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HALIDE SLAGGING OF URANIUM-PLUTONIUM ALLOYS 

by 

G. A. Bennett, L. B u r r i s , J r . , and R. C. Vogel 

ABSTRACT 

Near ly complete extract ion of ce r ium (a s tand-in for 
al l highly e lect roposi t ive fission products) from molten 
uran ium-10 w/o plutonium-10 w/o f iss ium alloys by molten 
halide sa l ts has been rea l ized within one hour at 1150°C. 
MgCl, in a CaCl2-BaCl2 flux was used to oxidize the ceriuixi 
and thereby effect its t r ans fe r to the molten salt phase. The 
molten phases have been sa t is factor i ly contained in abe ry l l i a 
crucib le . Flux and me ta l phases have been separated by 
cooling the sys tem to about 860°Cto solidify the meta l phase, 
and then by pouring off the s t i l l -mol ten salt layer . The meta l 
phase was subsequently r emel t ed and poured into a different 
mold. An a l ternat ive procedure is to pour both phases to ­
gether and subsequently b reak apar t the solidified meta l and 
salt phases . 

Yields of purified meta l ingots have been about 98%. 
When llO'/'o of the amount of MgCl2 requi red to oxidize al l of 
the ce r ium toCeCL was employed, 98% of the ce r ium was r e ­
moved along with l ess than 0.5% of the plutonium. This r e p ­
r e s e n t s a, ce r ium-p imonium separat ion factor of about 7000. 
Very littJe plutonium (less than 0.1%) has been vaporized. 

L INTRODUCTION 

The Chemical Engineering Division of Argonne National Labora tory 
has been working for a n.umber of ye a r s on the development of pyrometa l -
lurg ica l p r o c e s s e s for fast r eac to r fuels. To demonst ra te the engineering 
feasibil i ty of such p r o c e s s e s and obtain cost inforination on them, they will 
be used to p r o c e s s fuel m a t e r i a l s d ischarged from Argonne 's Second Expe r i ­
menta l B reede r Reac tor ( E B R - I I ) , Fo r this purpose, a process ing plant 
known as the EBR-II Fue l Cycle Fac i l i ty has been built next to the reactor,^•^' 
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A m e l t - r e f i n i n g p r o c e s s * wi l l be u s e d to r e c o v e r the f i r s t c o r e 
loading of E B R - I I fuel, (1) which i s an e n r i c h e d u r a n i u m a l loy (46 w / o U^^^) 
con ta in ing about 5 w / o f i s s i u m . * * 

Af te r i n i t i a l t e s t i n g of the E B R - I I r e a c t o r with the e n r i c h e d u r a n i u m 
a l loy , it i s p r o p o s e d tha t the r e a c t o r be loaded with a fuel con ta in ing p l u ­
t o n i u m a s the f i s s i o n a b l e m a t e r i a l . T h i s m a y be a m e t a l fuel c o n s i s t i n g of 
u r a n i u m con ta in ing 10 to 20 w / o p l u t o n i u m and about 10 w / o f i s s i u m . The 
m e l t - r e f i n i n g p r o c e s s to be u s e d for r e c o v e r y of the f i r s t c o r e loading i s 
a l s o a p p l i c a b l e to t h i s fuel , '^z bu t a h a l i d e - s l a g g i n g p r o c e d u r e (in which r a r e 
e a r t h and o t h e r h igh ly e l e c t r o p o s i t i v e f i s s i o n p r o d u c t s a r e s e l e c t i v e l y o x i ­
d i zed and e x t r a c t e d f r o m m o l t e n fuel a l l oy into an ove r ly ing m o l t e n sa l t 
p h a s e ) o f fe r s s o m e a d v a n t a g e s . T h e s e a d v a n t a g e s a r e ( l ) h i g h e r p roduc t 
y i e l d s (>98% v e r s u s 90 to 95%), (2) a l o w e r o p e r a t i n g t e m p e r a t u r e ( l l 5 0 ° C 
v e r s u s 1400°C), and (3) a s h o r t e r p r o c e s s i n g t i m e (l hour o r l e s s v e r s u s 
1 to 3 h o u r s ) . The ob jec t ive of the w o r k r e p o r t e d h e r e i n was to i n v e s t i g a t e 
the s e p a r a t i o n of a t y p i c a l r a r e - e a r t h e l e m e n t ( c e r i u m ) f r o m p lu ton ium by 
a h a l i d e - s l a g g i n g p r o c e d u r e . 

