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PLUTONIUM TRIFLUORIDE; PREPARATION BY REACTION WITH
FREON-12, AND BOMB REDUCTION TO METAL

INTRODUC TION ' e

Plutonium metal {s produced in the Hanford 234-5 Building by
-reducing plutonium tetrafluoride with calcium metal in a hermetically
sealed bomb. Plutonium tetrafluoride is prepared by treating plutonium

oxide with hydrogen fluoride gas at elevated temperatures according to
the following reaction:

TTPuO, + 4HF —5 PuF, +2H,0 e

Since hydrogen fluoride is generally contaminated with hydrogen which
reduces plutonium ‘etrafluoride to plutonium trifluoride, the fluorination :
reaction is always carried out in the prescnce of oxygen. Therefore, the . ==

sere oo _Task 11 (hydrofluorination) equipment in the 234-5: Building exists tn an ==
environment of hydrogen fluoride, oxygen, and water vapor. This system _
«s known to bo exceedingly corrosive with respect to most materials of _"g,-
construction. It {s cstimated that a cost of approximately $500, 000 a
year is incurred as a dircct result of the gross corrosion of oquipment
and hoods by the hydrogen fluoride, oxygen, water vapor system,

OBJECTIVES =

The pu?posu of this investigation was to find and to determine the
conditions of use of un alternate fluorinating agent for plutonium oxide
with emphasls on reduction of corrosion of equipmeont causeu by t2ie use of
hydrogon fluoride. Further, {t was within the scope of this work to
demonstrate that the plutonium fluoride produced by use of the alternate

fluorinating agent could be reduced to plutonium metal with high yteld by
static bomb reduction with calctum,

© DRCLISSIFED 3
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SUMMARY .

Several I~1eona(l) have been examined with respect to their relative

uscfulness as replacements for hydrogen fluoride in the preparation of
plutonium fluoride.

Among those tested, Freon-12 (dichlorodifluoromethane) was
found to be the most satisfactory. The optimum conditions for the prepara-
tion of plutonium trifluoride from plutonium oxalate by fx‘eonation(z) with
Freon-12 are embodied in the following steps. (1) Dry the aqueous slurry
of plutonium(lV) oxalate in a stream of dry air at 125 to 150 C for as long
4s necessary to remove all unbound water. (2) Convert the plutonium(Iv) -
oxalate to plutonium(lV) oxide in a stream of dry air at a-temperature of e
275 to 300 C, the cake temperature not exceeding 400 C. (3) React the™ =
oxide with Freon-12 under oxygen-free conditions at 400 C until converted., '
Cool to below 100 C before exposure to oxygen,

Plutonfura trifluoride has been found to be capnbla of reducuon to

et

Calcium is used as the plutonium trifluoride roductant, and 0.6 to 1.0
moles ¢ach of caleium and iodine per mole of plutonium are added to the
reaction mixture as an internal "booster". Metal button yields of about

95 to 87 per cent have been consistontly obtuined ua@ng these bomb con-
ditions on a 20 gram scale.

The corrosion resistance of a variety of metals of construction
was investigated under actual freonation conditions. Raynes 25, Inconoel,
or Hastelloy A, B, or C appear to be quite suitable for equipment fabri-

cation as they are attacked at the very slow rate of approximately 0, 0002
to 0.0006 inches per month.

4} IFreon in a trade term designating a class of aliphatic chlorofiuoro
compounds,

(2) Frconatfon is u term invented to include all reactions, mcluding

fluorination, botween a Freon and another substance, LASS‘F‘EB
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DISCUSSION

A, Preparation of Metal Fluorides

The use of Freons for the conversion of metal oxides to their
respective fluorides {s not novel to this Investigation. Several such
Instances have been reported {n the literature, (3.4.5)

The compounds examined for possible value as fluorinating agents
for plutonium compounds included: Freon-12 (dichloz:_'bdifluoromethane), _
FFreon=-13 (chlorotrifluoromethane), Freon-2} (dichlorofluoromethane), -
Freon-22 (chlorodifluoromethane), ¥reon-113 (trichlorotrifiuorethane),

