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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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C=IIZCAL PROPERTIIS OF U.ANIUN HEXAFLUORIDE, U“6
By
Aristid V. Croasse, De ~artnent of Physics ond
Chemistry, Colmlia ! nivoruit Jeu York, N. Y.
June 5, 1051

Uranium hexofluoride has the distinction of being
the only stoble gaseous connound of urcnium rnoun up to the
present moment. Decause of this nronerty 1t is the only com-
pound that can be used for proccsses of isotope separction,
svca ¢ s diffusion, therm-l diffwsion, ceatrifuge separction,
distilletion, nd others of a similar nature.

(At this vwoint 1t might be worth while to emphesize
th~t there may be vnoscibilitles of prepaping other volatile
uranium comoouads, snuch ar, for inst.nce, ur-onium carbonyl or
some ¢1lkyl ursnium derivetives, or even as o dlstinct nossibility,
come mixed alkyl carbonyls of ursnium) .

Uraaium hexafluoride wes discovered by Otto Ruff
and A. Hdeinrzelnin l in 1909, 1in Cermany, and nractically all
informstion published on this commound is found in the
Gerrmrn jJournals. A1l liter-ture references (1-9) on UF6 are
iven et the ead of this rewort.

Sumiaries on the nromerties of ithis comnound =ay
Le found in llellor's Tre~iise, Vol. XII, p. 75-76 (1937), and
r1so 1in Grielin's Handbook Syster No. 55, ». 1P1-123 (1935),
£nd abep~te Hendbook Vol., IV, 1, 11, v». 950-930 (12°1). It 1£7
=ssumed thot 11 dote i these reference books ere knowrm to

th~ realer. Thereforc in thigs rewort only substaati:1ly new :;
: i
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dat- vill be discussed in det:il :(ad old datu only commented
uoon or critici-ed in the light of uew Trnrts.

The followin, tghort description of the prOpérties of
UF6 is intended for a reader interested only casually in this
cormound:

Ui'g is a very reactive compound and a very stron.
fluorinating arent. It is immedictely hydrolized by water:
In fluorinatinr reactions it 1is recduced to the rreen highly
stable UFy. It rescts instantaneously with hydrogen at room
termmer- ture. It fluorinctes many netels; sodlum and mercury
are atteckzed in the cold, lead, zine, tin and iron on heating;
»letinoum end fold resci only above 400°C. With organic
compounds like alcohol, ether, benrene or tolusne, immediate
fluorinstion teles place with formetion of HP and carbon or
c-rkton’ ceous naterisl.

The commound forms colorless, very volatile,
Heevtiful transvarent crystels of hicrh refroctive index.
Yelting noint = 69.50; boiling moint at 750 mm= 56.2°;
D20%=F.58. The crvee 1o melt valer oressure to @ transparent
colorlcss 1liould of hirh dengity, buvt creat mobllity.

mhe present writer had occ sion to study this

(1)

interesting com»ound then he nrenared it for F. W. Aston's

(1)
Nature 123, 725 (1931).

Iirst successful isotonic anelysis of vranium in 1931. This
report covers his investlpretions csrried out intermittently

¢nd in o onrelinminery wey at the Devartment of PhyslcslﬂfT




Columbia University from Decenber, 1939, to date.
This renort is divaiae . i.to the following sectlons:
A. Methods of preparation. Experimental »nrocedure.
B. Exchange reaction of UFg and Ufy.

C. Thermal stabllity of UFg,

D. Behavior of UF6 torard inorganic compounds.

td

Behavior of UFg toword organic compounds.

l'xj

Hendlin of UFE in 1rss vessels in the
presence of getters.

A. Methods of Preparation.

1, 2
Otto Ruff ' ’used the following two successful
methods of preparation:

a. From nmetallic urenium and elemecntary fluorine,
according to:

U+3F, 2 UFg

b. From uranium nentachloride and fluorine,
following the reaction:

2U015+6F2 -5 2UFg+5CLo

The first method (a) is the one later used by all
other investigrators. It has been recently very substantially
imnroved by Dr. P. Abelson at the Burecu of Standards in
Jashington, by using uraniun tetrofluoride instead of
uraniun retal, in occordance with the equation:

UFy+Fp - UFg.

