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METHOD FOR OBTAINING PLUTONIUM METAL

FROM ITS TFUCHLORIDE
James G. Reavis, Joseph A. Leary, and William J, Mara-

man, Los Alamos, N. Mex., assignors to the United
States of America as represented by the United Slates
Atomic Energy Commission

Filed June 16, 1959, Ser. No. 820,836
13 Claims. (Cl. 75—84.1)

The present invention relates to methods for obtaining
plutonium metal by the direct reduction of plutonium
halides, and is more particularly concerned with such
methods wherein a reducing metal which forms a chlo-
ride having a more negative standard free energy of forma-
tion than that of plutonium trichloride is used to reduce
such plutonium trichloride. It is also within the scope of
the present invention to perform such reductions with
a reducing metal which does not appreciably reduce cer-
tain contaminating halides which may be present.

The standard prior art method for obtaining plutonium
by a reduction of its halides consists in the calcium reduc-
tion of plutonium tetrafluoride in the presence of iodine,
as set forth in the co-pending application of Baker, S.N.
161,147, filed May 10, 1950, now Patent No. 2,890,110,
and also assigned to the United States of America as rep-
resented by the Atomic Energy Commission. Advantage
is taken of the exothermic reaction between iodine and
calcium to limit the heat required from external heot
sources to that required to initiate the calcium reduction of
the fluoride, the reactions thereafter being self-sustaining,
and an excess of calcium over that required for both the
reduction of the PuF4 and the iodide formation is used
to push the reactions in the desired direction and thereby
increase the yield. The exothermic heat of both reactions
is also useful in keeping the plutonium and the slag in a
molten condition for their ready separation.

The Baker process has come to be known as the “bomb”
process because the reactions are necessarily conducted
inside a heavy sealed metal container. The container
must be evacuated, filled with argon and sealed after
charging at room temperature to prevent oxidation of
the reactants. The argon also reduces the extent to which
the iodine penetrates the pores of the refractory liner in-
side the metal container. The container must have a
heavy wall because high internal pressures are developed
during the process, even before the other reactants com-
bine with iodine. At 260” C., for example, probnbly all
the iodine has been volatilized to create a partial pressure
of about 6 atomspheres. As the temperature inside the
container increases, further pressure increases are brought
about by simple heating of both the iodine vapor and the
argon. The free volume inside the container must be
kept to a minimum to confine the iodine to the reaction
zone, and thus the high pressures cannot be avoided by
increasing the volume of the container.

Thus the only practicable bomb process is that in which
the solid dry reactants are charged into the bomb at
room temperature with a small free volume in the space
above the charge. The bomb is sealed with a gasketed
and bolted cover plate, the air in the free volume is re-
placed with argon, and the charge is heated by an induc-
tion coil. After a few minutes, the temperature inside
the reaction vessel begins to rise rapidly, induction heat-
ing is discontinued and the reaction is allowed to proceed
at its own pace, After a rapid rise to a maximum tem-
perature somewhere in the range of 1000 to 1600° C., the
contents of the vessel are allowed to cool to room tem-
perature. The bomb is opened to yield a solid plutonium
button at the bottom and a solidified CaF2—CaIz slag
at the top.

The principal disadvantages of the bomb process as
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outlined above are that ( 1) it requires the use of iodine
and extra calcium; (2) it is essentially a high pressure
process and requires a thick-walled reaction vessel and
(3) it is not amenable to continuous or semi-continuous
operation, but is strictly a batch type operation. It is an
object of the present invention to provide a process for
obtaining plutonium metal through the reduction of pluto-
nium halides which does not have such disadvantages.

Another object of the present invention. is to provide
methods and means for obtaining pure plutonium metal
in high yield by reduction of the halides of plutonium
withoot the use of booster reactants to provide a concur-
rent heat liberating reaction.

A further object is to provide such methods and means
for obtaining plutonium metal wherein the pressure in
the reaction vessel is never appreciably greater than that
of the surrounding atmosphere.

An additional object is to provide such methods and
means in which the reaction vessel will contain the result-
ing reaction products in the molten solid states but has
walls of a thickness not necessarily greater than that re-
quired for reactions at atmospheric pressure.

Another and further object is to provide such methods
and means in which the products may be withdrawn con-
tinuously or semi-continuously, i.e., complete shutdown
is not required except momentarily and/or after a long
period of operation.

An additional object is to provide such methods and
means wherein substantially pure plutonium metal is ob-
tained from a plutonium halide contaminated with like
halides of fission product elements, the bulk of the latter
halides appearing in the slag.