Freoon-li4 (dlchlorotetmfluoroethano). carbon tetrafiuoride and ammonium
bifluoride, : - .=

l. L,orium tmd Umnlum I‘luorides

Ccarlum nncl urnnium were selectcd as non-hazardous substitutes R
for plutonium during the initial work in which the several Freons and other
compounds were investigated as fluorinating agents. Cerium is thermo-
dynamically more like plutonium than is uranium; therefore, the greater |
part cf the preliminary investigations were mado with corium, In_each ..
case the cerium or uranium oxido was treated with the fluorinating com-
pound by placing the oxide in & furnace tube and subjecting it to the partic~ .
ular fluorinating agent at elevatod temperatures. The resultant products
were oviluated as o the time and temperature required to obtain a com-
pleto reaction, tho purity of the fluoride produced, and the physical and
chemical properties of the fluoride, It was desirable that the fluoride be
u freo-flowing powder adoptable to remote mechanical handling.

(3) Webb, A. D,, and Young, H. A., A Study of the Reactions between
Tun jgloxx Dioxide and Diflnorid!chlorome%i{nne. AECTD-Z315]
(4) Booth, Krasny-Zrgen, and Heath, J. Am. Chom. Soc. 68, 1969 -70

(1948).
(5)  Kraus, C. A,, CC-1717, July 29, 1944, “EBLASS‘F\E“
g™
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Table 1 lists the various corppounds examinod and gives the general
cangtties and resuits of the tests. Freon-12 was observed to be the best
fluorinating agent among those tested. By each criterion it was as good
or better than the best results obtained using the other fluorinating agents,

Z. Plutonium Trifluoride

Plutonium trifluoride is prepared by the reaction of plutoniuin

dioxide with Freon-12 at a temperature of 400 C a}.cording to the theoretical
equation:

zpuoz + 3CC12F2 —— 2PuF‘3 + co?_ + zCOCla + Cl?_

As is common in reactions involving organic compounds, the reaction does . ...
e e .. 2100 @XACHlY fOllow the.theoretical oqunw.m. Other. c.reaction products which.
have been identified {n small quantittes tnclude fluorophosgene, fluoring.

and carbon monoxide. Early in the course of halogenation of the metal

oxide a substanual amount of plutonium trichloride appears which is later

— converted to trifluoride. This is shown in Figure l. No volatno plgtoqiux_n_; _

e e v oo, COMRPOUNAS have been cbaerved.

_,_._:.<,_~__§:— e oA B CIAT T s
s

The conditions of propamuon of plutonium oxide exhibit a profound
effect en the rote of subsoquent freonation. The oxidation of plutonium(iV)
oxalate to plutonium(IV) oxide is sufficiently exothermic that cake tem-
peratures betwoeen 125 and 250 C greater than the ambient furnace tem-~-
porature have boen observed during experimental runs. ‘The results of
sovoral experiments have demonstrated that freonation of plutonium(iv)
oxido with Froon-i2 occurrad readily only when the plutonium(IV) oxide

had been prepared from plutonium(lV) oxalate at a cake temperature not =
exceeding 400 C. o '
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The optimum conditions for the preparation of plutonium trifluoride
on a {ifty gram scale are contained {n the following steps?

m Precipitate vlutonium{IV) axalata from a plutanium(IV) nitrate.
solution. Wash precipitate and decant slurry,

(2) Transfer slurry to platinum or nickel reaction boat to a
slurry depth of approximately one half {nach, Dry three

hours in a stream of air (approximately i/2 lineal foot per
minute) at a temperature of 125 to 150 C.