An i nd i ca t i on tha t r a r e e a r t h , a l k a l i n e e a r t h , and a lka l i m e t a l s m a y 
be r e m o v e d s e l e c t i v e l y f r o m u r a n i u m and p lu ton ium is shown by the s t a n d a r d 
f r ee e n e r g i e s of f o r m a t i o n of t h e i r m o s t s t ab l e c h l o r i d e s and f l uo r ides g iven 
in T a b l e I.'••^'' U r a n i u m and p l u t o n i u m h a l i d e s m a y be s e e n to be a p p r e c i a b l y 
l e s s s t a b l e than r e p r e s e n t a t i v e r a r e e a r t h and a lka l i ne e a r t h h a l i d e s (and 
a l s o l e s s s t ab l e t h a n a l k a l i m e t a l c h l o r i d e s , but not f l u o r i d e s ) . The f r ee e n ­
e r g i e s of f o r m a t i o n a r e only a q u a l i t a t i v e ind ica t ion tha t s e p a r a t i o n s a r e 
p o s s i b l e s i n c e it i s n e c e s s a r y to know a c t i v i t y coef f ic ien ts of the s p e c i e s of 
i n t e r e s t in the m o l t e n sa l t and l iquid m e t a l p h a s e s in o r d e r to compu te a c ­
c u r a t e l y the p a r t i t i o n coe f f i c i en t s . The m o s t p e r t i n e n t dev i a t i ons f r o m i d e ­
a l i t y o c c u r for c e r i u m in u r a n i u m , and p lu ton ium in u r a n i u m . (4,5) Al though 
the d e v i a t i o n s for both of t h e s e e l e m e n t s a r e pos i t i ve , the ac t i v i t y coeff ic ient 
for c e r i u m in u r a n i u m is l a r g e r t han tha t for p lu ton ium. B e c a u s e of t h e s e 
d e v i a t i o n s f r o m idea l i ty , the s e p a r a t i o n of r a r e e a r t h s f r o m p lu ton ium c a l ­
c u l a t e d s o l e l y f r o m the s t a n d a r d f r ee e n e r g i e s of f o r m a t i o n m a y be c o n s i ­
d e r a b l y in e r r o r . 

*In this process, declad, chopped fuel pins are melted in a lime-stabilized zirconia crucible, held at 
1400 C for 1 to 3 hours, and poured into a mold to form an ingot which is subsequently used to pre­
pare new fuel pins. While the fuel is molten, fission products are removed by (1) escape of noble 
gases, (2) volatilization of some elements, and (3) selective oxidation of the highly electropositive 
elements and deposition of them along the wetted crucible surfaces. Noble-metal fission products, 
such as molybdenum, ruthenium, and zirconium, are not removed and remain in the fuel as 
alloying elements. 

**Fissium is the name given to the mixture of noblennetal fission products that remain in the fuel as 
alloying elements. The estimated equilibrium concentrations of these were used in the preparation 
of the first core loading,'^ namely; molybdenum-2.5 w/o, ruthenium-2.0 w/o, rhodium-0.26 w/o, 
palladium-0.19 w/o, zirconium-0.1 w/o, and niobium-0.01 w/o. 
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Table I 

STANDARD FREE ENERGIES OF FORMATION AT 1200°c(3) 

C h l o r i d e s 

CdCl2 

ZnClg 

UCI4 

UCI3 

MgCl2 

PUCI3 

CeClg 

C a C l j 

BaCl2 

NaCl 

+AF° 
( k c a l / g m -

of 
a t o m 

c h l o r i n e ) 

- 2 1 

- 3 2 

- 4 3 

- 4 7 

- 5 0 

- 5 4 

- 5 8 

- 7 2 

- 7 6 

- 7 8 

F l u o r i d e s 

UF3 

UF4 

K F 

N a F 

PUF3 

MgFz 

CeFs 

BaF2 

CaF2 

+ AF'' 
( k c a l / g m - a t o m 

of f luor ine ) 

- 8 6 

- 8 6 

- 9 2 

- 9 5 

- 9 7 

-100 

- 1 1 1 

-115 

-116 

As shown by Table I, separa t ions of highly electroposi t ive fission 
products from uranium and plutonium a re possible in both the chloride and 
fluoride salt sys t ems . However, fluoride salt sys tems a re considerably 
more cor ros ive than chloride salt sys tems on potential container ma te r i a l s , 
e.g., alumina and beryl l ia . Therefore , work was l imited to the use of chlo­
r ide sys t ems . The chloride sal ts making up these sys tems should be stable 
in the p resence of uran ium and plutonium meta ls and should be re la t ively 
nonvolatile at t e m p e r a t u r e s up to 1300°C. These two c r i t e r i a limit the major 
slag consti tuents to a few a lka l ine -ea r th chlor ides , e.g., BaCl2 and CaCl^. 

