by the New England lime Co., Canaan, Cenn.,
by the ferrosilicon process gave most consistent results. “It.was tuund
that the size distribution of Mg between 10 1o 40 mesh had no great
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effect on the yield of uram,um, but no- s1gmf1cant quantity of +10 or .
~40 material could be tolerated. The excess of llg used over theoret.lcal'
was 7i% in the 6" ‘bomb. _

Yuch difficulty was experienced in securing properly burned lime
for use in forming the refractory lining of the reactor or bomb., High=
czlcium lime secured from the Ste. Genevieve Lime Co., St. Louis, Mo,,
was of adeguate purity and was usually well-burned, but even if properly
burned, the lime had too great a tendency to pick up moisture from the
air. After an extensive investigation of various refractory substances,
23zeirically fused dolomitic lime was finally adopted as the lining
maverial.

A prehe%t of 50 to 60 minutes at fumnace temperatures varying from
1106 to 1250 F was found suitable for the 6 inch bomb charge, varying
vith raw materials end liner used. With average products . a 50 minute
© prehesat at 1200°%F gave optimum results. The large scale production of
thousands of tons of metal of consistently high purity was achlevedo
The metal averaged 99.9% in uranium centent.

. THE_PRODUCTION OF URANIUM BY THE -
REDUCTION OF UF, BY Mg
-Due to i‘.he izrgént. demand for at 1eaét limited amounts of uraxiium at

the beginning of the project, the productmn of metal by the reduction .
¢t Y a by calcium was developed axﬁ(ﬁt into operat.a.on before other
procedures were fully investigated. Reduction of the oxidés with
carbon and with metals had been investigated with no satisfactory results
before the reduction of the fluoride was first attempted. Al gave par-
‘tial reduction but A1,0; could not be separated from the product. Ca
rroduced only powdered metal. Nor did- the flrst attempts at the reduc—
tion of the fluonde by other metals such as Hg or Na appear promising.
ig f‘auea to produca enougn heat to fuse the product.s and only powdered

"'o;ﬁzorz.c metal was obtained. Na gave only part.ial reduction and
‘produced lova yields in small pellet.s.

Based on Reports-No. CC-238, cc-zss CC-298, CE-315, crnazz
CT-504, CT-609, CT-686, CT-751, CT—816, CT-891, CT-1180, .A-1024, A—1036
4-1038 and A-1039.
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1. Ixperimental Reduction of UE& by Mz

Arter sufficient metal had been produced(l) by the use of Ca to
meet the most pressing needs for the study of its properties and febri-
cation and for use in experimental piles, the problem of cost in the
over-all picture became more important and the replacement of Ca by a

cheap metzal received conslderation.

1.1 Disadvantages of Ca. In addition to high cost, the purity of
tte calcium was not as high as was desirable. It appeared that a more
volatile element might be more completely purified by distillation.

Both ¥g and Na met these cbjections to Ca. The extréme,difficulty of
ncling Ma im guantity in disintegrated state in air made it very
nowever, regardless of any advanbtages in cost or purity and
nc further coasideration was given to its usz, Mg was available in great
sbundance, its comminution to the desived size could be handled like that
of Ca; it was much more stable in alr, its production by the £ rrosilicon
or the carbothermic processes yielded a very pure distilled product and
its price had been pegged at 20} cts/lb by W.P.B. Its only disadvantage
was the lower energy of formation of its compounds as compared with thoss
of Ca, Thus, if UFA were reduced, the heats of formation at 298%K of the
fiucrides produced per mole of UFA reducing with Ca, Na, Mg and Al are as
follows:

2 CaF, AH = 2 x-286.26 = -572.52 Keal
L NaF OH = 4 x=136,30 = ~545,20
2MgF, OH = 2 x-263.80 = =~527,60
1.33 ALF, AH =1 1/3 2-329.03 = ~438,71

The heat of formation of UF, is reported as -4l46 ¥Kecal/mole at R298%K,
hence on the basis of thesc date it appears probable that the above meials
except perhaps Al should be able to reduce UFL under actual operating

cocnditions.
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1.2 Beduction of UF, by Mg Without Addition of Heat. - The reduction

of UF, by Mg was first attempted(2) by mixing it with Ca in an effort to
lower the melting point of the slag and to substitute at least part of
the Ca by g to redﬁce costs. A mixture of a 57.5 mol per cent Mg and
42,5 mol per cent Ca was used producing a slag having the composition of
the eutectic mixture of CaF,-MgFy. The mixture was used in 50 per cent
excess over the theoretical weight required to reduce the charge of 942 g
of UFL& The charge was ignited by electrically heated fuse wire, A com~
pact button of metal was obtained representing a yield of only 30 per cent,
far less than the Ca alone should have produced. An zttempted reduction
by Mg alone resulted in only partial reduction to powderéd pyrophoric
‘metal. No pzllets were obtained. An alloy containing 78 per cent Ca and
22 per cent Mg, crushed to about 1C mesh particles, produced a yield of
U of 62 per cent.

In Hovember, 1942, thersfore, further experiments were undertaken
in the use of magnesium as the reductant.(B) A repeated attempt zt
reduction on the 4" bomb scale under optimum conditions ignited locally -
by electrically heated fuse wire again yielded only pyrophoric powdered
metal. It was obvious that even on a consideiable scale more heat would
have to be supplied to fuse the products of the reaction.

1.3 Additicn of Heat to System. The simplest way to add heat to the

gystem is tc preheat the reactants vefore reaction begins. This procedure

is used in preheating gases in many processes as in the blast furnace and
was used in the eariiest experiments at Iowa State College with oxides and
with UFA:.(-‘*) The final heat available in the system is then the sum of
the heat added in preneating plus the heat of reaction minus the radiation
heat losses. It might therefore be possible to produce massive uranium
by the use of magnesium as reductant by heating the entire charge in the
bemt in a furnace or soaking pit until reaction occurred instead of
izniting leeally by a fuse, provided reaction was not initiated before
encugh had been added in this fashion. In case too much heat were added

Lzfore ignition occurred, sufficient heat could bs added by preheating

Cu

only to a given temperatuve, then initiating the reaction locally by a
fuse as before.
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l.4 Addition of Heat by Preheating. For this purpose a charge of
2016 g of UF;, was mixed with 400 g of lg, representing an excess of -
30 per cent, the charge placed in a steel bomb(B) with high-calcium lime
liner and heated in a chromel-wound resistance furnace at abcut 650°C.
Reaction occurred at 6Ad°C (ocutside bomb temperature) and & yield of
80,5 per cent of clean, compact massive metal was obtained. In similar
successive experiments yields of 80 to 95 per cent were obtained. This
procedure was expanded at Iowa State College and adopted at other planis
as the process by which most of the metal used on the project was
produced, |
1.5 Addition of Heat by Booster. Another procedure by which heat

1 ¢ht be added to a system is by conducting simuitaneously an awdliary
reaction. Thus in the thermite process auxiliary combustions are used to
bring reactants up to necessary temperatures. The final heat available
to the system, which is equal to the sum of the heats of the twe reactions,
pay be sufficient to bring the producis into the desired state such as the
molten state of metal and slag. The use of such a process requires that
the products of the auxiliary reaction will bve separable or removable
from the main product or will be in no way deleterious.

The addition of an oxidant which can be reduced by reductant already
in use is desirable. Decomposable salts which supply oxygen, such as
chlorates or sulfates, peroxides such as lead dioxide or barium dloxide,
binary salts supplying considerable heat on reduction such as halides'qf
most metals, or oxidizing elemsnts themselves such‘as iodine, bromine or
- gulfur could readily be used as auxiliary oxidants or ”booatersﬁ, as they
iuefe designated on the project. »

Soma of the additional problems.created by the addition of other
subgtances 1o the system‘in the use of "boosters" in the bomb process
were:

(a) Purity. No substance could be used containing an element whose
presence could not be tolerated in the final product unless that element
could be completely removed during processing.

(b) Pressure. No "booster" could be used which produced gaseous
or volatile final procducts which with the_sﬁdden iﬁcrease of temperature
cn reaction would produce pressures beyond‘the limits of the heated bomb.




{e} Handling, Gaseous boosters such as chlorine, which offered
difficulty in introduction into the bomd, were undesirable although
ugabls. Hygroscopic matsrials requiring special handling as in dry

roczs, eiLC., were undesirable but usable.

i.5.1 KCl1G., 2= Booster. From the pocint of visw of convenience of
nendling, permisgibility of end-producte and heat production potassiunm
chlorate looked very f{avorable as a bogsier in the reduction with meg-

neglum. All by-preducts, KC1 and Cal would be remowved in the slag.

5§

7 potassium reduced to metal could be distilled ocut by remelting in
vacuo,

As an estimate of the quantity of KC10, requived for an experimental
Teaction, il was assumed that the heat prodaceé by the reduction of UF&
by Cz was the quantity needed for the fusicn of the products to permit
their separation., In the reduction of UF& by Mg the healt of fusicn of the
U remains the same, the heat of fusicm of Mng is very nearly that of
u,Fo and the only difference would e the heal needed to wvelatilize the

c285 Yz, since the Ca excess was nol volatilized to an equal extent zi

the temperature reached. The heats of reaciion of the two reductions

F& +2Ca~—> 20, AH = ~134 Keal
~Lhs =580
tf& +2 Mg o> U 42 Mg?z AH = -82 Keal
=L46 ~528

Thus it appears that 52 Keal additional heat is neceded for compen-—

sating for deficiency of hsat in the Y¥g reaction as compared with the Ca
sction plus 19 Keal for vaporizing Ook mole Mg (30% exmcess). Additional
novt will be needed for the fusion and heating of products of the booster
meaction, but these will be relatively small and may be ignored in the
first approximation.

The heat of rzaciion of the reduction of ‘(Clo3 by Mg based on heats

of fermation at 298°K is -£52 Kezl/mole K0103°

KC10; + 3 Mg ———> KCL + 3 NgO JH = =452

-90 ' <104 <438




To add sufficient hcat to make the total heat production of the lg
reaction equal that of the Ca reaction and hence reach the same final
temperature thus requires 71 Kcal/L52 Kcal per mol KC10, = 0,157 w028
KC103 per mole of UFI‘ used, or about 1 mole KGlOB per 6.5 moles UF. .
The heat required for fusing KC.'LOB, raising its temperature tc 63G°C and
hsating the KCL from 600°C to 1500°C (approximate final temperature) is
about 5 Kcal. Then 76 Kcal/452 Kcal/mole KC10, = 0,168 moles KC105 or
1 mole K(ZLC)3 per 6 moles of UFho Since the behavior of the chlorate
under the bomb conditions was not too predictable, one mole of KClO3 per
7 moles of UFI& was first tried.
In che first experiment 440 g of UF,, 24.5 g of K0103 representing
1/7 mole KCEL03 per mole UFA and 109 g Mg representing 33 per cent excess
over that required for reduction of the UFI; and the KCZLO3 were mixed and
charged into a lime-lined steel bomb equipped with electrically heated
fuse as was used in the calcium process. The reaction was initiated by
the fuse and proceeded normally. A yield of 80.4 was obtained.(?)
The ratio of KC104 to UFh was examined from 0.1 to 0,25 moles
KGI.OB per mole cf UFA but the originally calculated 0.1l4 moles KG103 per
UP“ or 1 mole of xc103 per 7 moles UFA was found to be optimum for the
scale used, This told exactly the additional heat needed in the Mg
reduction oier the Ca reduction under the operating conditiohs. It must
be bourne in mind that the efficiency of heat utilization is a function
of scale of operation as well as of shape of equipment, hence this figure
does not apply to greatly different charges or differently shaped vessels.
1.5.2 Other Boosters. Magnesium persulfate was also.used with
success as a booster with magnesium, (4) On the basis of comparison with
the KCi0; requirements, it was calculated that 1 mole K,5,0g per
14 moles of UFL should supply the required amount of additional heat.
A reduction on this basis with 20 per cent excess Mg produced a yield of
96 per cent. The odor of‘HZS from the ingot was very pronounced, but no
odor of SO, was obeervable from the bomb immediately after reaction.
Later iodine was used with calcium on small scale reduc'oions(5 ) and
a number of different auxiliary reactions have been used in the prepara-

tion of different met.als.(b)




U1 the two procedures successful in producing massive metal with
msgnesium the preheat had several advantages over the use of "boosters®,.
the fewer substances used in a reductlon the less is the chance of
contamination, the less handling, storage and preparation of materials
are required, the less labor is involved in preparing and loading the
charge and the greater is the production pe“ unit operation. The use of
certain boosters adds some danger bv an 1nstantaneous increase in pres-
sure if a gaseous intermediate is producsd before the reaction is com-
pleted even though there be rno gaseous product in the end. For these
reasons production by the magnesium process was begun by the preheating
methed and has continued so to the present tims.