In this way the consumption of fluorine has been reduced by
two-thirds and the costly metallic uranium completely elim-
incted. Methods of prevaring uranium tetrafluoride are

ginple and fully described in the literature. Additional
- o T
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new date sre conteined in a report of this writer to Dr.
Lyman J. Briges, (Bureau of Standards, Leshington, D. Ce)e
Ruff? also used a third methed of preparaetion
wnilch he abandoned, however, .ecesuse of difficulties encoun-
tered and which, 1f successful would avoid the use of either
elementary fluorine or metalllc uranlum. It consists in the

reaction:

The compound;Ust xHF 1s supposed to decompose on heating
into UFg and UF4 and xHF., (Additional data on the properties
of pure UFg are given on p. 10 and 11). The difficulty Ruff
encountered was 1n the separation of UFg from HF,

We have found that the separation of these two
compounds can bte readily accomplished by fractlonal dis-
tilletion in copper apparatus, elther 1in vacuum or & super-

atmospherlc pressures, A preliminary separation of these twe

compounds can even be accomplished by simple decantation,
since we found that UF6 1s only sparingly soluble in anhydrous
hydregen fluoride. Although the flrst part of the method

hes not been thoroughly tested at Columbia, the indications
are that it might compete with a method using elementary
fluorine since anhydrous hydrogen fluoride 1s now readily

avallseble in large quantities on the market and the technical

~proparation of UCl_ should offer no greater difficultiles

)

thaen the similar preparation of such chlorides as AlCla,

- 147
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TiCl4 or ZrCl4. (Additional data on the properties of pure
UF6 are given on ps 10).
The UF6 used in our experiments came mainly from

the followlwg two sources: The Naval Research Laboratories

and the Bureau of Standards 1n Washington, Ds Ce

Exggzimental Procedure

The UF6 was handled elther in glass or copper appar-
atus, Glass was used when it was desirable to see any possible
reaction, and when low pressurss were used. The usual type
of high vacuum pyrex glass equipment was used. A high vacuum
o1l pump as a source of vacuum wes employed. The connections
to any copper tubes were made with duprene %ubingn rfter
filling the reaction tubes were usually sealed., In the

presence of getters as described on p. 15 of this report, it

was poasible to handle even liquid UF, very nicely.

6
An all copper apparatus, consistling of receivers,
tubes and brass valves and gauges were used when presence of
glass was undesirable or when reactions were carriled out at
higher preésures.
The standard refrigeration industry's brass and

copper connections was found to be very practical,

B. Exchange Resction between UF6 and UF4,

A method for exchanging uranium atoms in UFG’

according to the reactlon:

#F w3 Ust
UF6*U U F64UF

S
N
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was desirable in order to replenish the amount of U35 in
UFg samples after their normal content of U<3% has been ex-
hausted through lsotope separation.
UF, can be easlly prepared on an industrial scale
by precipitation of uranous sslt solutions with fluorine ions
We prepared UF, by dehydrating the crystalline
hydrsate 2UF4,5H20. The latter is a new compound described by
the writer in a report to Dr. Lyman J. Briggs, In this way
a porous and reactive, anyhydrous tetrafluoride is obtained.
Inste;é of using U235 we used U239 as a tracer
and employed the usual radiocactive indicator technigue. Strong
sources of thls isotope were kindly supplied by Prof. L. O.
Lawr-1ce of Berkeley, Calif, U239 nas a helf-life of about 7
days <nu allows one to work lelsurely. It was a very soft
/?-radiation and was purified when necessary from UX. Of
course, at first it was purified from all fission products,
The ﬁ;-ray absorption In 41 of most preparatlons were meas-
ured; slnce we also measufed the absorption of both pure U259
and UX we could correct for any UX content.
The exchange reaction follows & monomolecular
kinetic law as expressed by the equation:
K't=-log(Rt-R”),
where K is the rate constant and Ry and K,y the ratlo of
U299/ ye58 gt the tire t and at equilibrium, respectively.