The above and other objects are attained in the present
invention by the direct reduction of plutonium trichloride
(PuC13) with any one of several metals in a heated con-
tainer filled with an inert gas initially at a pressure some-
what less than atmospheric. The salt is melted under such
pressure, after which the inert gas pressure is increased
to about an atmosphere. The reductant is then added
gradually, and the temperature is increased while main-
taining the inert gas pressure at about an atmosphere. A
non-reacting halide such as NaCl may be added with the
PuC13 to serve as a flux, i.e., to reduce the melting point
of the resulting salt slag below its undiluted value of 772”
C. (CaClz) or 870” C. (LaC18). An alternate method of
avoiding high pressures without volatilization or air leak-
age into the reaction vessel is to maintain the inert gas at
a pressure slightly greater than that of the surrounding
atmosphere and to allow gas to leak from the vessel at a
rate sufficient to prevent any appreciable increase in pres-
sure.

The method of the present invention can be more
easily understood by referring to the attached drawings,
of which:

FIGURE 1 illustrates apparatus suitable for conduct-
ing the processes of the present invention in a b,atchwise
fashion, and was used with slight modifications in the
work summarized in the examples below,

FIGURE 2 shows an apparatus suitable for carrying
on the same processes semi-continuously, and

FJGURE 3 depicts apparatus in which the same proc-
esses oiay be carried on continuously.

Turning now to FIGURE 1, the general procedure is
to charge the chloride or chlorides 1 in powder form
into a soitable crucible 2. The crucible 2 is placed inside
a furnace tube 3, which may be of a wall thickness no
greater than that needed to withstand a vacuum and
may, e.g., be of quartz for ready observation. The fur-
nace tube 3 is sealed with a stopper 4 fitted with a
thermocouple well 5, a tube 6 for connection to a vacuum

pump and an argon supply system, and a tube 7 for the
addition of calcium or other granular reductant, the
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thermocouple well 5 and reductant tube 7 extending
down into the crucible. The redLlctant tobe may be
conveniently terminated on the outside in a ground slam
joint 8 slanted from the vertical as shown, the other
member of such joint being connected to an otherwise
closed container 9 filled with granular reductant 10 and
having the bent section indicated. By pivoting container
9 about joint 8, reductant 10 may be added at the will
of the operator withont affecting the atmosphere within
the furnace tube. The crucible 2 k fitted With a tan~alum
lid 11 having appropriate openings for the reductant tube
7 and thermocouple well 5, and a number of smaller
vapor openings as well. The purpose of lid 11 is to
reduce losses of reactants and products from cru$ible 2
by spattering and volati~ization.

With all of the above components installed as indi-
cated, the furnace tube is evacuated of air, and heat is
supplied to raise the temperature of the crucible contents
rather slowly while vacuuming is continued. This is
done to remove moisture and occluded gases from the
reactants and the reaction vessel. When such temperat-
ure is between 200° C. and 450° C., argon is admitted
to a pressure of about half an atmosphere to prevent
volatilization or spattering of the salt in the crucible.
This presswe is somewhat arbitrary and was selected to
insure a tight connection at ~onnd glass joint 8 (with
atmospheric pressure outside ) and also to insure against
a too rapid increase in pressure within the reaction vessel
during heating, With gastight seals at alI openings and
a relief valve in gas line 6, such precautions are un-
necessary, and a pressure of about an atmosphere may
be used throughout all heating. When the desired reduc-
tion temperature is reached, as indicated in more detail
below, and before any reductant is added, the argon
pressure is adjusted to a few centimeters of mercury
below atmospheric. This pressure increase reduces the
stress on the tube 3 by the atmospheric pressure on the
outside, insures against air leakage into the tube, and
prevents fL!rther spattering in the crucible as local high
temperatures or “hot spots” may develop in the reactants
and products.

In some cases the apparatus pictured in FIG. 1 was
modified to permit introduction of the reductant as a
solid rod. The reductant introduction tube was replaced
by a molybdenum rod of small diameter which was used
to suspend the rod of reductant. The temperature and
pressure of the system were adjusted as outlined in pre-
ceding paragraphs before addition of the reductant. The
bar of reductant was then lowered by pushing dovin the
molybdenum rod to immerse the end of the reductant
bar in the PuC13-containing salt. As the end of the bar
was used up in the reaction, the bar was lowered further
to add more reductant to the system. After an appro-
priate reaction time the reductant was withdrawn from
the salt and the system was cooled.