(3) Increase temperature to 275 or 300 C for one hour to convert '
‘ the dried plutonium(1Vv) oxalate to plutonium(IV) oxide. During
this stcp do not allow cake temperature to exceed 400 C in

order to prevent formation of a poorly reactive oxide,

e (4) _Shift from air to an oxygen free Freon-12 atmosphere_ and__
: raise temporature to 400 C. Freon-12 flow rate should be ===
about 1/3 lineal foot per minute. Two hours exposure under

these conditions are considered sufficient for comploto con-
version to pmtonium trinuortde. -

ATk um emoi S e . §

— (5) wCool plutonlum trmuoﬂde to leaa than 100 C before oxposins

to air or oxygen to prevent oxidation. Plutonium trifiuoride

stored for several months at room tomporawro has ahown
no oxidation,

Plutonfum trmuorido produced in this manner i{s a dax‘k blue or lavender
powder which is free-flowing and easily poured.

Severnl attempts were made to propare plutonium trifluoride by
reaction of plutonium oxide with Freon-114 (dichlorotetrafluoroethane).
The reaction proceeds at 750 C and produces a badly caked plutonium tri-
fluoride. A side reaction produces halogenated ethylene which is poly-

merized on the walls of the reaction vessel to produce a polymer not unlike
Teflon. The process was not considered satisfactory.

TECLISSFF: g™
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B. Reduction of the Fluorides

Several investigutors have reported poor results in the reduction
of plutonium trifluoride with calcium by the stationary bomb method.
However, no rigorous investigation of the reduction methods has been
reported, and it was, therefore, within the scope of this work to give this
problem a critical examination. The criteria for a successful bomb reduc-
tion require that a pure, dense, coherent piecé of motal be obtained which
is easily separated from the resultant slag, and that the reduction pro-
duces a nearly tueoretical yield.

The reduction reaction for the productlon of plutonium from the

The considerations important in the adaptauon of plutonium trifluoride to

external heat input and heat loss to surroundings, and the physical char-
acteristics of the reactants. To evaluate these considerations, cerium .
trifluoride nrepared by {reonaticn with Freon-12 was used as a “stand-in"_ = _
for plutonium,

1. Corium trifiuoride

a. Slag Melting Point

The succossful application of the bomb reduction technique depends
on efficient use of the heat generated during the reaction. To allow the
formation of a singie coherent button of metal following a trifluoride reduc-
tion, the slag material must remain molten long enough for all of the more
dense metal to sctile to the bottom of the reduction crucible and coagulate
into a single button. In a small sized reduction bomb of 20 grams batch
size or less, the heat losses to the surroundings are relatively g great.

JECLISSIED
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Conscquently, it ts more difficult to malntain the calcium fluoride molten
long enough for the metal to settle properly to the bottom of the crucible
and form a button. In most cases a."booster" charge of calcium and iodine
is added to the reduction charge which assists the formation of a coherent
button in two ways. First, the reaction between caleium and iodine is ]
highly exothermic and the heat thus released tends to keep the slag molten,
Second, the calcium iodide lowers the melting point of the resulting slag,
allowing it to remain molten for a longer time., W. B. Tolley has partially
worked out the calcium fluoride-calcium lodide phase diagram which indi-
cates an eutectic at 82.5 mole per cent calcilin fodide with a melting point _
of 660 C. As the pes cent calcium lodide decreases from that of the
cutectic composition, the melting point of the mixture rises rapidly and af=
60 mole per cent caleium iodide the melting point is 800 C. It is evident
then that o groat reduction of the slag melting point could be accomplished
if the calcium iodide conteat of the slag were 1n¢,reased sufficiently. lodine,
... however, is known to cause mochanical diftlcultles in Hanford bémb reducs i

tion equipment and large amounts are, therefore. to be avoided. Two

series of experiments wore devised to determine whether or not a!gniflcant
improvement in metal yields could be obtatned by adding calcium {odide .
to the reaction charge. This would accomplish a loworing of the slag melt-_'f'
ing point without introducing excessive amounts of iodine. In the first
sories of experiments the total heat input into the reaction, including the _
oxternal heat appliod and the heats of reaction from the charge and "boostert, '.
was held as constant as possible and the slag composition was varicd by

the addition of ealcium {odide. Table iI gives the results of these expori-
ments and indicates that the lowering of the melting points of the slag by

the addiiion of calclum icdide does not produce better metal yields,

-3
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TADLE 11 T e
A S —

EFFECT OF CALCIUM IODIDE ADDITION ON REDUCTION YIELD*

Clmrge Composltion Ratio: One mole CeFg; 33% coxcess Ca; one mole
Ca plus one mole 1, as booster; Cal,