The half-time, T 1s, of course, expressed by the relation

£ 147
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The exchange reaction was carried out 1n copper

contalners, under the vapor pressure of UF corresponding

6?
to the temperature used.

The UF, contained the U39, 4 welghed amount of
the tetrafluoride was placed in the container, the latter
evacuated and a known amount of pure UFg dilstilled on to it.
In some experiments catalysts were added to the UFy,.

The following are the results obteined:

1, The exchange takes place already at 100°C,

between llquid UF, and solid UF4. The half-time is about 360

6
hours.
2, The rate of exchange can be stepped up by means

of ~rtalysis. For instance, small amounts of HgCl_ bring the

2
half time at 100°C down to about 40 hours,

2. The exchange 1s slow at 100°C because of the
formation of the solid UFg (see po 10 and 11). At the tem-
peratures of its decomposition, i,e. about 250-350°C, the
exchange can be made much more rapid. It might be advanta-
geous to work just below the critical temperature of UFG’
although this point will have to be decided by future

experiments.

C. Thermal Stabllity of UFg.

In the course of a study with Dr. E. Booth, of the

thermal diffusion method of U-lsotope separation, 1t became

desirable to obtain data on the thermal stabllity of UFg.




It wgs soon found that platinum and gold, the most

inert materlals known, were readily attacked at temperatures

above 400°C. At the same time the experimental evidence

seemed to indicate that this attack was not due to any free

fluorine produced by the breakdown of UFg, but was rather

due to the inherent reactivity of platinum or gold, Due to ‘
the veolatility of platinum or gold fluorldes at the exper-

imental conditions, a fresh metallic surface is continuously

produced. Using metals producing non-volatile fluorides such
as coprer (lelt., P. of CuF = 908°C) and particularly nickel
(Melt. Point of NiFy =) 1000°) we were able to heat UFy up
to 550°C with only negligible decomposition.

Our experimental results were as follows:
1. Copper. Gaseous UFg, at a pressure of 1/2 atmosphere,
was heated in a pure copper tube to 520-535°C for 17 hours.
The decomposition of UFg was less than 0.5 mg UFg per cm?
of Cu-surface and per hour.
2, Nickel. A similar experiment in a pure nickel tube (from
the International Nickel Co.), carried out at 1/2 atmospheres
and at 515-5450C for 21 hours showed a decomposltion of less
than 0,001 mg/per cm® of Ni-surface and per hour.

It 1s likely that the slight decomposition noticed

is due to the fresh metallic surface at the beginning of the

experiment and also to catalysis by the fluorides of U (UF4)

and Cu or Ni, respectively. It 1s probabl® that usling per-

fectly non-catalytic material one will be able to use still \

m . . 147
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higher temperatures before decomposition of UFg sets 1n,

Molten CaFy or BaF, were considered likely non-
catalytic material and excellent tubes from both fluorldes
were kindly prepared by Professors Vi« Schumb and Gamble of
llassachusetts Institute of Technology, Cambridge, Mass.
However, to date no experiments were made with them.

A1l our data under this heading were passed on to
Prof. #. O. Nler of the Unilversity of Minnesota for use in

his Clusius column experiments.

D. DBehavior of UF6 toward Inorganic

Compounds

8. Behavior toward metals.,

Ve have found that nlckel 1s the most inert metal,
followed by copper, as has been mentioned on p. 8. Iron and
its. different alloys vary in resistance to quite a degree
ennd are inferior to copper. Usually nickel and chromium con-
tulning alloys such &s the stainless steels, are very much
more reslstant than ordinary steel, Metals like zinc and lead
are very readlly attacked.

Data recently obtalned by Dr. P. He. Abelson of the
National Bureau of Standeards are given in the appendix (see
Ps 19.)

The followlng experiments contaln some new quan-
titative data:

b. Copper.

A copper tube contalning liquid UF6 was heated for

sacese
XYyl
ssssse
esscoe
XXX XYY

.
LX) (X X] [ eee & o oo [X]
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100 hours to 100 to 110°C. At the end of this perilod the
tube was openefly 1t showed a bright red copper surfece with
no visible deposit of either Cu or U-fluorides under the
microscope. The brass valves used on both ends of the tube
also showed no vislble deterioration.