2, Final Production line Procedure in Reduction
Stage at Iowa State College

Foilowing the successful reduction of UF, by Mg the adoption of the
4 . :

process in production was immediztely planned, Large scale experimen-
taticn was begun for determining the specifications of satisfactory mate-
rials and for establishing optimnm operating conditions for the process.
In order that the reader may beiter understand the experimental procedures
employed for these purposes and the results obtained; the method of per-
forming the reduction will first be described. The reactants were mixed
in proper proportion and caused to react in a stesl reaction chamber or
"bomb" (Fig. 1) lined with a refractory oxide. Reaction was initiated by
heating the closed bomb in a gas-heated furnace or soaking pit maintained
at 1050 to 1300°F varying with condition to be discussed below, The
prcduction line procedure in use a? §owa State College at the time of the
7 ,

peak of production was as follows:

2.1 Construction of Borb. The bomb was constructed of standard
&" pipe with a welded bottom of 3/8" steel plate and fitted with a stand-
‘ard companion flange a2t the upper end, which was threaded. It was covered
by a second companion flange closed with a standard pipe plug. The
refractory lining consisted of a layer of ground,.electfically fused
dolomitic lime applied by jolting into the annular space between a steel
mandrel placed concentrically within the bomb and the bomb wall,
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2.2 Installaticn of Refraztory Limer. The procedure for applylng

the liner was as follows: Sufficient refractory (2-2% 1bs) was poured
intc the bettom of the bomb and jolted by hand inte position te form ithe
botton layer of the liner. The éandrel wes made of seamless steesl tubing
with a welded plug in the bottom machined to shape and chromium plated.
For the 6% bomb the mandrel was 40" long, 5 1/8" diameter at the iop
tapering to 5% diameter at the bottom. The annular space bsiwesn mandrel
a3 bomb was then filled with E.F.D. (elactrically‘fused dolomite) by
pouring into a furnel which fitted around the mandrel and just inside the
bomb, The mandrel was kept centersd during this period by observation.
Ths bomd was then jolted on an "Arcade® jolting table with 4" piston. 4s
soon &8 this perbtion of the wall was somewhat compacted more lime was
added and joliing continued. This process wes continued until the liner
had been completed to the top of the bomb. A steel ring 3/8" thick which
fitted exactly between the mandrel and bomb was placed on top of the upper
surface of the linsr to supply pressure during the final jolting. The
forming of 2 6" bomb liner reguired about 15 minutes of jolting at the
approximate rate of 3 blows per second at an air pressure 75 to 90 psi on
the pisten.

Before removal of the mandrel the stopper was removed from an air
hole or vent which extended through the mandrel from top to botiom. With-
cut such a vent the suction created by the loosening and removal of the
mandrel always caused the liner to break and cave in. The-hoie was closed
during jolting by a steel rod which passed through the mandrel and fitted
tightly at the bottom and conformed to the surface of the mandrel.

The mandrel was removed by fixing the bomb rigidly in position and
withdrawing the mandrel with very even pressure by a chain hoist on the
monorail above the loading line. It was essentlal that the mandrel noi
- be permitted to swing and sirike the liner during removal.

2.3 Weighing and Mixing of Charge. The reaction mixture or charge
vcasisied of 56 1bs. of -100 mesh UF, and 9 lbs., 4 oz. of =10 mesh magne-
sium representing an excess of 74 per cent zbove the stoichiometric
weight. These reactants properly prepared as described in the following
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sections were mixed in a motor-driven MacLellan batch mixer of one cubic
foot capacity. The mixer was operated at about six revolutions per minutc
for I, to 5 minutes,

2.4 Introduction of Charge into Bomb. The mixed charge was poured

into the bomb by lowering the latler into a pit on the floor, rolling the
-mixer directly over the bomb and pouring the charge into the bomb through
a telsscopic funnel so consvructed as to prevent damsging the liner either
by the intrcduction of the funnel or by the falling charge. This device
consistad of two cylinders;~the outer being 4" 0.d., 35" i.d., 14" long,
rigidly supported by arms fitting into the bolt holes of the flange and
extending 8" above the top of the bomb. This cylinder acted as a support
and guide for the inner cylinder which was 3 3/8" o.d., 3" i.d., 32" long
with 2 sheet steel funnel about 12" wide on top. This tube fitted exactly
into 1/16" guides on the inside of the outer cylinder thereby being
orevented from striking the linmer on the introduction of the fumnel into
the bomb,

2.5 Topning of Charee and Closing of Zomb. The filled bomb was

1ifted from the charging pit by the monorail hoist, A covering of lime
was placed above the charge tc complete the inert liner which prevented
the reaction of the charge with the bomb. This covering was very neces-
sary a3 attack of the bomb or flange at the top due to defective liner
ra2sulted either in contamination of the product with iron or even in a
"rurpecut” thfcugh the bomb or flange which destroyed “he bomb and permit-
tzd 2ll or much of the charge Lo be blown cut of the bomb and thus wasisd.
The "topping® wes performed as follows: The charge was smoothed and
compacted by pressing with a eylindrical wooden paddle or mold of diametsr
equal to inside diameter 6f liner, L1ims vias then poured on top of the
amooth surface of the charge and compacted with a form similar to the
abeve but of &% diameter until level with the top of the flange. The
cavity in the plug of the top flange was fillled with lime by Jolting. The
top flange was then bolted in position.
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A triangular handle or bail for lifting the bomb was inserted throuéh
two opposite bolt holes of the flange and secured by muts. The bomb was
then placed in the furnace by means of a chain hoist which was supported
on a monorail running above the loading line; over the furnace and cooling
soray and into the opening room.

2.5 Preheating and Ignition of Charge. The preheating furnace was
o gas-heated soaking pit approximately 3! wide by 33" deep by 12! long.
The pit was lined with ordinary commercial fire brick and covered with
six removable covers built of magnesia brick held between lfh' sheet steel
plates bound around the edges by welded sheet and supported on a frame
work of angle iron. A hole through the center of each cover permitted
the introduction and removal of borbs.

The scaking pit was heated by a low-pressure natural gas-air mixture
burned in Burdett Radiant Heat Gas Burners produced by the Burdett Manu-
facturing Company, Chicago, Illinois. The mixing and proportioning ecuip—
rment was designed and supplied by the Burdett Cozpany. Twenty-four #25
e A Burdett Burners with a rated capacity of 10,000 BTU per hour each
were a?ranged svenly at the bottom of the pit along the two sides.
Temperstures were measured by metal-shieldea chromsl-alumel thermocouples
arranged along the sides and in the top and bottem of the furnace. When
the furnace was at equilibrium, the temperature throughout the central
portions where the bombs were placed was very even, being AO-SOO hotter
near the top of the furhace.

Six 6" bombds cculd be placed in the furnace 2t a time during normal
cperztion, Thiey were lined up in the center lengihwise of the furnaces
betwesn two rows of burners. The timing of the introduction znd remcval
ef the bombs was fairly importent in that introducing too many or remcving
too many at a time disturbed the furnace tempsrature sufficiently that it
a3 found best to stagger the introduction of the bombs at proper inter-~
vals {every 5 minutes or more) to~maintéin sufficiently even heating.

The proper length of preheat (called “firing time" below) and the
temperature of the preheating furnace varied with such a nutcber of factors
that the specification of temperaturerand firing time for general oper-
ation is not advisable, However, for most cf the products used during
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the major part of the operat:.on a temperature of 650°C (1200°F) was used
giving a firing time of 47 to 55 minutes. The relation of firing time,
i‘umace teaperature a.nd reactants will be discussed below.

After the reaction had occurred, 45 to 60 minutes after placing the
bomb in the furnace, 1t was rémoved by the chain hoist to a cooling épray
of water érranged in line with the furnace. After several hours the bomb
and its contents were sufficiently cool to handle and to expose to the

aire

2.7 Handling of Slag. The bomb was removed from the cooling spray
to a room equipped with a pit in the floor covered with grating made of
1/L" steel bars separated by 1/4" spaces. The pit was vented from the
bottom by ducts leading to the main exhaust fan of the building. In
Vemptying the bomb the cover was removed from the bomb, the side wall chip-
ped down by a pneumatic chisel similar to a concrete chipper, the loose
wall material dumped on the grating. The bomb was placed mouth downward
on a pneumatic jolter and jolted until the ingot of metal was loosened
and fell to the floor. Hemaining wall or liner material was chiseled
loose and all liner material and slag were swept onto the grating which
acted as a sieve permitting the 1/4" and finer material to pass into the
barrel or drum below the screen. This product consisted chiefly of liner
material, Ca0 or MgO, poor in both fluorine ana uranium. Larger pieces,
including most of the slag or Hng , were removed to a chute in the cover
of an adjacent pit and dropped into a second container. This product
contained most of the unrecovered uranium. These two classes of residue
were reserved for recovery of uranium values and of fluorine as HF else~

bere. _ _

2.‘8 Treatment of Ingot or Biscuit Metal. The ingot of metal or
“hiscuit” was chipped clean of adhering slag and oxide and was now ready
for remelting and casting. The "biscuits” from the 6" bomb were 4 7/8"
to 5 1/8% in diameter and 3 ‘1/4" to 3 1/2" high, weighing 40 to 42 pounds.
When well separated from slag they were cylmdmcal with smooth sidss
anti flat., slightly wavy top surfaces. Under favorable conditions
described in succeeding sections of this report slag covernd tops and
rough sides with protruding fins were sometimes obtained.
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While the major portion of the metal produced at Iowa State College
weg reduced in 6" bombs 36" long, considerable metal was also produced
tomard the close of the production period in 10" bombs 40" long. Some
grcerimental work was dene in bombs up to 14" in diameter.