The apparatus of FIGURE 1 defines a large gas vol-
ume above the reaction crucible, this volume extending,
in the particular apparatus used, about 11 inches above
the 4-inch high crucible in the 2-inch I.D. furnace tube.
The large volume of gas acts as a cushion for the expan-
sion of locally heated gas, i.e., the gas contacting the reac-
tants and products. When the apparatus was used in the
reductions of the examples below, no significant pressure
increase occurred after the .adjustment described above,
i.e., the total pressure remained at about atmospheric
during the reductant addition and thereafter. This large
gas volume also served the practical purpose of insulnt-
in.g stopper 4 from the high temperature of the reaction
zone. With a refractory type closure and the appropriate
relief valve mentioned above, such volume can be reduced
considerably.

Using the above described apparatus and generally de-
scribed method, two attempts were made to reduce PuC13
in a PuC13—NaCl mixture by gradual addition of small
pieces of Mg to the molten saIt mixture in a quartz
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crucible. In both cases the yield of Pu metal was too
low to be acceptable (1:ss than 50%).

A number of calcfi~m reductions were made using both
pure PuC12 and PuC.1~—NrICl mixtures, and using each
type of salt in both tantaluin crucibles and in ceramic
crucibles cornposcd of 10 percent by weight (w/o) of
Ti02, balance MgO. In each case, a 25 percent molar
excess of granular Ca was used as the reductant. Also
in each case, the plutonium chloride was prepared from
plutonium metal of about 99.9 percent purity. Fo~w
redm+ons of PuC13 from PuC&NaCl mixtures were
n-fade by dipping lanthanum reds into the molten salt
contained in hfgO—1 O w/c TiOz crucibles, the total
amount of La present in each reduction being in Iargc
excess of the amount needed for complcte reduction of
the PuC13. After the reaction had proceeded for the
desired length of time, the excess La was withdrawn to
break contact with the salt.

Specific examples of the above methods and results
follow:

(1) Ca Reduction, Tant(iluvr Crucible, Undiluted PLIC13

After reaching a steady temperature of 7730 C. as in-
dicated by a thermocouple junction at the bottom of the
well, the calcium was added at the rate of 0.5 to 1.0 gram
per minute. The maximum temperature observed dur-
ing the Ca addition was 8500 C. because of the exother-
mic nature of the reaction. At the end of such addition,
the temperature of the reaction products was 8030 C.
Heating was discontinued and the contents of the crucible
were allowed to cool to room temperature. The bulk of
the slag was removed mechanically, and the balance by
leaching with dilute HN03.

The plutonium metal in the crucible presented a
smooth, dense surface, and was removed by dissolution in
dilute HC1. The metaf contained about 0.1 weight per-
cent Ca, 0.02 weight percent Ta, and the balance essen-
tially plutonium (>98.5 w./o. ). The yield from a start-
ing weight of plutonium in the chloride of 25.02 grams
was 99.9 percent. The slag contained 0.06 weight per-
cent PuC13 and accounted for 0.03 percent of the start-
ing weight of plutonium.

(2) Ca Reduction, MgO—TiO, Crucible, Undiluted
PUC13

The first calcium was added to a quantity of fused
PuC13 containing 16.65 grams of plutonium in the cruci-
ble after the argon pressure had been adjusted to a few
centimeters less than atmospheric at a steady tempera-
ture of 7570 C. The calcium addition was continued at
the rate of 0.5–1.0 gram per minute until the 25 percent
molar excess had been added, during which time the tem-
perature in the crucible rose to 785” C. Since previous
reductions had indicated the necessity for a further in-
crease in temperature to obtain a smooth, mechanically
separable Pu regulus when using the oxide crucible, the
furnace heating rate was increased to raise the crucible
temperature to 850” C, At this point the furnace was
shut off, and the tube and contents were allowed to cool
to room temperature.

The ceramic crucible was broken open, and the metal
button and solidified slag were mechanically separated.
The plutonium was leached with dilute HN03 to remove
adhering slag and ca]cinm, after which it was dried,
weighed, and dissolved in dilute HC[ for analvsis. The.. ----
separated slag was similarly weighed and dissolved in di-
lute HN0,3 for analysis.