Experiments with gaseous UFg at high temperatures
are descYribed on p. 8.

ce Nickel and UFg. (See p. 8).

In both high temperature experiments the copper and
nickel surfsces were covered with theilr respective fluorides
which seemed to adhere very firmly to the surface of the
metal and prevented any further corrosion of the metals While
these experiments show a slow rate of reaction of copper and
nlckel, they are also of interest in demonstrating the high

thermal stability of UF6o

"de Stainless steesl.

Stainless steel in the form of Stedman packing was

found to bYe unaffected by liquid UF, at 100° for a period of

6
about 24 heours. It 1s noteworthy that the wires are wetted
by UFG’ but the liquid film is very thin because of its high
densitye.
e, Platinum.

A platinum wire mounted in a regular electric bulb

fashlon in an atmosphere of UF_ decomposed the latter 2t a

6
temperature of about 600° fairly rapidly, giving a green

147
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deposit of UF, and a volatile brown deposit containing plat-
inum, which probably was PtF46 Comparative experiments with
copper and nickel wires show that pletnium is much more readily
corrcded than metals like nickel and copper, which are pro-
tected by the alreedy mentioned (p. 8) films of non-volatile
fluorides. +8 has been demonstrated by Ruff,2 platinum is a
perfectly suitavle material at temperatures of avout 400°C

and belows

fe UF6 and UF4. Uranium pentafluoride, UFgy .,

It was found that liquid UF6 combines with UF4
at about 100°C, forming a white solld of the empirical formuls
UFg. The latter probably should be better formulated as a
complex

" UF , . UF J
since it readlly decomposes into its components according to

the equation

2UF -—> UF, +UF,

The pentafluoride does not los€ UF, at 1007¢,

6
even in a vacuum of 2 mm of mercury, but does begln to de-
compose at that pressure at aoout 175°C. The decomposition
b@comes rapid at 200° and is practically complete at 300°

In accordance with the above equation; above 4000C no UFg

™

remains in combination with the UF4. —
This compound is perhaps identical with the one —~

produced by Ruff in his HF experiments (see p. 4.) although :i

he clalms that he had an addition_compound wi@h.HF"in his hands.
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The compound can be readily prepared by placing
anhydrous UF, 1n a small copper contalner, distilling on it
an excess of UFg, closing the valve on the copper contalner
and heating it 1n a bolling water bath for about an hour, and
then distilling off the uncomblned UFg 1n a vacuum.

€. Behavior toward glasses.

Ordinary glass and Pyrex glass are attached by UF6

in the presence of a small aemount of water or hydrogen
fluoride. This attack can be substantlally averted by the
use of getters as described on p. 15

Alumlnum phosphate glasses.

Recently silica free glasses, consisting mostly of

aluminum phosphate have been speclally prepsared for our

purposes. These perfectly clear glasses show high resistance
agalnst hydrated and anhydrous liquid hydrogen fluoride. It
was found that these same glasses show no visible reaction

with liquid UF,. when heated for a period of a few hours to

6
100°C. They therefore can be conveniently used as sight

glasses, etc., 1in apparatus for carrying out reactlons with
UFg, either 1n the presence or absence of hydrogen fluoride.

Vycor glags,

The very porous Vycor glass, a recent product of
the Corning Glass Works, showed no visilble attack at room

temperature when sealed wilth UF6 for a period of a few weeks,

Further tests are necessary, however, to determine to what

extent 1ts porosity 1s affected,
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h. Behavlor with fluorocarbons. (see De 15).

E. DBehavlor of UFg toward Organic Compounds

This section may be conveniently subdivided as

follows:
l. Hydrocarbons
2. Hsalogenated hydrocarbons

3. Fluorocarbons of J. Simons.

le. Hydrocarbons

la. UF6 and normal cetane.

Lilquild normal cetane, N-016H34, reacts rapidly with
UFg, at room temperatures, reducing the latter to UF4. Simul-
tansously HF 1s involved and a carbonaceous denosit is formed,

lb. High vacuum oll.