Moles Added Mole Per Cent Cat‘z Per Cent Yield

Cal> in slag of Ce
0.0 60 88.3
0.8 50 98.3
1.23% 40 3.8

* "“"Booster' is held constant, .- _

o = —

In the second seriea of’ experlmonta the slag compc composluon was held ==
constant and the heat input 1m.o the reaction was varied by changing the

relative amounts of calcium lodide and "booster", Results shown in Tables
II and I indicate that the addition of amall amounts of calcium lodide was of

) doubttul va.luo and large . additions were found to be dotrimontal. e SIETTITERE
- TABLEIL

VARIA'I‘ION OI‘ REDUCTlON YIELD AS A FUNCTION OF ADDED
THERMAL “BOOSTLR"*

Chax*go Composiuon Rauo: Cne mole CQF plus 33% excess Ca;
—_ - Cal; and booster.

Distribution of Additives, Mcle Per Cont ~ Per Cent Yicld of Ce

Boostor Ca:l; A Cala _
100 o - “80.2
8 25 ' 76.9
80 50 57.1
2% 75 ) . =37.6

* Slag composition held constant at 40 mole per cent CaF,.

- © [RELISSER)
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the relative amount of calcium and iodine "booster necessary to give 3
optimum metal ylelds, The results of these experiments are shown in -

Table IV. One mole of "booster for each mole of cerium has been found %
to give the best metal ylelds. -

A
A third series of experiments was then carried out to determine ‘ g
=

. --  TABLEIV }
VAR(ATIO'\I OF REDUCTION YIELD AS A FUNCTION OF BOOSTER°
= METAL FLUORIDE RATIO

Charge Composition: CeF3 plus 33% excess calcium,- -~-w-nuee —

1.5 50 93.4
1.0 60 - 97.1
0.8 0 - .. 88.2
Y I el ¢ I 88,1

“Moles (Ca + 1) - m ——— e
—mrgg(tgﬁz)— olag Composition Per Cent Yield* - :g

mole % CaF2 of Ce

* Each number is an average of three or more reductions.

. P = &% = =
- . . T "

b, External Heat I.n}iut and Heat Loss to Surroundings

Inasmuch as the effect of reducing the slag melting point, obtained
by adding calcium lodide to the reaction mixture, appears to be insignifi-
cant when compared to the effect of heat loss to the surroundings, experi-
ments were undertaken to decrease this heat loss by increasing the rate of
external heating., The external heat was supplied by means of a 10 kw
induction generator. The variables tested were the rate of heating of the
bomb to {iring temperature and time of continued application- of external
heat after bomb firing. Pre-firing heating rates were varied through a
range providing firing times between 1. 75 and 12 minutes. No trend in the
metal yield was observed. It was found, however. that a better metal yield
was obtained when the external heating was continued at the same rate for

DECLASSIFIED ‘?
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three-fourths to one minute after bomb firing. Table V indicates that an
average of approximately 6% better yields was obtained when the heating
was continued for one minute after the firing of the reaction charge,

TABLE V ~
EFFECT OF POST FIRING HEATING ON BOMB REDUCTION OF CeFj

Charge Composition: CeF3 plus 33% excess Ca; hooster.