The construciion of the bomb and the lining, as well as the loading
znd fiving processes vere the same for the 10" bomb as for the 6" ekcept
for wall thickness. The 10" bomb was made of standard 10" pipe,

10.125" i.d., 40" long. The mandrel used with this bomb had a. diameter

at top of §" tapered to 8 3/4" at bottom, Thus the refractory liner wall
was 9/16" thick at the top tapering to 11/16" thick near the bottom. The
standard charge of UFA at Iowa State College in the 10" bomb was 168 lbs.
which produced a thecretical yield of 127.5 lbs. During the peried from
Sspt. 18, 1944 to Nov. 9, 1944, numerous reductiocns were made in 10" bormbs
with usual yields of 122 to 126 1lbs. or yields of 95 to 99 per cent with
ar avsrage yield of ¢7.6 per cent over a series of 162 consecutive reduc-
ticns,

3. Production, Processing and Specifications

of UF&

The properties of the UFh used in the reduction process had much to

do with the econony of operation éérticularly with the yicld obtained in
the reduction to metal. Particle size, density and the presence of oxygen
compcunds'had a great influence on the reactiviiy of the salt and on the
yield of metal obtained. The purity of the metal was, of course, limited
approximately to the purity of the salt. Therefore, its correct manu-
{ecture from raw material was very important in the production of_metai.

3.1 Mepufacture. The UFA was manufactured by the hydrofluorination
ot U0, by dry HF at 550°C at atmospheric pressure, The dioxide was
Jhteined by the reduction with H of UBOé from the thermal decompeosition
of uranyl nitrate. The nitrate had been purified of rare earths and othex
ferbidden contaminating elements by an ether extraction.

Practice differed somewhat at variocus plants but in general the
procedure involved the following essential stéps and conditions: The UO2
from the H, redusticn of u.0 was packed in graphite trays stacked in .

2 38 ‘
series, One plant used magnesium trays heated in cylindrical furnaces




15

arranged in tandem, The graphite trays were introduced into gas—heated
furnaces and maintained at 550°C for about 8 hours, The HF gas at atmos—
pheric pressure was passed over the surface of the oxide layer in succes-
sive trays in the stack, the excess carryling with it as it passed the
trays the water formed in the reaction, In earlier production the trays
wcre cooled under streams of N, or COp to remove excess HF although later
they were permitted to ccol in air without apparent i1l effect. After
conling thé salt was grbund to specifications.

3,2 Processing at Plant. The UF, was removed from the hydrofluo-
rination trays in lumps which were sometimss guite hard. Since it was
found that not more than 10 par cent of the salt should be ¥100 mesh, it
was necessary to grind it before use. The tetrafluoride was ground in a
Mod=1 1G-2 Williams Mill of the swing hammer type built by the Williams
Patent—Crusher and Pulverizer Co., St. Louis, HUissouri, driven by a 220 v.
3 ph..10 h.p. motor and equipped with an air 1ift system which collected
the salt in a cyclone settler and separated the very fine dust in a bag
filter system. The grating bars of the mill were replaced by a screen
of sheet, metal perforated with 1/64" holes, The grind produced by this
arrangerent lay between the following limits:

Per cent Passed

~ Sieve No.
lower limit | Upper limit Typical
60 96% 98% 96.6%
80 ’ 92 94 92,6
100 87 a . £902
200 70 78 1 732
325 L5% 558 6128
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Salis received reédy for use from the Mallinckrodt Chemical Works
greund in a Mikropulverizer usually had the following size distribution:

Per cent Passed
Sievz ¥o. ;
. Lower limit | Upper limit

60 98% -
80 9% 96%
100 S0 g2
200 : _70 75
325 52 60

3.3 Effect of Particle Size of UF, on Yield, Salts having distri-
tutions betwesn any of the above limits gave equally good reduction
results. HNo study was made of the effect on yield of sizes within narrew
limits, since the grinding always produced a wide distribution between
100 mesh and at least 40 per cent =325 mesh, varying not only with the
methed of milling but with the properties of the oxide from which the
fluoride was prepared. It was not deemed advisable to separate by screen-
ing the large amount of salt necessary for an sxhaustive study of the

effects of size within narrow limits. However, inadequate grinding at

the beginning of production led to failures.(5) The use of some materials,
which were received coarsely ground, established the following upper
limits of particle size as definitely deleterious to yield.

Sieve No, Per Cent Passed
60 ceienonns 6%
80 cesecaces 9
100 ecavesaes €0
200 essseccan Sl
325 eescsesos LO
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Yields of 85 to 90 per cent of poorly separated, slag~encrusted
metal were obtained with this product (normal yield at the time was 92 per
cemt). Thus it appeared that as mich as 10 per cent of 180 mesh or 20 per
cent of 1100 mesh lowered the yield by 2 to 7 per cent. There was usually
not more than half that amount of cither of these sizes.

The lower 1imit of size was also roughly established by the behavior
of the material collected in the filter bags of the Williams Hill., Sieve
a.:alysss showed this material to be all =325 mesh. This product gave &
visld of 77.6 per cent metal, poorly separated and slag covered,(g) The
actual size of this =325 mesh material was not determined.

3.4, Effect of Density of UF, on Yield. Attempts were also made at
the beginning of the project to p;epare UF& by weteway reactions. The
product was precipitated, filtered in filter press and dried. It emerged
from the pressing and drying processes in light flakes; The result was
a packing density of only one-third to cne-half thai of the usual dry-way
product. The reduction of this product with Mg was not investigated bub
it was reducible to massive metal with Ca only by pressing the charge as
described in the previocus report on production by Ca.(l’lo) In both cases
jcuer yields of metal of poor quality were cbtained; dry-way materials of
high density which mst other requirements, i.e. assay etc., produced
yields up to 97 per cente The deleterious effect of low density was due

tc both low heat canductivity resulting in lack of adeguate heat input
during preheating and to the low concentration of charge and consequently
to the low concentration of heat of reaction resulting in failure to reach
a sufficiently high temperature to fuse the products., Salts with packing
density of less than 3 g/cc were found to give poor yields. The packing
density of standard UF, received varied from 3.3 to 3.6 g/cc. The packing

4
density of the mixed charge in the bomb varied frem 2.6 to 2,75_g/cc.(11)

£ - ES 3 »
3.5 Effect of UOz and UOzg2 on Yield. In the early production of

UF& va:ieus lots of salt produced very low yields or even failed to react
zt all. On analysis these lots were frequently found to be high in either
e, (ammonium oxalate insoluble} or UO'ZF2 (water soluble) or both, During
the hydrofluorination process incompleteness of treatment left a residue

of UO,, or the presence of water in the HF resulted in ths formation of
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UO, by hydrolysis, or the production of 0308 or 002F2 by oxidation at
higher temperatures. The admission of air into the hot chamber during
the reaction or during the cooling pericd would also have produced UBOB
or U02F2o

In any case U0, or UO,F, were both frequently found to be present
in poorly reacting lots of UFh which were within specifications with
regard to density and particle size. In an effort to determine exactly
the permissible limits of U0y a series of blends were prepared, analyzed
and reduced. Five lots containing 0,75 per cent, 1.56 per cent,
2.92 per cent, 8,23 per cent and 1l.44 per cent respectively of insocluble
oxide were used. These lots were reduced with 7.5 per cent excess Mg in

the regular production processes and each lol was cast separately, The

oy re-gll Vield of cast metal was detzrained us shoun in Table 1.
4
Table 1

SFFECT OF U0, IN UFL Or YIELD OF U

~

1ot No Uos Crude Casting Over=-zl

v 9. { Armon, Oxal. Insol.) Yieid Yield Yield
53¢ 0.75% 90.6% 93.0% 85.0%
5313» 1356 900[{ 9236 8306
531 2,92 88,9 93.2 82,8
535 8.23 7305 80.2 58,9
533 1443 71063 67.1% L8, 08

© will be seen that the cast yieids of the first three lots wers

rrocticelly the same, but the crude yields dropped slightly with inereas-

ing dioxids. The over-all yields dropped by 1.4 per cent and 2.2 per cent.
ri2y be concluded that 3 per cent of oxide produces approzimately a

2 per cent decrease in yield and should not be tolerated. The & per cent
disxide content caused a decrease in both the crude and in the cast steps
znd an over-=zll decreass of 25 per cent, while thie 1l per cent content

cziizsd an over-all decrease of 37 per cent.
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The effect of 002?2 was studie?g?ith lot L 2717 VROl of UFh which
failed to react on heating with Mg. No significant amount of dioxide
mas found but analysis revealed the presence of 15.8 per cent of UOZF2
{water soluble fraction). Assay for UFh revealed only 82.6 per cent,

“%e rezainder being carbon from the trays and silica, Further lots
containing 3.20 per cent of UOZF2 reacted but gave biscuit yields as low
as 85 per cent (90-94 per cent yield normal at the time). Thus it
appsared that 3 per cent of 002F2 was quite detrimental and 15 per cent
even provented reaction. On the basis of these and subsequent operational

observations 3 per cent of combined UD, and UOF, was set as the permis-

2 22
sible 1imit, or an assay of 97 per cent UF& was adopted as the composition

specification,.

3.6 Purity of UF&' The purity of the UFA was controlled very rigor-
ously during tha preduction period. Graphite from the trays and high
jren occurred in some of the early lots. After production was' standard-
ized, however, purity tecame very consistent, Typical Mallinckrodt '
Chemicsl wWorks salt ran from 12 to 18 ppm in Fe, 0.15 to 0.83 per cent

’2, 0.83 to 1.28 per coent UOZF2 Boron ccntent was well below 0.2 ppa
but was analyzed routinely only within this limit. »Thief samples of UFA
epe taken at Ames from those supplies which required grinding for checkk

o

on iron »ick-up.

3,7 Speecifications. The final specifications adopted for UFL weres

Grind: not over 6% 180, not over 12% *100, not over 70% -325 mesh.

Assay: 97% UF&

Purity: Fe 50 ppm
¥n 25 ppm
B <0.2 ppm

L. Processing and Specifications of Magnesium

The magnesium used in production has been obtained for most part
from the New England Lime Company, Canaan, Connecticut and was p*oduced
by the rsduction of dolomitic oxide by ferrosilicon, The volatile metal
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was condensed in iron slseves into muffs about 10" in diamster and 8 to
12¢ long. These mffs consisted of 1 to 1 1/2" of dense metal forming
an outer shell from which fingers or asparagus=like structures or fibers
and platelsis extended inward leaving an opening about 4" in diameter in
tha center. |

401 Prccessing of ¥pg at Plant, It was necessary to reduce these
aggrogates to 10 to 50 mssh met;z:(13) It was first necessary to break
dosm the muffs to sizes that éould be introduced into the primary cutter.
Tnis was done by crushing the muff in a large punch press equipped with
‘cutting edges on the spindle and table._ The resulting.pieces, 4 or 5"
long by 2" wide by 1" thick could be fed into the next cutter, This
zroduct was passed_over'an Automatic Spout-Type Magnet supplied by the

Dings Magnetic.Separator Company, Milwaukee, Wisconsin, to remove any
tramp iron contained in the original material or acquired in the first
orzaking un, both to protect the following cutiers and to prevent confn-'—
nation of tne preduct by iron.

v The broken-up, magnetically clesned magnesium was next reduced by
cutting in a Type AB Hog, Serial No. (~5970 built by Mitts and Yerrill,
Ind., Sagiraw, Michigen., This mill consisted of 8 knives mounted in &
large rotor cutting against breaker bars mounted in the housing, Eguipped
with a screen of 1/2" steel plate perforated with 1/4% holes this mill
rsduced the magnesium to pellets 1/4" in diameter and smaller, Its
capacity was 200 lbs/hr of lump Mg or more if finer material was intro-
duced,

The magnesium from the above mill was again passed over the magnetic
sepzrator and introduced into the next cuiter, a Type 2-3B Rotary Xnife
Cutter built by Sprout-Waldron and Co., Mancy, Pa, This culler was equip-
ped with 5 rotary and 5 stationary blades 24" long with laid tocl stesli
cutting cdges, driven by a 220 v, 3 phe, 15 h.p. motor., This mill had 2
capacity of 125 1bs/hr of Mg from the hog.