A sufficient amount of oxidizing agent must be added to the c a r r i e r 
slag to oxidize r a r e ea r th and other highly electroposi t ive fission product 
e lements to their respec t ive chlor ides . Magnesium chloride is a prac t ica l 
oxidant because it is less stable than r a r e - e a r t h element chlorides and be ­
cause it has a reasonably low volati l i ty at operating t empera tu re s of 1100 to 
1300°C. The MgCl2 r eac t s with a r a r e ea r th (cerium), plutonium, and u r a ­
nium by the following reac t ions : 

3 MgCla + 2 Ce ^ 2 CeClj + 3 Mg f 

3 UgClz + 2 Pu ^ 2 PUCI3 + 3 Mg t 

3 MgCl2 + 2 U ^ 2 UCI3 + 3 Mg !. 
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Because magnes ium is removed by vaporization, these react ions should be 
driven completely to the right, the MgClj serving, in effect, only as a source 
of chlorine. The final distr ibution of cer ium, plutonium, and uranium is then 
decided by equi l ibr ia involved in the following reac t ions 

Ce + PUCI3 =̂̂  Pu + CeClj 

Ce + UCI3 ^ U + CeClj 

Pu + UCI3 :̂^ U + PUCI3. 

This study has consisted of ( l) p re l iminary measu remen t s of the 
re la t ive ext ract ions of r a r e ea r ths and plutonium into a halide slag as a 
function of the amount of oxidant emiployed, (2) the loss of plutonium by va­
porization, and (3) some observat ions on separation of slag and meta l phases 
and on the per formance of beryl l ia c ruc ib les . 

II. PREVIOUS EXPERIMENTAL WORK 

A. Oxide Slags 

The use of oxide slags has seve ra l difficulties Chief among these 
a re the scarc i ty of combinations of stable oxides with sufficiently low melting 
points for p rac t i ca l use , and the absence of container ma te r i a l s that a r e r e ­
sis tant to at tack by molten oxides and molten uranium For these reasons , 
after a few p re l imina ry exper iments^° ' ^' this approach was not pursued at 
Argonne National Laboratory . 

Subsequently Pet i t and co -worke r s in F rance tound severa l relat ively 
low melting (llOO to 1400°C) combinations of BeO, BaO, and SrO^, and r e ­
ported that high-f ired BeO and Al^Oj crucibles offered some possibil i ty for 
the containment of a molten oxide-uranium system, despite some dissolution 
of the crucible in the molten oxide By use of a small amount of UO^ in the 
flux as an oxidant, decontamination factors of g rea te r than 1000 were r e a l ­
ized for b a r i u m and lanthanum t r a c e r s . 

In further work along this line at Argonne National Laboratory with 
u ran ium-f i s s ium alloys, i^/ the high remova l s of an elect i ©positive clement 
(in this case , cer ium) were confirmed, but the attack of BeO and A1,0^^ c ru ­
cibles was considered to be too severe to war ran t further work along this 
line. 

B. Halide Slagging 

Severa l ear ly investigations were conducted on the use ot liquid haiidtr 
slags for extract ing fission products from molten uranium alloys (10-16) 
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In each of these studies, t r ace quantit ies of plutonium in neu t ron- i r rad ia ted 
uranium and large excesses of oxidant (MgCl2, UCI3, UCI4, UF3, and UF4) 
were used. The separat ions observed were consistent with thermodynamic 
arguments ; i .e. , the alkali and a lka l ine-ear th fission products were extracted 
more efficiently than plutonium, but a t tempts were not made to separate plu­
tonium from r a r e ea r ths . Noble-meta l fission products remained in the u r a ­
nium phase. Extract ion of more than 90% of the plutonium was shown to be 
feasible. 

The above oxidants were employed in fluxes of alkali and alkal ine-
ear th chlor ides and fluorides. Fluor ide fluxes were generally employed in 
the ear ly work, probably because thermodynamic es t imates indicate a more 
efficient extract ion of plutonium by UF3 than by UCI3. Recently, chloride 
sal ts have received the most attention because they a re less cor ros ive than 
the fluoride sys t ems . 