The vacuum pump oll tested was of the usual quality
used in the United States (from Central Scientific Co.). It
was a clear, thick, yellow-orange o0ll and contalned some
unsaturated hydrocarbons since it reacted with concentrated
sulfurlc acid in a fashilon charscteristic of olefins.

In contrast to liguid paraffins 1t shows no violent
reactlion and no reduction of UF, to UF, takes place. However,

6 4
does gradually disappear and forms an elastlc

the gaseous UF6

and strong skin on the surface of the oil. Water decomposes
this skin and seemingly unchanged oil 1s recovered. Based

on this meager information one may make the tentative

assumption that the unsaturated carbon linkages 1n the oll

form some sort of an addition compound with UF..

ROSR A KY B 3=

.e

.
*
.
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lce Butyl rubber.

Butyl rubber, & recent product manufactured by
the Standard 01l Company of New Jersey, was found to show no
visible reaction wlth UFg for 300 hours at 250C.

A bleck variety = f Butyl rubber was found to be
perfectly stable toward liguild UFe at 100°C for six hours.

This treatment did not seem to affect the elastic propertdes
of the Butyl rubber,

2o Behavlor toward Halogenated Hydrocarboris.

2a., Symmetrical tetrachloro-ethane, H0120.0012H,

In 1ine with Otto Ruff's observation,® it was
found that symmetrlcal tetrachloro-~ethane dissolves UFg»
forming en orange yellow solution which 1s quite stable.

At room temperature it reacts very slowly, (of the order of

a few weeks) forming green UF o On boiling the yellow
solution becomes colorless and regains its yellow color when
it redissolves UF6, indicating that the eolor is due to some
complex between the two compounds.

| 2bs Pentachloro-ethane, CC15°0012H.

Pentachloro-ethane also gives a yellow solutlon

which becomes colorless on bolling., The yellow solution de~
posits nice crystals of UF6 on cooling. This solvent 1is

much stabler than the previous one, and the solution shows

only small decomposltlon after a perliod of a few weeks.
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2c. 1, 2,-difluoro-1,1,2,2-tetrachloro-ethane,

It was thought that substitution of the hydrogen
atoms of the above compound by fluorine would give a stable
solvent. However, this .roved not to be the case. The UF,

reacted In & molar ratlo of 1 to 1, witn the compound, very

probably eccording to the equation

UFtCy C1,Fp =3 UF, 2C Cl,FyA

The reaction 1s pretty rapld, and is accompanied by a gas
evolution. (CCl,F, has a boiling point = ~30° gt 760 mm).
After a whlle all of the UFg 1is converted. The reaction
mixture on warming up and distilling consists of the nure
original fluorochloro-carbon, and shows its original melting
point of 419.5 to +420°,

2d. Trichloro-ethylene, Cl,C=CClH.

Immediate reaction takes place and the UF6 is
reduced to UF,.

4
3. Others.

UF. and fluoro carbons,

6
It was found that a mixture of fluoro-csrbons,
boiling in the range of +3 to 80°C and nrepared by Prof. J.
Simons of Pennsylvenia State College, is the best solvent so
far found for UF6. This mixture of fluoro-carbons, consisting

mostly of fluoropentanes and --hexanes, dilssolves large quan-

tities of UFg, forming s perfectly colorless solution that

ranains unchanged for perlods of months at room temperature.

147 17




It has also been hected to 100° for periods of - few hours
without cny avnmarent recction.

The UF6 can be very nlcely crysti-llized from the
gsolution.

F. Handling of Urg in Glass Vesscls in the

Presence of Getters.

NFg attecks glass, either Pyrex or Jena, culte
ranidly, unless it is absolutely free from HI' or Ho0. 1In

the vast, this writer? has resorted to p205 a8 a drying

agent. This is saticfrctory, but cquite troublesome anc time
consuming.
The atteck Sn glass is due to the following cycle
of reactions:
UFg + 2HpQ —> UOoFp bHr o ..., A
810, + LHF —3 SiF) 2H,0 ... B

The water consumed in reaction A is regenerated in
recrction B and therefore scts as & cetalyst.