The cut metal was then paésed-over a 50 mesh mechanical screen for
the removal of fine Mg and MgO knocked from the surface of the mstal
during cutting, These screenings were removed because of the deletericus
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~effect of the oxide on the reaction yiéld and because mest of the impuri-
ties in the ¥g, particularlyvof the B and Fé, were removed with them,

| Tne screened Mg was passed over the magnet again just prior to weigh-

inz and mixing in the charge.

4.2 Effect of Hg;Produced by Different Processes on Yield of U.

-_'Eaghesium produced by various processes was tried out during the develop-

ment of the process, The first obtained was electrolytic Mg, distilled
- for purificaticn. It was comparable to the ferrosilicon metal used later
and since it invdlved a separate step of distillation, only & smell amount
‘of it was precduced to get the work started. Mg produced by the Pidgeon
process by reduction of dolomitic oxide by ferrosilicon was next obtained,
supplied by the New England Lime Co., Canaan, Conn. Metal by the same
process was obtained from other producers and finally some metal by the
carbothermic reduction produced by Permanente.

A number of studies were conducted to determine the effect on the
‘yisld of uranium of these types of Mg produced by different methods.
Sdme types were quite consistent in their behavior while others varied
greatly, Sufficient stocks of each type (enough for at least 12 reduc-
tions under any given set of conditions) were procured in order that
zariatione at the source should not enter into the results and they were
processed under identical conditions as described above. The ground
material resulting from the various iypes,»however, was not the same in
gize or shape due to differences in structure of the different types.
Thus the New England Lime Company crowns produced fibrous paterial while
the Permanente dense crystals produced quite granular particles, resulting

in a difference in the surface to mass ratio. These differences are

cted in the sieve analyses of the products. Separate studies at
2ivierent times produced varying results for a given type of Mg due %o
cther variabies, such as fluoride or liner material., However it is pos-
sible to compensate somewhal for these variables by comparing regular

production results at those times. The results of two such studies are

=1

- summarized here.
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(14) various types of ¥g were obtained from the
Permanente Metals Corporation, Permanente, California, from the New Eng-
land Lime Company, Canaan, Conn., and from Magnesium Reduction Company,
Iuckey, Chio.

In the first stedy

L.2.1 Characteristics of Mgz of Different Tyres from Various Scurces.

The variscus type? o§ ¥g from the different sources had the following
15

characteristics:

I. Permznente Yetals Corporation, dense, "popcorn”. A relatively

in clusters like popcorn balls. Each crystci was very hard and dense ani
¢ifficult to cut in the mills., The final preduct after cutbting in the

nrout-Waldron Cutier with blades set at 0.030" (211 samples described
below mere cut at this setiing) consisted of small, symmetrical cubicles
with smooth faces. The sieve anzalysis is shown in Table 3. As will be
seen the particles ¢of the Permanente products were much more uniform than
tha other types, larger on the averags and contained less fines,

1I. Permanente, “fibrecus” or "foamy". This material consisted of

-

smaller crystals (1 to 3 mm) than the sbove with fine fibers occupying
 the interstices, Superficially ibe unit particles appesred to be dif-
ferent, but actually they were of the same symmetrical crystalline type
zng after milling the final product was very similar to Type 1 in pariicle
size, shepe and nature of surface. There is very little essential dife
ference in the two forms, if eny.

VII. Permsnente ground through Williams Hammer Mill in St. Louis,
¥o. for preliminary cutting. Final grind in Sprout-Waldron Cutter at
Ames, Results, similar to above. About 20 psr cent of the materizl from
the hammer mill was too coarse for ths Sprout-¥aldron Cutier. This situ-
ation might be remedied by the use of & finer screen or less clsarance
in the breaker bars of the hammer mill,

11I. New England Lime Company No. 2 COrystals. These "erystals
consisted of fibrous dendritic structurss arrenged in paraliel aggregales
formng long "fingers”. These "fingers" ranged from one-half to scveral
iséhes long and one quarter to one inch in diameter. On cutting they
roduced elongated £lat units rather uﬂaﬂ svimetrical particles. They
croduced much more fines than did the Per iente product.

01-
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IV. Hew England Lime Company, régular stock, consisted of crystals
ard B oken crowns and mffs. It wasvverv little different from the above
afier grinding because the crowns and muffs simply consisted of parallel
“#ingers” embedded in 2 nearly fused base formed on the sldes of the
condenser. The latter produced more symmetrital particles.

yI. New England Lime Company; preliminery cut in hammer miil, final
cut in Sprout-Waldron Cutter. It was similar to the above New EZngland
products.

Y. Magnesium Reduction Company Crowns. The Magnesium Reduction Co.
cromns were similar to those of New England Lime Co. but the dendritic
fivers were much finer. The final product consisted lérgely of elongated
fivers, mich finer than those of the New England Lime Co, fibers and
zsontained much more fines,

YIII. Magnesivm Reduction Company Crowns; screened. In order to
ot our Mognesium Reduction Co. product more nearly equivalent to that
of the New England Lims Co. size distribution some of the Type V material
was screencd over 18 mesh mechanical screen and the 10 to 18 fraction
which still contained much fine material (see sieve analysis) was used.
Howsver, the size distribution was still quite different from that of the
New England Lime Co. It was not possible to cut the Megnesium Reduction
Co. magnesium to the same distribution as that of the New England Lime Co.
bacauze of the fineness of its component fibers.

The sieve analyses of the varicus types of magnesium are given in
Tavle 2.

4,.2,2 Procedurs of Experiment.

series ware run consisting of 12 to 24 reductions or shots of each type

(26) In this experiment a number of

of Mg under fixed conditions with all other materials kept constant.
Tre various types of ¥g were alternated successively in the mixing of
the charges. In this way fluctuations in furnace behavior, changes of
operators in the production line with change of shifts and other human
and mechanical variables were as nearly as possible balanced out,

Bozb linings were made of Ste. Genevieve hard-burned lime mixed with
}, per cent magnesium powder, 50 to 80 mesh, to within 10" of the top of
the bomb, finished and topped with Kelly Island Lime and Transport
Company's dolomitic lime without magnesium fines. Series of 12 shots of




~each type of Mg were slso run at vearious furnsce

2l

. R N
temperatures from 108CTF

(575003 to 1300°F (705°C) by 50° (F) intervals. The crude ingots or
"biscuits® of each type were cast separately and

yvields and casting yields were recorded for each
or product of reduction yleld times casting yield is necessary sincz the

[2

CIm

2
4

v

=7

123
R

63}

run,

reduetion of "biscuii”

The over-all yield

matel weight with slag inclusions and incrustations represents a

vielid,
TABLIE 2
SCREEN ANALYSES OF TYPES OF Yg USED
IN Mg COMPARISCH STUDY NO. 1
Size Renge
Type g
¥10 | 10-20 | 20-30 | 30-40 | 40=60 | =60
1 1% 68% 183 &g 3% 2%
ir 1 79 12 4 1 3
11T 1 53 25 4 7 0
v 1 | 3 2 19 13 2
v 1 29 24 21 18 7
VI 1 46 28 16 8 1
Vil 1 67 21 G 1 1
VIII 1% 35% 31% 228 10% 3%

L:2,3 Hesalts of Investigaticn.(17) The biscuilt casting and over-
all yields of the various types of magnesium at sach furnace temperature

are presented in Table 3 and shown graphically in Figures 2 and 3.
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TABLE 3-

EFFECT OF VARIOUS TYPE OF MACNESIUM ON YIELD
® vRAnTUM )

Furnace Temperatures

Type Mg Stage |10500F |1100CF {1150°F 12000F 112500F 13000F

of Yield| 575°C! 600°C| 625°C| 650°C| 675°¢| 705°C

I. Permanente Biscuit | 91.6%| 92.1%| 94.8%] 90.0%| 90.6%| 91.6%
(Dense, popcorn)|Casting | 94.9 | 96.7 | 94.9 93.6 | 95.2 | 95.4
Over-all| 86.9 | 89.0 | 90.0 | 8.3 | 86.3 | 87.3

1I. Permanente Biscuit | 89.3 | 93.3 | 95.3 | 91.4 | 9.3 | 88.6
(Fibrous, foamy)|Casting | 93.6 | 97.0 | 96.4 | 9k | 934 | Ghoh
Over-alll 83,5 | 90.5 | 91.8 | 86.3 | 3.4 | 83.6
¥II. Permenente Biscuit ' 92l | === | e
Hammer 411 Casting 95.5 | ———— | owe-
Over-all 870, | weme | e
III. New Eng. Lime |Biscuit | 86.0 | 89.2 | 90.6 | 89.5 | 88.8 | 86.8
No. 2 crystal Casting | 93.8 | 95.5 | 95.0 | 94.3 | 94.8 | 9b.4
Overm&ll 8006 85.2 8600 Sl&oh 81602 8109
IV. New Eng. Lime |[Siscuit | 88.0 | 89.6 | 92.3 | 90.0 | 89.9 | &7.6
Regular Stock Casting | 95.3 | 95.1 | 95.3 | 94.9 | 95.5 | 94.9
Over-all] 83.8 | 85.2 | 88.0 | 85.5 | 85.8 | &3.1
VI. New Eng. lLime |Biscuit | 89.0 | 88.4 | 88.5 | 89.7 | ~—- | 82.8
Hammer Mill Casting | 95.3 | 95.4 | 9%4.6 | 95.1 | == | 95.4
Over-all| 84.7 | 84.3 | 83.7 | 85.3 | =~ | 78.9
¥, Magnesium Biscuit | 85,0 | 85.3 | 84.3 | 85.7 | 80.6 | 21.2
Reduction Co. Casting | 93.7 | 95.1 | 92.6 | 90.0 | 93.1 | 92.6
Crowns Over-all| 79.6%| 81.0%| 78.1 | 77.1%| 75.0% 75.2
VIII, Magnesium Bisouit | ——= | == | 86,9 | === | —— | 79.8
Reduction Co. Casting | ===v | ~== ] G4.0 | «~ee | weme | 03,0
Crowns, Screened|Over-all| ——== | ——— | 81,78 «e=e | — | 74.3%
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The yield curves snow that the various types ol Permanenie magnesium
produced the highest yields and that of the Mangnesium Heduction Co.
produced the lowest yields while the New England Lime Company materials
produced intermediate values. Secondly, it appeared that each typs had
an optimum preheating teapsrature. However, the optima for some of the
trnez did not occur in this experiment at the same temperatures as had
been previcusly observed for thosg'types. This difference will be dis-
i below.

It was also very clearly demonstrated in this experiment that the

Cy
[
(4]
(9]
o
£1

over-all yield, not merely the biscuit or reduction yield, muat be deter~
minsd in comparing production data. This was shown most strikingly in
the caze of Type V, Mzgnesium Reduction Co. crowns. Here the maximum in
vizeait producilon occurred at 1200°F whereas in our previcus experience
3t nd occurred at 1100°F, Also a minimum occurred at 1150°F at whish
temperature all other types produced maxima. These inflectione appesrad
to be without reason. But when the crude metal had been cast and the
cver—all yields calculated and plotted, the maximum at 1200°F disappearcd
and the true maximum at 1100°F appeared, confirming our previous experi-
srice with Magnesium Reduction Co. magnesium, The apparently nigh biscuit
vi=1ld was due to poor separation of metal and slag and included consider-
able sisg. Such biscuits always proeduced lower casting yields, In this
counection it may be seen that a graph of casting yields against biscuit
vields (Pig. 4) shows about 0.25% decrease in casting yield per 1,00

per cent decrease in biscuit yields. Such extreme cases as the 1200°7
point on Type V curve deviate greatly from this relation, however.