The results of the analyses indicated a 95 percent pltL-
,0 tonium yield, with 4 weight percent of the slag consist-

ing of PuC13 and accounting for 2 percent of the start-
ing plutonium (the balance presumably appearing in the
crucible). The plutonium button was found to contain
less than 0.03 weight percent Ca, the balance being es-

75 sentially all Pu, i.e., Pu >99.0 weight percent.
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(3) Ca Reduction, Ceramic Cr[wtble, 80 w/o PuC13—

20 w/o NaCl Salt

The mixed salts contained 9.35 grams of plutonium.
Calcium addition was commenced at 5750 C. and ccmtin-
ued through a crucible temperature rise to 590° C. at
the rate of 0.5–1.0 gram per minute. The ‘heating rate
was increased until the crucible temperature rose to 8500
C., after which the furnace was shut off and the tube and
contents were cooled to room temperature.

The products were separated for analysis as in Exam-
ple 2, again yielding a dense plutonium button. The
analyses indicated a plutonium yield of 98.5 percent,
with the slag consisting of 0.07 weight percent PuC13
and accounting for 0.5 percent of the starting plutonium.
The metal button contained 0.02 weight percent Mg, 0.01
weight percent Ca, 0.10 weight percent Ti, balance es-
sentially pure plutonium ( >99.0 weight percent).

(4) Ca Reduction, Ta Crucible, 80 w/o PuC13—20 bv/o
NaCl Salt

The mixed salts contained 13.43 grams of plutonium.
Calcium was added at the rate of 0.5–1.0 gram per min-
ute in the range of 700–715” C. It was found that a
dense pool of molten plutonium forms at 7150 C. and
that heating to a bigher temperature is unnecessary. The
furnace was shut down at 7150 C. and the products
cooled to room temperature.

The crucible contents were removed as in Example 1,
disclosing a smooth, dense ‘plutonium button. The metal
and slag were weighed and analyzed to indicate a plu-
tonium yield of 98.5 weight percent, with 0.05 percent
of the starting plutonium appearing in the slag. The met-
af contained about 0.10 weight percent Ca and 0.02 weight
percent Ta, balance essentially pure plutonium ( >99.0
weight percent).

(5) Ca Reduction, Ceramic Crucible-Contaminated
Salt

The same type of MgO—10 weight percent Ti02 cruci-
ble as in Example 3 was used, but the salt mixture con-
tained 5 weight percent mixed rare earth chlorides, 19
weight percent NaCl and 76 weight percent PuC13. Fol-
lowing the same procedure of adding calcium slowly when
the argon pressure is slightly less than atmospheric, the
addition was started at 520° C. and continued to 565” C.
The crucible temperature was raised to 860° C., after
which the furnace was shut down and the tube allowed
to cool to room temperature.

Upon separating and analyzing the products in the
usual manner, it was found that the plutonium yield was
99 percent, the PuC13 concentration in the slag being
0.4 weight percent and accounting for 0.45 percent of
the starting plutonium. However, the plutonium ‘button
analysis revealed that virtually all of the rare earth chlo-
rides had been coreduced with the PLIC13,and accounted
for an appreciable fraction of the weight of the button.

The work summarized in the above examples was also
repeated with decreasing molar excesses of calcium, This
further work indicated that a 15 percent molar excess
of calcium is required to insure a plutonium yield exceed-
ing 90 percent, and that at least a 20 percent calcium
excess is necessary to obtain the high plutonium yields of
the examples, i.e., 95 to 99.9 percent.

(6) La Rcductiorr, Cerwmic Crucible, PuC12-NaCl Sctlt

The lanthanum reductant was added to a fused salt
melt consisting of 79 weight percent PuCIs and 21 weight
percent NaC1 after the latter had been raised to a tem-
perature of 700° C. and the argon pressure above the
crucible had reached atmospheric pressure. The lantha-
num was in the form of a rod of 0.5 cm.z cross sectional
area, the addition being accomplished by lowering the La
rod into the melt from a %-inch diameter molybdenum
suspension rod passing through the stopper of the furnace
tube. As the end of the La rod was consumed during
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6
the reaction, the balance of the rod was lowered to add
fresh rcductant to the melt. The amount of La thus
contacted was in large excess of the stoichiometric
amount for the complete reduction of the PuC13.

After 25 minutes at 700” C., during which not more
than a 100 C. rise because of exothermic reaction was ob-
served, the La rod was withdrawn and heating was dis-
continued. The cooled crucible was broken open to re-
veal a well formed plutonium button. Upon separation
of the metal from the slag and subsequent analysis, it ap-
peared that the yield of Pu was 91 percent from a starting
weight of 13.64 grams in the trichloride. The concentra-
tion of La in the metal was less than 0.007 weight percent,
and the concentration of PuC13 in the slag was 7.0 weight
percent.