Slag Composition 2ost Firing Per Cent Yield
Mole % CaF, Heating for One Minute of Cerium
S0 yes 98.0. ..
50 yes 96.3
I e ! e et - T e § ), 2
- o] 50 no » 93. 7__;_‘_,1 .
60 yes 98.3
60 ’ yes 96.5
60 yes 96.5
v e Wi e — —: _ e _&....x;* e EL‘ ’_‘ ""'— ‘- st S B T T asa e ‘_‘_'_; , -:::v; e z
" e, 'The Physica’f‘Charuc{eristlcg of the Reactants. )

The general physical makeup of the reaction mixture offers some

variables worthy of consideraticn. The location of the ""booster" charge

. with respoct to the roduction charge was varied to ffnd the most advan-
tageous position, Zxperimants were carried out with the entire "booster"

' charge bolow the reduction charge, above the reduction charge, splitting

" the booster and placing half below and half above, and mixing the booster
and reduction charge homogenously., The last method was finally adopted
as standard preparation although no significant difference was detected
with any charge-'"booster arrangement,

o
Ground calcium is susceptible to surface oxidation and a large
amount of surface oxide was found detrimental, The calcium was, there-

lore, kept in an inert atmosphere at all times and was added last to the
ceaction mixture after which the bomb was immediately closed, cvacuated,

filled with an tnert atmosphere, and sealed. “EELASS‘F ‘
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An excene af ealetom nhava tha atnichiometric amount necasanry
for reduction was always added to the reduction charge. A very short
serles of experiments was carried out to determine the optimum calcium
excoss, ‘l'able VI gives the results of these experimoents, Thirty-three

per cent exaoss calefum was found to give the bost results with cerium
trifluoride roductions on the 20 gram scalo,

TABLE VI
EFFECT OF VARIATION OF CALCIUM EXCESS ON PLUTONIUM ) oo
TRIFLUORIDE REDUCTION YIELD ‘__' "

Slag Composltion Per Cont Calcium Per Cent Yield
v o= — POP Cont CalFp e - Excoss ~-=-».—~.—m-w—-e«—-§~—u——--—v—-w—of Plutonium- . -
= T ’ B _ 33 ' B B 20 S =
80 1% 83.7 :
e 6o 7 84.1
& €0 7 65.6
. %0 7 64.8
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2. The Reduction of Plutonium Trifluoride

-l

ol

- Utilizing the infermation obtained with the cerium reduction expori-
" ments, scveral roductions of plutonium trifluoride propared by freonation

with Froon-12 wore carried out. Plutonjum trifluoride was found to be e
ouasily roduced to motal with good yield. Table VII shows the results of  ——eg
the plutonium trifluoride reductions, Optimum conditions fer a 20 gram
s¢unle reduction of plutonium trifluoride require a 30% excess calcium, a
"buostor' of from 0,8 to 1.0 molo cach of calcium and lodine per mola of
plutontum, and post firing heating for at leaat one minute after the reac-
tlon has taken place. Yields of 95 to 97% are obtained, the buttons are
well-formed and easliy separated from the slag.
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TABLE VII
BOMB REDUCTION OF PLUTONIUM TRIFLUORIDE

Charge Composition; l’ul“s plus 30% excess caleium, (Ca + lz} booster.

Moles Booster per Per Cent Yield of
Mole Pul'q Plutonium Metal
1 97.0
0.64 04.4
0.64 06.8
0.5 82.7
0.5 03.8
0.8 08, 8_
0.4 92,1
0.4 78, 1%

* Possibly MgO mixed with slag.

C. Corrost sion and the Use of Freon-la - - s
e . e

Froons have long been not.d for thotr inortness and lack of cor=
rosivo properties at room tempeoraturocs. (© Their roacuvltlos. of course,
{ncreoasec as temperatures are clevated, A variety of motals and alloys
which are commonly used for fabrication of oquipmont were tested for cor= )
rosion resistance to Froon-12 at and above the temperatures required for
the freonation reaction, The results are shown in Table VI,

‘The products of the freonation reaction include gascous compounda
known to be corrosive toward motals, particularly in the presence of
wate: vapor. In order to provide a meaningful test the more sa‘isfactory
metals of those indicated in Table VI were tested under szotual freonation
conditions. ‘The results of one froonation cyclo aro listed in Table IX,