The major object of the best was io compare the productivity of the
various types of magnesium. The results in this regard were quite clear.
Tre various typss of Permanente magnesiwm were cutstandirigly superior at
1100° 4o 1150°F and at higher temperatures at 1300°F. The latter obser-
v=iion was in keeping with the experiences of the Mallinckrodt Chemiczl
works. At 1200°F to 1250°F, however, the Permenente and the New England
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Lime Co..products behaved very similarly. At the average of their maxima‘
the Permanente types exceed the New Dngland Lime Co. types in over-all
yield by 5 per cent, These results were not substantiated in the next
tests (Section ). Throughout the range investigated, the Magnesium
Reduction Co. crowns are 3 to 14 percent below the other products except
at one point.

4.2.0h ConC1u810ns.(19) The explanation of these differences was
ot at all obvious. All of these products were so pure chemically that
ﬂhe concept of greater activity due to calcium or other contaminants even
as a catalyst seems untenable, Difference of crystal systems had bzen
suzgested but Dr. Rundle of Jowa State College found X-ray evidence of

only one crystal system in all the types. The only apparent differences
were (1) the particle size distribution; (2) particle shapes and (3) sur-
face condition, Less obvious differences were content of active metal
. or of oxygen and nitrozen,

It will be seen that the Permanenie materials had the greater
percentages of larger particle sizes while the Magnesium Reduction Co.
crowns which produce the lowest yield had the highest content of fines.
Also, it will be observed that Type V111 which was the Type V,
¥agneaium Reduction Co. crowng, péssed over a 20 mesh screen, showed an
jncrease of over-all yield of 3.5 per ceat over the Typs V befors
screening. Not all -20 material was removed, but the composition
anrroached that of the New England lime Co., product. That these varia-
tions in size might be the source of difference in yield necessitated a
'study of the effect of particle size, described in the next section of
this report.

The nature of the surface varied considerably, the Permanente
offering a bright, freshly cut surface while many of the Mangesium
Reducition Co. particles consisted of original needle-like crystals with
the surfaces formed at the time of condensation, The latter surfaces
‘might have been expected to be corroded and hence to delay reaction,

That this was not true was indicated by the fact that the Magnesium
‘Reduction Co. product reacted more quickly than either of the others.
Another significant difference in the performance of the various

types of magnesium at the various temperatures was the firing time,
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An optimum firing time was observed for each type of magnesium. Sixty
minutes of preheating produced maximum results with Permanente, 48 to 53
minutes with different types of New England Lime Co. and 47 minutes with
¥asnesium Reduction Co. It is obvious that insufficient heating or too
guick firing would produce poor results by failure to add the necessary
zmount of heat. The decrease of yield by too long heating was not due
to the addition of too much heat, however, as was shown by occasional
good yields obtained on heating to two hours or more, but to the
hydrolysis of the tetrafluoride by water in the lining refractory.

Hence, the optimum time of preheating was a proper balance betveen
the longer time for the iptroduction of sufficient heat and the shorter
time to prevent side reactioms. At too high preheating temperatures the
charge near the wall reached ignition temperéture tefore sufficient heat
had beer added and a low yield due -to the addition of insufficient heat -
resulted.

4.2.5: ‘Supplemsntary Experiment. - In the second experiment
some of the same forms of New England Lime Gompany magnesium were. used .
along with two new ones, the fine or No. 5 crystals and the '"heads" from
the condenser and some broken crowns and crystals from the Amco
Magnesium company, wingdale, K. Y, The products had the following
characteristiés:(ZI) '

(a)’ New England Lime Company Muffs - These "muffs" were received
ir more or less hollow cylinders about 10" in diameter. The bottom and

(20)

sides were composed of a layer of nearly fused magnesium approximately
one inch thick which formed on ‘the sides of the condenser. The center
part of the "muff" consisted of p@rallel nfingers" embedded in the semi-
fused base. |

(b) Hew England Lime Company No. 2A Crystals - These "erystals® .
consisted of fibrous dendritic structures arranged in parallel aggregates
forming long “fingers". These "fingers" ranged from one-half to several
inches long and one-guarter to one inéh in diameter. 'On cutﬁing they
produced elongated flat units rather than symmetrical particles. .
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{c) New Ehgland Lime Company io. 5 A Crystals - Tnis material
consisted of smaller crystals than the No. 2i. The crystals resembled
comnon rock salt. There was a large amount of foreign material present
and this type was used only after sorting bﬁf hand. '

(a} New England Lime Company "heads" or ®pie plates" - These
"pie plates®, formed at the ends of the éondexzser, consisted of a nearly |
fused base with parallel fingers" embedded and extending upward from
the base. After cutting the "pie plates" with a punch press, there was
very little esecntial difference between these "pie Iplates“ and’the ‘&nuffs".

(e) New England Lime Company Muffs ground in large Hammer ‘&JJ_l -
This product was received ground, having been put through the Williams
swing-type hammer mill at Canaan, Conn. A1 but a small fraction
(0.25-0.52) of this material passed through a 1/4" screen and could be
fed directly into the Sprout-Faldron Bill. The residue consisted of
compact solid oval pellets 1/4" tc 1/2" in thé various diameters. However;
these pellets were large for direct cutiing in the Sprout-Waldron.

{£)  Amco Magnssium Company, Crystals and Broken Crowns ~ Thls
matenal consist.ed of a mixture of broken crowns and "fingers" s:um.lar
to New mglami Lime Co, broken muffs and No, 2 crystals. The crowns
were received cut into 3" to A" pieces.

After g'rindin_g’there was no essehtial difference between the various
AHeW England Lime Co. products except the fine crystals. These had more
exposed surface and higher surfacbe”contaminatione The Amco product was
quite similar tb_ the corresponding New England Lime Co. product.

This experiment was conducted with Kallinckrodt Chemical Co.
tetrafluoride, Mg in 7 1/2 per cent excess, a bomb liner of Ste., Genevieve
lime with 3 per cent Mg fines in the bottom section.of the bomb, 1 per cént_
g fines in the side wall and Kelley Island dolomitic lime in the top.

The furnace temperature was 1200°F, |

The yieﬂ.ds proauced by the varlous types of kg used in this study

are summarized in Table . :
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FUKTHER STUDY OF EFFECT OF vaa.zox:? TYPES
" OF Mg ON YIELD OF UReNIUM(22
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Type Mg | .
Design in | Design in’ Descrip- Biscuit| Casting | Over-all
Prev, Study | This Study tion Yield Yield Yield
v ‘a Hew Eng. Lime 97.2% 95.9% 93.2%
Huffs
iy b H. B. Lime Heads 98.3 93.8% G2, 2%
"pie plates"
111 c N. 5 Lime 24 | 98.0 | 94.5 92.6
Crystals {med.)
d ¥. E. Lime 54 98.1 93,8 92,0
Crystals (fine)
e N. E. Lime 97.2 | 95.1 92.4
¥illiams Mill
f Amco Magnesium 96.3p | 95.9% 92.4%
Co. crystais & i
crowns i

#PAxcluding one faulty casting, not due to paterials being tested.

It will be observed that under regular operating conditions varia-
tions of yield were very small and the yields may therefore be considered

as representatives'of the types of Mg employed. It is particularly
risticeable that the New England Lime Co., muffs on the basis of consistency
which in performance and composition had already been adopted as the

regular Mg for production gave an over-all yield of 93,2 per cent in this

experiment as compared with an over-all yield of 85.5 per cent _in the

earlier experiment. This difference was probably due more to improvemsnt
" of liner material and liner installation and possibly of tetrafluoride
than to differences in the magnesium. Hence, these two results may be

ased in correlating other portions of the two experiments. -
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On the basis of these experiments and of other smaller studies the
mffs produced by the New England Iime Co. vere adopted'as standard prod-
uct for the process. In'consistency of behavior and of composition and.
purity, this product was most dependable. The high results shown by the
Permanente carbothermic product in the first study were not substantiazted
ir other tests and its behavior was very erratic. ,
h.3 Eifect of Particle Size of Mg on Yield of U.'?3) In the attempt
to szt up specifications for particle size of Mg for use in the reduction

of UFA it was observed that the_same processing of the various types of
kg produced by different processes gave different shapes of particles and
different distributions of particle size. Thus the rather symmetrical
Permanente crystals gave approximate equiaxial granules while the

New Fngland lime Co. muffs produced fibrous units. As a result the
behavior of these particles in the screens did not really represent
relative particle sizes or surface areas per unit.of mass, Hence, a
complete study of the effect of particle size on the-yield was made using
each type of Ug studied. | ‘

Also, different grinds were obtained at the various plants due to.
use of different cutting equipment. Some of these grinds were simulated
by vlending screened material. Other material was separated into fairly
narrow limits by screening in order to study the effect of each size within
as narrow limits as possible,

4.3.1 Specifications of Mg Used in Test.(zh) In order that other.
varisbles be excluded all these lots were prepared from the same stock
of New England Lime Co. muffs whose behavior had been found to be most
consistent. Since the New England muffs could not be cut to simulate

resulis; the final lots and blends were again analyzed for size
distribution with the results ghown in Table 5.




TABLE 5

" ACTUAL SCREEN ANALYSES OF PREPARED 1OTS OF 1ifg
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Per cent within Range Indicated

Desig~-

nation =10 10=-20 20=30 30=4,0 40=-60 -60
a 1% 62% 22% 10% 1k 1%
b 1 Ly 23 18 12 b
e 1 55 26 13 5 0
d 2 75 13 9 1 0
e 85 15 1 1l c 0
£ 1 67 2 6 1 1
g o 1‘ 20 38 3L 8
h of 0% 0% 2% 43% 55%

Designation Description of Prepared Lots.

Regular Grind of N.E.l. at Iowa State College
Blend to Simulate Electromet Grind of N.E.L.
Blend to Simulate Ames Grind of Permanente
Permanents Mg as Cround at Ames

+10 mesh, as screened, N.E.L,

10-20 mesh, as screened, N.E.L.

20=40 mesh, as screened,; N.E.L.

4,0-60 mesh, as screened, No.E.L.

T O Q0O T D

4.3.2 Besults of Investigation.(25) The results of the test at
a preheating temperature of 1200°F are summarized in detail in Table 6.
The regular Ames grind, the simuiated Electromet blend and the blend
tc simulate the size distribution of ground Permenente magnesium all
gave comparable results with biscuit yields in the range of 95.5
per cent. Of the various narrosly sized fractions, best results were
obtained with the 20-40 mesh fractici, which gave an average biscuit
yield of 95.7 per cent. Magnesium from the Permanente Yetals Corpora-
tion gave a biscuit yleld of 92.4 per cent which was 3.3 per cent
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lss3 than that obtained from New England Lime Company magnesium ground
in the manner regularly employed at Iowa State Ccllege.

The performance of the Permanente magnesium in this series of tests
was comparable with the performance of the Permensnte material in the
previcus series of tests describsd under Section I, Permanente material
w23 used in this program for control purposes in order to show whether
operating conditions had changed during the period which had elspsed
between the two test programs. Since comparable results were obtained
ca the Permanente material in both programs, it would appear that the
conditions for both series of tests were escentially the same. 1t
appears, therefore, that the New England Lirme Company magnesium used
in this test program, which gave biscuit yields in the range of
95=96 per cent,. is inherently better than that from the same source
uszd in the previous test program where yields in the range of
$C=G1 per cent were obbtained,

The resulis of the runs at a preheating furnace temperature of
lZSOOF are also shown in Table 6. While biscuit yields are slightly
lower (about 1 per cent) at the higher temperature, the relative per—
formance of the various fractions of magnesium remained essentially
unchanged.