(7) La Reduction, Ceramic Crucible, PuC13—NaC1 Salt

Example 6 was repeated, the only difference being that
the composition of the salt phase was 80 weight percent
PuC18—20 weight percent NaCl, the weight of the com-
bined Pu being 20.07 grams.

In this instance the yield of plutonium in a well formed
button was 90 percent, the concentration of the lanthanum
therein being 0.27 weight percent. The concentration of
the PuC13 in the slag was 6.0 weight percent.

(8) La Reduction, Ceramic Crucible, PuC13—NaCl—
CeC13 Salt

The procedure of Example 6 was again followed except
that the reaction was continued for 35 minutes at 7000 C.
and 1 atmosphere of argon. The salt composition was 77
weight percent PuC13, 19.5 weight percent NaCl and 3.5
weight percent CeC13, with 15.26 grams Pu and 0.56 gram
Ce in the Chlorides.

Again a well formed massive metaI was obtained, as-
saying 0.09 weight percent La and 0.38 weight percent Ce.
The pIutonium yield was 94 percent, and the concentra-
tion of PuC13 in the slag was 1.5 weight percent.

(9) La Reduction, Ceramic Crucibk,, PuC&.NaCl-
CeC13 Salt

Example 8 was repeated with a salt melt of composition
78 weight percent PuC13—1 9.7 weight percent NaC1—2,3
weight percent CeC13 containing 17.37 grams Pu and 0.41
gram Ce in the chlorides. The Pu yield was 95 percent,
and the metal was found to contain 0.17 weight percent
La and 0.09 weight percent Ce. The concentration of
PuCl~ in the slag was 1.4 weight percent.

FIGURE 2 illustrates an apparatus suitable for practic-
ing the present invention on a semi-continuous basis. This
aPParatus consists essentially of a number of tubes, pref-
erably of tantalum or other non-reactive metal, disposed
in registering and sealing relationship with a number of
cylindrical cavities in a block 21 of non-reactive metal
which does not alhr y with plutonium, e.g., tantalum, the
latter being disposed in a furnace or being provided with
heaters inserted in appropriate cavities (not shown). Thus
the reaction chamber 22 registers in sealing relationship
with the tube 23, the latter extending above block 21 to
provide a gas volume as in FIGURE 1 and fitted at the top
with a closure (not shown) provided with appropriate pas-
sages for salt addition tube 24, metal addition tube 25,
stirrer shaft 26 and any auxiliary devices used, e.g., a ther-
mocouple well.

Through passage 27 in block 21 registers with plutonium
outlet tube 28 at the bottom of the block and the inert gas
inlet tube 29 at the top, the latter tube being connected to
furnace tube 23 by one or more cross tubes 30. Reaction
chamber 22 is tapered at its lower end 31 as shown and is
connected through the small vertical cavity 32 and the di-
agonal riser cavity 33 to through cavity 27, this arrange-
ment being generally known as an “overflow weir,” By
this arrangement liquid plutonium 34 can drain through
the lower end of cavity 27 and out through tube 28, but the
inert gas pressure at the maximum plutonium level 36
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is always equal to that at the top of the melt 37, thereby
preventing a siphoning action which could remove all of
the liquid plutonium 34 and the melt 35 if no such ar-
rangement were provided.

The stopper rod 39 operates slidably and sealingly in
cavity 38 to block any possible flow from reaction cham-
ber 22 through cavity 40 to the smaller bore salt drainage
cavity 41 and salt drainage tube 42, as shown. Stirrer 43
is provided to agitate the melt and insure rapid contact
between the PuC13 and the calcium, lanthanum or other
metal reductant. This is highly desirable because freshiy
added reactants do not immediately form a uniform dis-
persion throughout the reaction zone. Calcium, for in-
stance, will float on the surface 37 of melt 35, while freshly
added PuCIS granules tend to sink in a melt of CaClz or
LaC13 and NaC1. Although the liquid forms of these
salts, including any NaCl, are completely miscible at the
operating temperature and eventually will form uniform
solutions in which the PuC13 will be reduced to form Pu
and CaC12 or LaC13, the reduction will be considerably
hastened by the agitating action of stirrer 43.