It was possible to cton this cataslytic cycle by
mecns of getters. as such nowdered dry NaF ond KF were
found to be very efficient. These subst-nces are knoun to
combine with ¢11 immurities likely to occur in a glass system,
i.e. with HF (forminec KF, HF), HoO (forming Ki, 2H,0, etc.)

end S1F (to KoSiF,). Their use may have been discouraged

1,2

by the statements of 0. Ruff th=t UF6 combines energet-

icelly with both KF and NaF. Fortunately this statement

proved to be erroneous; we found thrt pure UF6 can be kept

SR ey 147 18
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for months over KF and NaF wilthout any reaction. Addition
does take place, however, 1ln the presence of F and H20 (which
of course immedlately generates HF from UF6) with the forma-

tion of stable orange-yellow triple compounds of the general

formula

*XKF, yHF,%UFs orxlNaF, yHF,ZﬁFe
The consuuptlon of UFg tskes place, and thils is of course the
crucial point, only in a stochiometric ratio to the amount
of PF (or Hy0) present. If the latter is present in traces
only a trace of UFg will be consumed.

For practical purposes one has only to insert into
the air dry gl:ss apparatus, some dry powered KF (or NaF),
An rnount corresponding to about 5% by weight of UFg 1s
usually sufficlent. (Since KF 1s guite hygroscopic it is
recommended to prepare it by heating some KF, HF in a plat-
inum dish till all HF 1s volatilized (red heatl), and to

powder it, while gtill hot, In a warm mortar. Such dry KF

may be stored in = P205—dessicator). The UF6 is distililed
on to the KF and mixed by shaking. Vhen distilled over to
any desired part of the apparatus it is found to be free

from glass etching impurities.
Comparative tests showed that whereas without KF
or NaF glass 1s raplidly attacked, it stays clear for months

in the presence of these fluoride getters.
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Arpendix

Notes on Decomposlitien of UF6 by Various lMaterials

; by P. H. Abelson

The decomposltion of UFg 1n the presence of a
number of substances has been tested. : surprislng result
R is the fact that at 240°C duralumin 1is almost as non-corroded
as nickel., With the materials tested so far the following
order of merit is established.
Nickel ~ tops
. Duralumin - close second
| Monel -~ poor third
‘ Copper =~ almost tied with monel
Brass
eagy flow ) far outclassed
hard solder)
Tests were performed as follows:

' 300 cme®

of duralumin was seuled inside of a nickel
contelner possessing 150 cm? surface. The container was
conditioned for two hours at room temperature with fluorine
ges., Forty grams of UF® were volatilized into the contsainer
which was then sealed, After exposure to a temperature of
. 240°C for 24 hours UFg was removed and 60 mgs. of non-volatile
C i uranium salt were recovered. The shiny duralumln surface
wes tarnished but only slightly.
Test of copper end eaay flow hard solder:
A copper contelner with an inner cylinder coated

. with easy flow, presenting 75 cm.2 of solder surface was

conditioned with fluorine at room temperature for an hour.

147 21




)

- . 20

Forty grams of UFg were volatilized into the contalner. The

contalner was malntained at 250°C for 48 hours.

of that time no UF6 was left,

forming an adherent coating t- the solder,

was found on the copper and this

The copper surface of 100 cm.? had about 300 mg. of UF

clinging to 1it.
Purther test on copper
A copper contalner was
at 1600C. Parts of the 150 cm.=<
of attacks. Total adherent layer

Brsas ends of the contalner were

At the end

The major portion was found

Some coatling also

was smooth and adherent.,

4

and brass.

exposed to UF6 for a week
surface showed no evidence
of tie order of 100 mgs.

covered by a heavy adherent

layer,
Test on monel.
6 to monel resulted in
At 250°C monel appears

A 48-hour exposure of UF
rather heavy attack on this zlloy.
to be about comparable to copper. It 1s not more than three
times gs good.,

Further experilirents employing more strenuous
fluorine conditloning and more strenuous UFg exposure tem-
peratures are contemplated.

It is planned that other

materials shall be tested.
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