Lo3.3 Conclusions. It appears from the results shown in
Table 6 that magnesium particle size within the limits of =10 to 40
mesh has no appreciable effect on biscuit yield. The differences in
biscuit yield obtained from the various sized magnesium fractions are
not sufficient to account for the relatively large differences in
performance among the various types of magnesinm tested in the program
to evaluale the relative effectivensss of magnesium from different
sources of supply covered in Section 4.2 of this report. It would
agpear, therefore; that the differesnces measured among the various types

of magnesium in the previous test program were significant.
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TABLE 6
SUMMARY OF RESULTS AT
FURNACE TEMPERATURE OF 1200°F
_ Ave. | Ave. Ave.® | Ave.
Mg ‘ ~ No| Bisc.{ Gast | Over-all}l. Firing
Tvpe Description Runs{ Yield| Yield| Yield Time Min.
2 | Ames Reg. Grind, N.BE.L. | 15 | 95.7%] 94.3%| 90.2% 63
b | Electromet Blénd, NoEoL. | 15 | 95.3 | 93.5 | 89.2 55
¢ | Permanente Blend, NeEoL. | 15 | 95.2 | 93.4 | 89.0 60
4 Permanente Grind, Perman.} 15 | 92.4 | 91.3 84.3. 75
e | 4-10HNE.L, 15 | 90.2 | 88.8 | 80.1 77
£ | 10 - 20 N.E.L. 115 19407 | 93.3 | 88.3 65
g | 20 = 40 H.E.L. . 15 £ 9507 | 9h.6 | 90,5 - 50
h | 40 - 60 H.E,L, | 7 | 93.98] 90.08| 8L.5% 50
SUMMARY OF RESULTS AT
FURNACE TEMPERATURE OF 1250°F

2 | Ames Reg. Grind, N.E.L. |12 |95.08| 95.28] 90.5% | 56
b Electromet Blend, N.E.L. i 12 |93.8 | 23.9 88,2 53
c Permznente Blend, N.E.L. 9 {94.0 | 92.8 87.3 51
4 Permanente Grind, Perman. | 12 |92.2,] 93.8 8605 71
e | 4 -10 N.E.L. 12 189.7 {90.2 | 80.8 69
£ | 10 - 20 N.E.L, 12 194.6 {942 | 89,1 55
g | 20 ~ 40 N.E.L. 12 |94.8 | 94.88| 89.9% 47
h | 40 - 60 N.E.L, 1 |89.1% 40

#Product of Biscuit and Casting Ylelds

LI¥E LINER
Bottom, 6" from bottom - 3% Mg in Ste. Genevieve Lime
, 3" from top - 1% Mg in Ste. Genevieve Lime
, ¥elly Island Dolomite, No Mg. '

(40
14

£
i
i3
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5.. Processing and Specifications of liner Refractories

551' Purpose of Liner. The steel bomb.or reaction chamber was lined

with an inert material (1) to protect the metul $rom contamiration by the
irvon of the bomb and (2) to protect the bomd from attack by masnesium and
uranium a2t the temperatures produced by the reactlcn.(“B) Hence, it was
necessary that the liner material have the following characteristics:
{1) refractory, stable at tempsratures up t6 1800°C in some cases,
(2) chemicslly inert, non-reactive with either reactants or products,
‘(3) pure, at least with respect to reactive substances or forbidden ele-
ments as boron or cadmium,

5.2 FPosgible Refractories. The first recuirement, stability and

infusibility at the maximum {emperztures, eliminated most halides and
oxy-salis and suggested particularly certain metallic oxides, carbides,
and silicates, The sscond requirement, chemical inertness, eliminsted

the silicates which are vigorously rsactive with ¥g and the carbides,

J

2130 reasctive with other metals. This left only the refractory metallie
oxides for consideration, particularly Ce0, ifg0, A1203, BeQ, ZrOz, ThOzv

Ead

nd 2 Tew others. 203 and uﬁ“z were found te be rezctive with the

m

productz and BeQ and Th02 were too limited in availability to consider;
hence the field was narrowed down to Cal and ¥g0 or to mixtures of the
two such as dolomitic lime. The product chosen must be available in
quantity and of the necessary purity. Comamercial lime of adequate purity
was found and was adopted for production by both the Ca and kg processes.
5.3 Effect of Water in Liner Refractory on Yield of U, From the

veginning of operations with Ca and conti inuing into production with
0(26) wide fluctuations in the shape and size of the metallic ingot, its
frendom from slag incrustations and inclusioms and in the yield occurres
with the use of different shipments of linmer refractory, presumed to be
ths same product. The evolution of hydrogen gas shown by hydrogen flames
st the cover of the bomb before and during reaction suggestad the presence
of water in the high-calcium lime originally used. Analyses showed as
much as 2.5 per cent ignition loss, later shown to be largely'water; Dis-
cussions with the manufactursrs of the lime (Ste. Censvieve Lime Co.,
St. Louis, lo.) resulted in = prolonged burn in the vertical kilms,
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foliowed by hand picking and coring which preduced a more consistent .
product. However, even high-burned lime has considerable tendency to
take on water and the difficulties were not removed on the above treatment.

The production of brown oxide on the surface of the ingot and slag
when hvcrogan flames indicated water in the lime suggested that the
heating of the tetraflucride in the presence of water resulted in
hydrolysis of the fluoride to the brown oxide which is not reducible in
the bomb°(27) If so, the hydrogen fluoride produced would diffuse
through the charge to the lime liner, react with Ca20 to form water which -
in turn would hydrolyze more UFL.

2 H0 + UFA mmmmme e U0, L HF
L HF + 2 Ca0 ——=——memm——2 C:.Fz“’2 H20

Cniy by this cycllc mechanism could the small amouri of water present
(never more than 0,34 1lbs., 2 per cent of the weight of the lime in the
liner) convert the entire charge.of 56 1bs, of UF, to UDy, which would
require 6 L lbs. of water,

The occurrence of this cycle of reactions was, demonstrated b
hneating a series of charges of UF in small bombs with lime l;ners out
without Mg mixed with the UF,. (28} gonversion to brown oxide (UO5)

ted at the lime-fluoride 1nterface and progressed inward with a
vary sharp "front" finally going to completion 1f heated long enough.
Analysis of the liner revealed the presence cf fluoride in the lime,

showing that the second reaction had occur”ed,.regeneratlng water,

5.3,1 Use of Mg in Liner to overcome Effect of Water.(zg)

Assuming this cycle of reactions, Hro. Da wid Peterson mixed some finely

ground magnesium in the lime to convert the water to hydrogen and thus

stop the cyclic reaction. One per cent by weight of Mg in the lining
material produced a yield of 91.9 per cent and 6 per cent of Mz in the
liner produced a yield of 94.7 per cent under conditions and with

products whose average yield without ¥g in the liner was only &4.6 per cent
The time cf oreheating before ignition decreased from an average of

114 minutes to about 60 min, A serles of experisental runs were made with
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magnesium contents of 0O, 3 and 5 per cent Mg in the liner to determine
the optinum content. - Results are shown in Table 7.

TABLE 7

EFFECT OF Mg (50-100 MESH) IN
Ca0 BOMB LINERS

Run No. of % Mg Riring
Numbers Shots in Liner Time - 4 Yield
6098 1 1% - 91.9%
6193 1l 6 - 94,7
6092-6137 L, 0 114 min. 84,6
6215-6256 42 5 55 90.8
€257-~6289 33 3 57 90.0

250~6345 56 0% 78 85,3
63466357 12 3 58 92,9
6358-6363 6 2} 63 92,9
6372-64,04 33 1 80 90,2
€4,05-64,36 32 0 T 88,8
64,37=5443 7 3 } 66 9403
644T7-6493 L5 04 75 min, 87.6%

*Bracketed groups are comparable in all regards except Mg content
in wall. Liners containing 0% Mg were used for comparison.

It will be observed that 3 to 5 per cent Mg increased the yield by as
much as 5 per cent and decreased the firing time by 10 to 30 minutes.
Tz use of Mg in the liner was then tried out in production over a trial
period of several weeks. The folloming table of weekly averages of
producticn yield demonstrates the effectiveness of the procedure.




TABLE 8
Period Average Yield Lining
6 - May 12, 1943 85.8% No Mg in Lining
13 - Kay 19 8l.6 nowou n
y 20 - Hay 26 85.1 #owowoom
27 = June 2 85,7 nomon n
June 3 - June 9 —_— Transition, Testing period
June 10 = June-16 8843 3% Mg in Lining
June 17 - June 23 88.8 3 u n
June 2, -~ June 30 8%.2 y oo "
July 1 = dJuly 3 89.7 o n
July 9 - July 15 86.5% No Mg .in Lining

It will oe noticed that prior to the use of Mg the yields were
85,0 to 85.8 per cent, 85.7 per cent the week before adoption. After a
wecek of testing and comparison, the use was adopted for regular production,
with an increase of 2.4 per cent the first week to 3.1 per cent the next
szci. The rise continued to 89,7 per cent when the use of ig was dis-
conbinued as a check., On discontinuing the use of the ¥g the yield
drcpred to 86 per cent, a drop of 3.2 per cent. Over this entire psriod
the use of Mg in the lining was accompanied by a general incrzase of
3 per cent in yield and by the production of cleaner biscuits. Several
subsequent studies of this effect verified these findings, establishing
3 per cent g as the quantity needed with most lime, with an average
increase in metal yield of 3 per cent using standard products. The
prehieating period or firing time was found to be much more consistent
when Mg was used, varying from 55 o 18C minutes without Mg in the

iiner, but varying only from 55 to 65 minutes with Mga(ao)
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. 5.4 Investigalion of Various Refractories as Liner Katerial.
Although the addition of Mg to the Liner improved the yield and the
behavior of the reduction reaction greatly, occasional deviations still
occurred. Further analytical studies revealed that the CO, content of
the lime was also extremely variable being a function of the lump size
and geological nature of the limestone as well as of the burning procedure.

In the effort to avoid the ill results occurring from both water
and carbon dioxide in high-calcium lime a number of other refractories
were tried. On the assumption that high~burned dolomitic lime was more
"dead-burned" with less tendency to pick up water than high-calcium lime,
its use was investigated. Fused lime should have been free of 002 and
Hzo, but was rot commercially available. The Flectro Metallurgical
Company fused some dolomitic lime in the electric arc furnace(Bl) and
some of this product was supplied to iowa State College. At the request
cf the writers Electro Met later fused some high-calcium lime, Fused
magnesia(az) has no tendency to hydrate, hence should eliminate the water
problem, at least, provided it should prove otherwise usable. At various
times these different refractories had been tested as bomb liners, but
finally a very comprehensive program was conducted in February 19hh.(33)

5.4.1 Refractories Investigated; Particle Size, Packing Density
and Purity. The following materials were used in this investigation:

(1) Sste. G.; High-calcium lime, Ste. Genevieve Lime Co.
(2) K.1.D.; Dolomitic lime, Kelley Island Lime & Transport Co.
(3) E.F.D.; Electrically fused dolomitic lime, Electro Metallur-

gleal Co.
(4) ¥0 ; Electrically fused magnesium oxide, General Electric
Co.