(6)  Thompson, R. J., Refrigerating hnglneorlgg, \lovomber. 1942,
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TABLE VI ‘ =
- CORROSION OF VARIOUS METALS BY FREON-12 3
o Corrosion Ralo(n) g
Metal Temperature (- C) (inches /month) -
Copper 400 0.0042 g
Brass ‘ 400 0.002 %
Nickel 400 - ~0.00015 =
Hastelloy A 500 S 0.0031 2
Hastelloy B 400 0.00019 2
Hastelloy C 500 = 0. 0018 ;
Hastelloy D 500 0.0016 -
Inconel 400 0.000053 E
Aluminum-28 800 0.0019 g
. Stoinless Steel-Type 304 500 C e . - 0.004 ___ I
Haynes 2% 800 0.0017 I ey
Platinum 600 Undctectable _a
¥
(n) Each test was run for forty-eight hours, and the data extrapolated to -
one month, ’ _i
. | -

et~
- -z . . e —— — —— P o~

R

TABLE IX

|

* THIE CORROSION OF VARIOUS METALS BY_!“REON-R ;)URING A :_%é
- SIMULATED PROCESS CYCLE(®) -2
Corrosion Rato(b) =

Motal (inches /month) ;g
Platinum 0.000066 —
Inconol 0.00056 ;
Nickel 0.00031 ‘5
Haynos 28 0.00024 3
lHastelloy A 0. 000G2 3
Hastelloy B 0.00063 3
Hastelloy C 0. 00014 K
Hastelloy D B 0.001¢ } - A
Aluminum-28 0. 0024 2

(8) Molat cerium oxide was placod upstream of the metal sample in the
furna~e tube, Water saturated Froon-1d was passod through the tube
during & simulated process cycle which consisted of drying for one
hour at 125 C, oxidizing for three hours at 300 C, and freonating for
four hours at 450 C. - _

(b) The corrosion data obtained through one-eight hour cycle was extra- -
polated 1o one month's operation.
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It might be argued that one cycle does not provide an adequate test -
due to the lack of alternate exposure to reaction prodticts and steam. A
tiowever, the rondittons of thia taat are considerad to be more stringent =
than those encountered in continued cyeling due to the presence, in the test,
of steam during the freonation reaction which was carried out at a higher
temperature than that necessary for freonation of plutonium(lV) oxide, e

It can be seen from Table IX that the corrosion rates for all metals
tested under actual freonation conditions are quite low with the exception
of Hastelloy D and aluminum-28. Inconel, Haynes 25, and the remaining
Hastelloy alloys are probably the best matertials for equipment fabrication,
An extended corrosion study is, of course, necossary before a final choice
of the beat material can be made. ’

"~ "®. C. Smith

DN D G

W. E, Roake
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ABSTRACT ] -

The results of this study show Freon-12 (dichlorodifiuoromethane) ' §

to be an excellent gascous reactant for converting plutonium oxalates and ‘ %

the "low temperature” form of plutonium(IV) oxide to plutonium(Ill) fluoride :—:i

by reaction at 400 C. Plutonjum(11l) fluoride produced in this manner is %—%‘l‘

casily reduced with good yield to a well-formed metal button by the station- g—;_ggz

ary bomb technique using calelum as a reductant. ‘The optimum conditions ié_f-’l:

for reduction on a twenty-gram scale are a 30 per cent excess calecium, "“"'_:3

—aren ~between 0,6 and 1.0 mole each of calcium and lodine per mole of plutontum=o===
~(as a thermal booster), and post firing heating for at least one minute ° :%

after the reaction has taken place. Yields of 83 to 97 per cent are obtained, ;j

The chemical {nertness of Froon-12 at ordinary tomperatures is "_:,

~————well known, Preliminary corrosion studies indicate the corrosion of, lneonelé”‘*

MERES, e

i!a&nos 28, ana»llnstelloya A, B, and C by Froon-12 and the products of
tho rencuon. which produces plutonium(lll) fluox‘ide. to procecd at rates e
less than 10”2 tnchos per month at the tomperature required for the reaction, ©_:
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