In a starting up operation, stopper rod 39 is placed in the
closed position shown, the system is purged, and an inert
gas such as argon or helium is admitted from the top of
tube 29. It is preferable to maintain the inert gas pres-
sure within the device at a slightly higher pressure than
that on the outside, to insure against air or oxygen leaks
into the apparatus. This is most easily accomplished by
pumping purified argon in through tube 29 and permitting
it to leak out through plutonium exit tube 2$ and either or
both the salt addition tube 24 and the reductant addition
tube 25. The effluent gas may, of course, be collected and
re-purified. Such a system may be made continuous by
old and well known methods. The flowing gas contributes
the further advantage of carrying off some of the exother-
mic heat and makes it possible to reduce the large gas
volume mentioned above.

PuCl~ (and NaCl) maythen be added in powder form
through tube 24, followed by heating and then gradual
additions of calcium through tube 25, or the apparatus may
first be heated to the reaction temperature and the salts
and the reductant may be gradually added, simultaneously
or separately. These additions may be accomplished
through means not shown similar to the reductant addi-
tion tube 9 of FIGURE 1, the latter being modified to
provide a passage for the exit of the argon.

Some amount of care must be exercised in determining
the weight and volume of the initial charge to prevent the
escape of unreacted PuC1~ through tube 2S, e.g., if orLIy
thesalts are melted first, thecharge must be calculated to
keep the liquid level in the reaction chamber 22 no higher
than themaximum plutoniurnlevel 36. When the initial
charge has reacted and the dense liquid plutonium has
collected in the diagonal riser 33 and verticaf cavity 32,
the plutonium level in33 will fall below the level of the
fused salts in reaction chamber 22, the difference in height
depending on the relative densities of the two liquid phases
in a well known and calculable manner.

Thereafter more of the reactant salt, with or without
the NaCl diluent, and more of the metal reductant may
be added. Either the salts maybe added batchwise, fol-
lowed by gradual additions of the metal, or both may
be added gradually at about the same time. The latter
is preferred because it brings the reactants into contact
with one another more quickly than the batchwise acfdi-
tions. The stirrer 43 is activated to further promote a
rapid reduction.

As the additions proceed and more products are formed,
the level of the salt phase and the two levels of the
plutonium phase rise until plutonium begins to drip over
from diagonal riser 33 into cavity 27, through which it
falls into outlet tube 28. As more raw materials are
added and the reaction continues, the overflow and col-
lection of such plutonium continues. Since the salt con-
tinues to accumulate as plutonium is being removed, level
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37 continues to rise while the plutonium level in riser
33 remains fixed at its maximnm 36, the result being a
lowering of the salt-phrtonium interface 44. By taking
into account the densities of the two phases and the
maximum safe plutonium accumulation consonant with
non-criticality, the maximum salt height prior to drainage
is readily determined.

When the salt has accumulated to a level 37 such as
shown in FIGURE 2, and the reduction of the PuClt is
complete, stopper rod 39 is raised to permit the salt to
discharge through cavities 40 and 41 and tube 42, The
discharge of plutonium temporarily ceases, as the level
in riser 33 adjusts to a value lower than the maximum
36. No plutoninm metal can follow the outgoing salt,
as the location of cavity 40 is higher than the maximum
plutonium level 36, i.e., the intersection of riser 33 and
cavity 27. There can be no pumping action to force
out any ]iqnid below the lower wall defining cavity 40
because of the equal gas pressures above such liquid and
above the plutonium in riser 33.

The above described salt drainage is, of course, ac-
complished very quickly. Immediately thereafter the
stopper rod is lowered to the closing position, and the
additions of raw materials are recommended. Although
ihesalt discharge is batchwise, the flow of plutonium, the
product for which the structure was devised, is halted
for only a few seconds out of every 15 minutes or so.
Thus the apparatus of FIGURE 2 provides a means for
obtaining substantiaHy a continuous reduction of the
plutonium halide to the metal.

FIGURE 3 illustrates an apparatus similar in most
respects to the embodiment of FIGURE 2, analogous
parts being desiguatedby the same numerals prefixed by
the digit “l” to form a 100 series. Thus the tantalum
block 121, through cavity 127, plutonium exit tube 128,
inert gas inlet tube 129, frusto-conical cavity 131, vertical
cavity 132, diagonal riser 133, liquid plutonium 134, —=
salt melt 135, maximum plutonium level 136, horizontal
cavity 140, salt drainage cavity 141, salt drainage tube
142 and salt-plutonium interface 144 correspond to the
parts of FIGURE 2 numbered in the sub-one-hundred
series, as above mentioned, and are similarly disposed.
The major differences are that in FIGURE 3 a smaller
bore reaction chamber 145 and correspondingly smaller
co-axial and sealingly registering furnace tube 146 are
provided, salt addition tube 147 is joined in sealing and
registering relationship with a corresponding cavity 148
in tantalum block 121, such cavity 148 is connected to
the lower part of reaction chamber 145 by passage 149
(not necessarily diagonal as shown), and the reducing
metal is in the form of a rod 150 suspended in the salt
melt 135 by a supporting structure at the top of furnace
tube 146 (not shown). This structure may include suit-
able means for lowering rod 150 into the melt as it is
consumed.