These products mere reduced in various'ways to the size distribution
shown in Table 9.(3“)
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TABLE ¢

PARTICIE SIZE OF LINER REFRACTORIES & USED

Percent passed by Sievs No;

Refractory | 60 g0 200 200 | 325
¥z0 99% 98% PIA S 63% 27%
ZFD 100 99 99 5060 10-20
K.I.D. 75-97 15-25 9-15 | 13 0-1
Ste. G. 99% 96-97% | 80-90% 70-80% 35-508

Since the heat conductivity and therefore the insulating properties
of these refractories vary with their packing densities, the latter were
datennlned by packing equal volumes of each refractory in & small bemb
on the 301t1ng table. A steel piston weighing 1 1b., 2 o0z. ‘was placed
on top of the chargé hurlng packing. Each charge received 500 blows

c.i the .packer.

TABLE 10

PACKING DENSITIES OF LINER REFRACTORIES

HMethod of Preparation

Refractory . Com®l Burn Sinterad (170556) Fused
190 | | 2.26 (G.E.)
Dolomitic oxide 1,33 3 2.00 (R.F.D.)
Ca0 (Lime) 1.43 1.75 1,88 (E.F.L.)

The significant impurities present in the various typss of

refractories were .qetermined and found to be as follows:




TABLE 11
IMPURITIES IN VARIOUS LINER REFRACTORIES(3%)

Refrac~

tory CO, Hy0 B Cd " Fe Mn Si
20 .09%  0.01%| 34 ppm |<5 ppn| 235 ppm 110 ppm | 2%
E,F. Do +06=0,10 0.14 | 27 <5 4,00=700 60~100
K.Ia 0.03-0,25 | 0.35-0,39 | 4=15 <5 65~500 70-90

Ste. G. | 0.05-0.30% 0.13-0.60%| 1=14 ppm|¢2 ppm | 100-600 ppm 30-60ppmi %

5¢4.2 Procedure Used in Investigationa(35) The liner refractories

usre first tested in a series of runs (Series I) in which the eatire
liner was made of the same refractory, This series revealed the
machanical and‘technical advantages and difficultles encountered in
handling each product. ‘A sccond series consisted of combinations of thz
various refractories used in different portions of the bomb, Sirce it
had been observed tiat various refractories behaved differently in a

iven section of the liner, the liner was divided into ssctions as shown

s {1

in Figure 1 designzted in the figure and text a2 follows:

B. "Bettom{ including bottom layer and lower 8" of side wall,
in which section biscuit and slag collected. This seciion was subjecisd
to prolonged heating after reaction occurred,

S. "S5ide wall®, including wall from 8" above bottom to 10" balow
Lop, extending about 13" in height,

IS. "Top, side", including upper 10" of side wall.
Tc. "Top, center", including refractory packed on top of charge
Ts and Tc are simply designated as "Top", if no difference is made.
I% had also been cobserved that varying percentages of magnesium
fines wers advaniageous in different positions in the bomb. Thus
3 per cent of magnesium fines usually gave optimum results in the bottom
of the bomb, while only l psr cent was needed in the side wall. Hence,

the gquantity of magnesium fines was also varied from O to 3 per cent in
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various portions of the liners and in the differsnt refractories in the
composite liners.

From each series the best liner components were selected and
regrouped into new combinations until all promising combinations of
refractories and of magnesium content had been tried out,

The liners of a given series were alternated in the load¥fig and
firing operations in order to eliminate the human and plant variables.
One or more types of the preceding series were run in each new series

—as a check on the constancy of other factors. Standard UFL and Mg were
used and other factors were kept constant. The furnace temperature was
1200°F,

5.,.3 Results.(36) The complete results of all the liner combina-
tions investigated in this study are reported fully elsewhere.(37) Only
these of significant interest, either in yield or cost, will be included
here, summarized in Table 12. In Series I (Table 12) are the yields of
uranium and cost of liner per pound of meial using liners of the same
material throughout. In Series V, VI and VII various combination liners
were used.

Over-all yield reveal the fact that electrically fused dolomitic lime
with 3 per cent Mg produced the highest yield in the first series of runs
although in subsequent series in the program high—calcium lime produced
equal;y well. The MgO without Mg fines produced wsll, but due to its
Jack of cohesion even on long packing it offered such difficulty that its
use in production was not practical. Its extremely high relative price
precluded its use in any case unless it should have been found to have
advantages over the other types, which it did not have.

The kiln-burned dolomitic lime {K.I.D.) gave poorest results
(83.3% over-all as compared with 87 to 91% by the other products) although
slightly improved by the use of 3% Mg fines (83,3 to 85.6%). A number
of efforts to use kiln-burned dolomitic lime at Iowa State College and
elsevhere consistently gave the same results -~ slag encrusted ingots of
metal, enlarged beyond the original diameter of the reaction space in the
packed liner and with protruding fins sometimes reaching to the bomb wall,
This indicated considerable shrinkage or perhaps melting of the dolomitic
oxide at the temperature of the metal, the wetting of the metal and the
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cracking radially of the contracting liner.
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The contraction resulted

from the greater density of the more highly sintered wall, which left
a larger cavity at the bottom of the bomb and which cracked in circum~

ference on shrinking,
obtained in both reduction and casting stages, Pit

"barn-outs" wsre much more freqguent.,

Iron contamination inciessed and low yields were
ting of thz bombs and

The elsctrically fused dolomitic oxide showed least reaction with
the product producing very smooth-surfaced, clean ingots of metal with

little adhering slag which resulted in high casting yields.

" Since volume

changes had already occurred in the fusion, fused refractories including
EzC and Ca0 showed least volume change and‘aﬁhesion to metal.

Prcperly burned nigh-calcium lime such as Ste, Genevieve, showed
some - shrinkace as compared with E.F.D. but very little as compared with

dolomitic lime,

Biscults were clean snd free of fins,

5e A 4 Conc1451ons.(3 ) The yields obtained with the varlous types

of liners ars so nearly the same that on a basis of cost of liner per

pourd of metal produced the costs are practicelly proportional to the

costs of the refractories used.

Refracltory

_ Cbst of Liner

Cost Refractory

Series Type Per Lb of Metal Cte/Lb
g0 I 1 39,8 cts. 52.0 cta.
E.P.D. I L 8.65 13.5
Ste. G. v 8,9 1.7 3.3
Ste. G., K.I.D.| Vv 10 1,37 fm
top
qugD.v I 8 89 cta, 1.65 cts;

On this basis alone dolomitic lime throughout would appear to form the

mst econdbmical liner.
Houever, the cost of the domb liner is one of the smallest costs
involvad in the various stages of processing of the uranium from ore to

N
BSUZle

The production of low yields and the contamination of much of
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the metal by iron due to pitting of the bombs causss the small saving
in\gost per pound of metal to be much more than offset by the cost of
rseycling unrecovered element and by the loss of useful metal by
contamination.

‘The next cheapest liner, Ste. G. bottom and side and K.I.D. top,
(Serles Vv Type 10) had produced excellent results at Iowa State College
for some time in regular production both with respect to over-all yield
and purity. Hence if it could be consistently obtained, this liner was
the most economical producer of uranium of'highest quhlityo

However, the experience at Aves had demonstrated that commercial
lime producers were not in position to suppiy‘a consistently burned
product over a period of time. A comparison of weekly averages over a
_period of time during which all other products and conditions were ‘
constant and the same brand of high-calcium lims was used as liner,
yut different shipments of lime wers used corresponding approx1m_t”lv
with the weekly periods demonstrated this variation.

Biscuit Casting Over-all

Yield |  Yield Tield
Feb. 17-Feb. 24, 194k 96.3% » 9501% 91.6%
Feb. 2h-Mar. 2, 1944 95.9 95.9 1 9z
Mar. 2-Mer. 9, 1944 93.6 94,2 88.2
Nar. 9-Mar. 16, 1944 9.3 9.6 86.4
Mar, lé~Mar. 23, 19@ 93.8% BCTANY 86.6%

It will be noted that the above decrease in yield came with the advent
of increased humidity in the spring. This stressed not only the
fluctﬁation.in the water content of the purchased product, but the very
great tendeancy of burned lime to absorb atmospheric moisture. Even the
utmost precautlons 1n packlng and handling were not sufficient to’ pro- _
tect the lime during the humld months of spring and summer as long as
grinding, mixing and packing had to be dqne in unconditioned air.
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Therefore; in spite of the lower cost of the high ecalcium lime and
its equal performance when correctly burned and handled, it was decided
to adopt electrically fused dolomite as the refractory bamb linings in
regular production. A gemeral inerease in weekly ylelds and decrease
in boron and iron contamination followed this change due to greater
stability of the liner and less contamination by the impurities of the
liner and by the iron of the bomb.,

5.5 '_Sjgeéificatioggg_ The final specifications of the liner
refractory for use at Ames were: electrically fused dolomite, ground

'to pass 50 per cent or more through 200 mesh screen and not more than
20 per cent through 325 mesh screen; not to contain more than 15 ppm of
B, 5 pom of Cd, 1000 ppm of Fe, 100 ppm of Mn, 0]$GO orOQBO%H(L
Wost of the E,P.D. supplied came well within these speciflcatlonso

6. Conditions of Operation

The establishment of optimum operating conditions cecurred gradually
with the acquisition of equipment end materials. In fact such conditions
as preheating temperatures and excess of magnesium varied so greatly with
raw materials that operating conditions could be fixed only in terms of
specific materials. However, many conditions ultimately were fixed and
those conditions and their experimental verification will now be described,

6.1 Hixing of Charge. From the early mixing of charges of a few
hundred gramé of reactants with a spatula to the mechanical mixing of
charges of several hundred pounds it was observed that thorough mixing
of the charge was essential to complete reaction and separation of prod-
ucts. The Maclellan type of batch mixer was found to be well suited to
these materials and a motor-driven one-cubic-foot capacity mixer was
installed, It was established that a least four minutes of sixing at
6 turns per minute in this mixer was necessary, An incomplete mixture
resulted in low yield and slag-encrusted bLiscults,

6.2 Thickness of Liner. The thickness of the liner determined

(1) the rate of heat input, (2) the rate of heat loss on cooling,
(3} ignition time, and (4) total heat input on preheating, As a result
of contrcl of total heat input and of rate of cooling too thin a liner
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could cause inadequale heating and tuo rapid cooilng Luth resulbing in -~

“dncomplete reduction and separation of metal and low yields, Also too

thin a liner would not offer the protection to the bomb for which the

liner was psed. Since some washing away and penetraticn of the liner by
slag occurred safety dictated a minimum thickness of 3/8" in the 6" bomb
and about 1/2" in larger sizes. In smaller bombs 1/4" liners have been

wgels

On tue other hand too thick a liner resulted in too slow heating and

the cccurrence of side reactions during the prolonged heating period.

also too thick a liner had a tendency not to pack as well and to crack or -

wash away. For these reasons liner thicknesses between 3/8" and 1" were
investigated.(34) 4 tapering mandrel was built which produced a wall 3/8"
at the top and 1/2" at the bottom. Another mandrel produced a wall 5/8%
thick at the top, 3/4" thick at the bottom. The thicker wall increased
firing time so greatly that it -was necessary to raise the temperamure of
the furnade to 1300°F to produce reaction in reasonable time. Results of
the two walls at 1300°F are tabulated below.

Nail Thickness
{Near Boittom of Bomb) Firing Time Yield
1/2n 75 min. 8, 5%
3/u" 90 min. T7-4%

#*These values were obtained in early production when yields were
low. Subsequent trials established a 7/16" to 1/2" wall as standard.