There is no stopper rod in the FIGURE 3 embodiment,
but the horizontal salt drainage cavity 140 is disposed
at a Klgber location in reaction chamber 145, and the

Go vertical salt drainage cavity 141 is correspondingly longer
than, the corresponding elements of the FIGURE 2 em-
bodiment. Cross tubes 151 and 152. permit the flow of
the inert gas introduced through 129 into tubes 146 and
147 to equalize the pressures therein with the pressure

65 exerted on the surface of the plutonium in riser 133. The
long length of reducing metal rod 150 immersed in salt
melt 135 insures adequate surface for the reduction re-
action. Element 153 is a tantalum plug, removable for
drainage purposes during shutdown.

70 While it is apparent that the FIGURE 3 embodiment
may be operated in a manner similar to that of the FIG-
URE 2 apparatus, i.e., adding the salts as granules and
melting them in the reaction chamber 145 and cavity 148,
the preferred method of operation is by the introduction

75 of the salt composition to be used as a liquid ph=.
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Thus the liquid salt phase added through 147 is most
conveniently the end product of the process disclosed
in the patent issued to Reavis et al., U.S. Pat. 2,886,410.
That patent discloses a process by which a partially spent
plutonium fuel displaces the zinc in a chloride melt to
form a melt of PuC13 and NaCl, at the same time strip-
ping a number of fission products from the plutonium
by preferential dissolution and distillation. Since that
process may be carried on continuously and since one of
the overall objectives of the present invention is the de-
velopment of a continuous process for the purification
(decontamination) of such plutonium fuels, the end prod-
uct of that process is piped into the tube 147 as a liquid.
Otherwise the operation of the FIGURE 3 embodiment
is the same as the operation of the FIGURE 2 embodi-
ment? except that the rate of rise of the salt phase in
reaction chamber 145 must be more carefully controlled
to insure a maximum reduction of the PuC13 by the re-
ductant rod 150.

In considering the minimum and optimum operating
temperatures for the reductions exemplified above and
illustrated as adaptable for semi-continuous and con-
tinuous operation with the apparatus embodiments of
FIGURES 2 and 3, respectively, it is apparent that a
number of factors must be considered. In each process
the minimum temperature must exceed the melting point
of plutonium ( 640° C.) to obtain a well consolidated
metal product, and must also exceed the melting points
of both the reactant salt and the product salt. These
melting points, for the pure undiluted salts, are, in de-
grees Celsius:

PUC13 -------------------------------------- 770
CaClz -------------------------------------- 772
LaCl~ -------------------------------------- 870

When the PuC13 is diluted with NaC1, the melting points
of the reactant salt and the product salt are reduced.
Each of the three systems discussed has a simple eutectic
type of phase diagram with no compound formation, the
eutectic points being approximately:

Composition: Temperatures, ‘C.
77 w/o PuC13—23 WIO NaCl -------------- 453
66w/oLaC1734w/oNaCl ______________ 543
67w/oCaC12—33w/oNaCl -------------- 505
(Pure NaCl melts at about 800” C.)

Another factor to be considered is the material of the
reaction crucible for the particular reaction. As indi-
cated in Examples 2, 3 and 5, it was necessary to raise
the reaction temperature to about 825–850” C., in mak-
ing calcium reductions in a ceramic crucible to obtain a “
well formed reduction button. No explanation for such
required temperature increase is apparent, and no neces-
sity therefor appeared in the calcium reductions in a tanta-
lum crucible or in the lanthanum reductions in a ceramic
crucible. With the former, massive metal was produced
at about 800° C. from undiluted PuC13 and at700–715°
C. from the mixed salts of approximately eutectic com-
position (20 w/o NaCl), The lanthanum reductions of
salts of the same composition also yielded good metal
at about 700° C. No La reductions of undiluted PuC13
were made because it was desired to keep the reductant
rod in the solid phase.