6.3 Excess of Magnesium. In the first experlmental reductions of

E?& vy Ca %0 to 100 per cent excess of Ca was used. As purer, less
oxidized Ca and purer tetrafluoride became available and more knowledge
cf proper particle size was gained, it became possible to decrease this
excess. Since the excess represented increased cost of production and
since the residue in the crude metal offered considerable interference
and danger in casting, it was very desirable to decrease the excess of
reducing metal as much as possible.

To detcrmine exactly the opiimum excess inm the 6" bomb a series of
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reductions were made varying the excess from O to 15 per centa(ho)

Since the use of over 15 per cent of magnesium was very bothersome and

even dangercus in the castlng process due to the ignition on exposure to

air—of the finely divided distilled magnesium condensed on the head of the

vacuum system, excesses over that amount were not considered further.
Results are tabulated on Table 13 and shown graphically in Figures 5

and 6.

TABLE 13

EFFECT OF EXCESS OF Mg ON YIELD OF U

Per cent Ave, Ave. Ave. Ave.
Excess lig} Biscuit Yield | Casting Yield | Over-all Yield Firing Time
of 85.1% 76.6% 65.2% 57.3 min,

23 92,7 0.2 - 83.6 52,3

5 96,2 94.9 91.3 51.4

75 96.8 95.7 92.6 C 49.9

10 96.8 95.2 92.2 49.7
15% 96.3% 96.5% 92.9% 49.6 min.

6,3.1 Hesults. It will be observed from Table 13 and Figure 5 thst
in the reduction stage the optimum yields were obtained with excesses of
7.5 per cent and 10 per cent magnesium or w1th a maximum of 8,75 per cent
excess magnesium. From Table 13 and Figure 6 it is apparent that in
over-zll yield a plateau was reached at 73 per cent excess of magnesium.
The 15 per cent excess of magnesium gave a very slight increase in the
over-all yield. From Figure 7 it is also apparent that in the reduction
reaction there was a relationship between the excess of magnesium and
the firing time or preheating time. As the excess of magnesium was
increased the firing time was decreased. There was very little change
in the firing time after an excess of 7. per cent was reached.

6.3.2 Conclusions. From the curve shown in Figure 5 it appears
that the maximum yield was obtained in ‘the reduction stage under the
operating conditions described at about 8% per cent magnesium., However,

from the over—all yields (Figure 6) it appears that very.little difference
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occurred from 7% to 15 per cent deviations in both biscuit and cAsting
_ rields being sufficiently large to indicate that the average oversall
- differences from 73 to 15 per cent were snot real. Sinoe:unnecessary
excess caused trouble in casting and represented additional cost,
_?5 per cent exceés, the minimum excess producing yield, was adopted as
standard for the 55 lb, charge of UF, used in the 6" bomb, It must be
borne in mind that the excess varies with the scale of operation, being
related to the heat input and heat loss. Thus, with the 133 lb. charge
used at Mallinckrodt Chemical Works only 5 per cent excess magnesium is
necessary while on a scale of a few pounds from 20 to 30 per cent excess
of magnesium has been found necessary for maximum yield. The 7% per cent
excess was adoplted as standard procedure for the 6% bomb at Iowa State
College. |

6.4 Effect of Preheating Furnace Temperatures. In the early pro-
duction period it uas:observed that different furnace temperatures were
recuired to achieve maximum yields with various lots of a given raw
méte:ial such as magnesium. Consequently when the performance of the
various types of magnesium was studied the effect of furnace temperature
was inveshigated‘by making a series of reductions at intervals of
50 degrees from 1050°F to 1300°F. (See section 4.2.2).

The results of this study are presented in Tables 14 and 15 and
Figures 8 and 9o

It will be observed (Table 14) that with one exception the optimum
furnace temperature was found to be approximately 1150°F, At this tem~
perature, however, the firing time of one type of g (Permanente) was
about 60 minutes while that of the other types was about 50 minutes.
The Permanente Mg always exhibited this slower rate of ignition, The
-optinum temperature for the Permanente was found at other times to be as
kigh -as 1300°F,

- The relation of yield to firing time is shown graphically in
Figures 8 and 9. Figure 8 presents the average firing times of each type
of ¥g at the designated furnace temperature. Since such irrelevant factors
‘as accidental variations of wall thickness, dryness of the liner, etc.,
might cause abnormal deviations from the average firing time, it was
decided to plot only those cases showing deviation within specified limits
aon the assumption that they reoresented the true value for the Mg in
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TABLE 14

OVER-ALL YIELDS OF U PRODUCED BY' VARIOUS TYPES
OF Mg AT GIVEN FURNACE TEMPERATURES

Temperature of Prehealing Furnace

Type Mg’ 1050°F | 1100°F | 1150°F | 1200°F| 1250°F § 1300°F
I 86.9% 88.9% 89.9% 84 4% 86.3% 86.9%
i 83,8 90.3 92,0 85.8 83.4 83.7

i — ——— —— 8702.; —— ——
i3I 8.5 85.0 86,0 81,2 81,2 82,1
Iy o7 85.6 36,8 85,8 85.8 82,7
VI 81,7 84.0 83.8 Bl 7 —— 79.1
bl 81,08 31.3% 78.3 76.9% 75.0% 7506
VIII — — 81.2% —— — ho5%

TABLE 15
PREHEATING TIME {FIRING TIME) AT GIVEN
FURNACE TEMPERATURES

Trops Mgt | 1cscor | 11009 | 1150°F | 1200°F | 1250°F 1300°F
i 20 min. 70 min, 58 min, €3 min.| ~=— L4 win,
11 28 69 59 5k —_— 47
VII - -— -~ 56 - e
I1x 75 59 53 43 - 38
iv 68 56 y7 L2 -— 35
VI 76 56 K7 Al - 38
bl 61 L7 42 36 — 3
yIII e mine | -~ mine| 42 @m0 | ~- mine| -- 3), mine

¥ See Page

for key to types.




60

- question. Hence, only ‘those values falling within a 5 minute range includ
ing the greatest musber of cases were averaged and plotted in Figure 9.

The greater validity of this treatment is shown by the disappearance of the
double maxima in some of the curves. The results obtained indicate optimum
tige for the hgnesium Reduction Co. Mg of 40 minutes as against 50 minutes
by the first set of averages.

Having established the existence of an optimum furnace temperature, or
rather perhaps an optimum preheating time or preheating rate, it was
observed that control of preheating time could very effectively be used as
a means of controlling production yield, provided that it was kept in mind
that preheating or firing time varied with the different materials such as
the types of magnesium in use and particularly with liner materials. For
any change of rawm materials therefore it mwas necessary to establish exper-
imentally the optimum furnace temperature and preheating time (Figure 10).
When this had been done any deviation of more than five minutes from the.
average heating time indicated that some raw material was defective, that
standard operational procedures were being deviated from, or that the fur-
nace was nct operating properly due to defective burners, air-gas mixture
or other difficulties. "

The factor most frequently requiring a variation of the firing time
was the condition of the liner material, particularly with respect to water
content. The firing time actually used in any case was a compromise between
a sufficiently long time for adding the necessary heat and the least
possible time during which detrimental side reactions, such as Hy0 + UF,,
might occur. If none of the latter reactions had occurred, i.e., if all
ras materials had been perfe_cﬂy pure and dry, a longer time than the
minimum presumably would have been harmless. Since this condition was not
achieved the preheating time could not be extended indefinitely without
damage. As better liner material became available however the permissible
13mits became less critical andv the time became mores constant at a given
temperature. ' '

- In spite of the many variables involved it was possible to adopt a
furnace temperature of 1200°F * 25° as standard for production using

New England Lime Co. Mg, UF, and electrically fused dolomite liners
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 meetinga§he specifications estéﬁiished in previocus sections cf this report.

.Methods of Preheating. Various methods of preheating were used

at diff:

induction furnaces, gas-héated furnaces for individual bombs and gas-heated

fEnt plants including electrical resistance furnaces, low-frequency

miltiple furnaces. Space does not permit here of a full comparison of
these means of heating. General results are apparent however in the pro-
duction reporis from the furnace used,

The individual resistance furnaces were used in the early stages of
experimental work at Iowa State College simply for convenience and speed
in installation. As built they did not supply sufficiently uniform heating
-uor did they have sufficient capacity. They were shandoned as soon as the
£33 equipment'ceuld be procured and installed.

The low-frequency induction furnaces were used elsewhere and data are
rnot aveilable regarding their performance. However, the achievement of
unifora heating over the length of the bomb cffersd considerable difficulty
and pits and burn-outs seem tc have resulted at s high rate.

The use of individual gas-heated furnaces has worked satisfactorily -
at one plant, although the maintenance of uniform heating is more difficult
than with a larger installation.

The first planned production at Iowa State College called for a large
sozking=-pit in which a number cf tombg could be hested. Such a pit was
rost econemical in construction and gas comsumption and because of its
larze capecity was more easily maintained at constant temperature when bombs
v2re introduced or removed. Such a plant was installed as described abovs
and was thus duplicated at another site after a trial of the individual gas

furnaces and an investigation c¢f other types.

7. Properties of the Metsl Produced

Many of the properties of uranium such as melting point, densiiy, etc.

rscorded in the pre-project literature were erroneous and have been cor-
r.ected by project experience. These results are recorded in Chap. VI,

¥ol. £II and in Chap. ___ Vol., XI A of "M.P.R. Many properties of the metal
are influenced by the msthod of preparation, however, and, some of these
properties, particularly those whose specifications were fixed will be

discussed here.
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7.1 Density. The density of the metal was affected by variations
in production and casting. Since lcw density usually meant bloWahdles in
the billet, density was used as a check on sclidity and freedom from
irtaraal imperfections. The Ames metal véried'in density from about

12,5 to 19.1 g/cc and averaged 18,9 g/cc during the greatér part of the
production periocd. '

7.2 FPurity. Since the conteni of certain elements could not be
permitted to exceed fixed values which were less by several orders of
pagnitude than had ever before been cCusiomary in large scale metal pro=
duction, analytical controi of the composition of the final metal was veky
exact. The accepted standards and the average content of some of these
elements, particularly those mosi necessarily kept under control at the
zetal preduction stage, are described here.

7.2.1 Boron. The most important of these elements was borono In
early production the boron content fluctuated considersbly being derived
et times from all of the different raw materials but particularly from the
liner. It reached a peak in the summer of 1943 varying from 0ol to 1.2 ppa
averaging 0.3l ppm. A successful sclution of the liner protlem both by
1J“ravemﬁnts in materials and installation reduced thls content to an
average of 0.22 ppm in the winter of 1943 from which it decreased gradually
to zn average of only 0.15 ppm in the fall of 194kL.

Iron. The mext most troublesome contaminant was iron derived largely
from the pitting of the bombs, again due to poor liners. The solution of
the liner problem reduced the iron from 2 high of 94 ppm average for the
winter of 1943 to 57 ppr for the spring of 194k to 46 ppm for the remainder
of production. . ;

Monganeses The manganese content was kept under observation because
of its presence in some of the materials. However, it never became _
excessive ranging from O to Ca. 10 pph, averaging 5 ppm during the latter
pert of production. | |

Cadmium. Cadmium was carefully controlled in the raw materials but
®was never excessive 1n‘the_metalo In fact the use of some cadmium~high
'magnesium demonstrated the fact that C& uas:distilled out during the
vacuum melting and constituted little danger in the process. Ail the
metal produced contained £ 0.3 ppm, the accepted limit.
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To summarize, the major portion of the metal produced at Ames oy
the reduction of UF, by Mg had a density of 18.9 g/cc with the following
average impurities: B, 0.22 ppm; Fe, 46 ppm; Mn, 25 ppm; Cd, < 0.3 ppm

(probably < 0.2 ppm).
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