When the apparatus of FIGURE 3 is used for a con-
tinuous reduction process, it is desirable that the reduct-
ant rod remain in the solid phase. To insure such con-
dition, the fused salts should be maintained at a tem-
perature below the melting point of calcium (about
850° C.) or lanthanum (about 825° C.), whichever is
employed. For a batch process or for semi-continuous
operation, the operating temperature may be high enough
to permit melting of the reductant.

In considering optimum temperatures and times, it is
apparent that little would be gained by increasing the re-
action temperature for the calcium reductions above
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those indicated supra because the yields and the quality
of the reduced metal are quite satisfactory. The time at
reaction temperature poses no problem, as the attainment
of a steady temperature after completion of a rapid exo-
thermic excursion indicates completion of the reaction.
With lanthanum reductions, no readily apparent exotherm
occurs, and a comparison of Examples 6 and 7 with 8
and 9 indicates an increase in yield with an increase in
reaction time. It is also possible that the yield may be
increased by raising the temperature of the reaction.

Examples 8 and 9 demonstrate a significant decrease
in the cerium to plutonium ratio in the lanthanum re-
ductions. Thermodynamic calculations indicate that
lanthanum will likewise reduce PuC13 much more readily
than the chlorides of the other rare earths. Thermody-
namic calculations also indicate that if conditions of the
reduction are changed so that a few percent of the PuC13
remains in the salt after contact with the reductant, the
concentration of rare earth contaminants in the metal
product will be lower than with complete reduction of
the PuC13. TfLus it is indicated that at the expense of
plutonium yield, greater decontamination from rare earth
impurities may be achieved. In the reduction with
lanthanum incomplete reduction may be achieved by
shorter contact times between the lanthanum and the salt
or by limiting the amount of lanthanum added to an
amount insufficient to reduce all the PLIC13present.

Whatis claimed is:
1. A process for obtaining plutonium metal at atmos-

pheric pressure without the use of a booster, comprising
melting a reactant salt containing plutonium trichloride
in a refractory, non-reactive crucible under an inert gas
blanket of large volume maintained during said process
at about atmospheric pressure and not more than slightly
greater than atmospheric, gradually contacting said melted
reactant salt with an excess of a reductant selected from
the class consisting of calcium and lanthanum, increas-
ing the temperature of the reactants as necessary to at
least a value exceeding the melting points of phrtonium
metal and the resulting product salt and to such higher
value required to permit consolidation of the resulting
plutonium metal, maintaining said temperature for a
sufficient time to allow said reduction reaction to reach
equilibrium, and thereafter discontinuing heating and
permitting the contents of said crucible to cool to room
temperature.

2. The process of cloim 1 in which said reactant salt is
undiluted plutonium trichloride, said crucible material
is tantalum, said reductant is calcium in an excess of at
least 20 percent and said higher temperature is about
800°c.

3. The process of claim 1 in which said reactant salt
is undiluted plutonium trichloride, said crucible material
is a binary oxids consisting essentially of about 10 weight
percent titanium oxide, balance magnesium oxide, said
reduckmt is calcium in an excess of at least 20 percent
and said higher temperature is about 825-850° C.

4. The process of claim 1 in which said reactant salt
is plutonium trichloride diluted with sodium chloride to
reduce the melting point of said reactant salt, said cruci-
ble material is a binary oxide consisting essentially of 10
weight percent titanium oxide and the balance magnesium
oxide, said reductant is calcium in an excess of at least
20 percent, and said higher temperature is about 850° C.

5. The process of claim 4 in which said sodium chlo-
ride is about 20 weight percent of said reactant salt.

6. The process of claim 1 in which said reactant salt
is plutonium trichloride diluted with sodium chloride to
reduce the melting point of said reactant salt, said cruci-
ble material is tantalum, said reductant is calcium in an
excess of at least 20 percent, and said higher tempera-
ture is from 700 to 7150 C.

7. The process of claim 1 in which said reductant is
lanthanum.
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8, The process of claim 7 in which said reactant sal~

is plutonium trichloride diluted with sodium chloride.
9. The process of claim 8 in which said sodium chlo-

ride is about 20 weight percent of said reactant salt.
10. The process of claim 9 in which said crucible ma-

terial consists essentially of 10 weight percent titanium
oxide, balance magnesium oxide, and said higher tem--
peratw-e is about 700” C.

11. The process of claim 10 in which said time at said
higher temperature is a minimum of 25 to 35 minutes.

12. The process of claim 11 in which said lanthanum
reductant is in the form of a rod immersed in said meIted
reactant salt.

.. 12
13. The process of claim 7 in which said reactant salt

includes chlorides of the rare earth metals.
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