Prev ious work on the select ive extract ion of highly electroposi t ive 
eleinents from uranium and plutonium alloys is descr ibed in the following 
pa ragraphs . 

1. Extract ion of Ra re Ear ths from Uraniam Fuels with Chloride 
Fluxes 

The use of chloride fluxes (often containing some fluoride) was 
investigated at Argonne National Laboratory for the selective extract ion of 
r a r e ear ths ( represented by cer ium) from uranium-5% fissium fuels, wj 
Beryll ia , which is resistaait to at tack by uranium, chloride fluxes, and com­
binations of these , w£is used as a containment m a t e r i a l . * 

Five runs were made in which two different halide fluxes were 
used: calc ium chloride containing 13 m / o magnesiunn fluoride, and calcium 
chloride containing 2 m / o uranium te t rach lor ide . Cerium in concentrations 
of between 0.5 and 0.8 w/o was presen t in the 700-g charges of uranium-5% 
fissium alloy. The liquation t e m p e r a t u r e s were var ied between 1100 and 
1300°C. These runs a re summar ized in Table II. With the uranium t e t r a ­
chloride oxidant, ce r ium removals were about 94%; with the magnesium 
fluoride oxidant, a ce r ium remova l of 99% or bet ter was obtained. 

Table n 

Flux 

CaCI» * 2 m/o UCU 

CaCI - 13 n/oMgF. 
CaClj - 13 m/o MoF, 
CaClj 1- 2 m/o UCI 
CaCI; + 13 m/o MgF. 

700 grams uranium-
0 8 ^ilo cerium 
for 1 hour m 

Liquation Temi) (°Ci 

1100 

1100 
1200 
1200 
1300 

melt 
beryl! 

5 vv/o fissiu"! contaniinq 03 to 
refined under 200 

a crucible, and pou 

Yield (') 

89.6 
(pourinc, tenp-

1100°Ci 
07.4 
97.0 
90.7 
95.7 

orams of flux 
red at 1300°C 

Ce Rj-io.al 
from Ingot n> 

94 3 

97 
99.3 
"3.9 

-100 

U Loss in Flu/ 
r. of U in charge) 

0 

0.03 
0.003 
0.85 
135 

•After a brief investigation, fluoride fluxes were eliminated from consideration because no 
satisfactory containment material could be found. 
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Because a poor product yield (90%) was obtained in the f irs t run 
on pouring at llOO^C, subsequent pours were made at OOO^C. Yields on 
pouring at 1300*0 var ied between 95.7 and 97.6%. Before the meta l was 
poured, the flux was removed by freezing the meta l , pouring off the flux, and 
vaporizing the res idua l 'flux under reduced p r e s s u r e . The loss of uranium 
in the flux was 0.03% or l ess at a liquation t empera tu re of 1100°C. A single 
i sopres sed bery l l ia crucible was used for three runs and did not suffer any 
apparent damage. 

2. Extract ion of R a r e Ea r th s from Plu ton ium-r ich Fuels 

Leary and co-workers ( 1" '̂1^) have successfully extracted r a r e 
ea r ths from plutonium-r ich fuels that were under investigation for use in 
the Los Alamos LAMPRE r e a c t o r s (Los Alamos Molten Reactor Exper i ­
ments) . Their charge m a t e r i a l was an alloy consisting of 92.5 w/o plutonium, 
2.5 w/o iron, and 5 w/o of a mix ture of fission products represent ing the 
major fission products after 10% burnup of the plutonium. In one experiment , 
approximately 100 g r a m s of the alloy was contacted with 13 g rams of a KCl-
LiCl slag or flux, to which was added a quantity of MgCl2 10% in excess of 
that r equ i red to oxidize the r a r e - e a r t h e lements . More than 99% of the c e ­
r ium and m o r e than 97% of the lanthanumi were t r ans fe r r ed to the salt phase, 
along v%dth less than 1% of the plutonium. In another experiment, the same 
t ransfe r of ce r ium and lanthanum was rea l ized with a PUCI3 oxidant in a 
NaCl slag. The use of PUCI3 as an oxidant would enable replacement of the 
fission products oxidized with plutonium. 

III. EQUIPMENT, MATERIALS, AND PROCEDURE 
FOR PRESENT INVESTIGATIONS 

The equipnient used was an induction furnace with an integral glove-
box (Figure l) . In this furnace the crucible , induction coil, and mold a r e 
mounted on a movable furnace door which ro l l s on t r acks within the glovebox 
to pe rmi t convenient handling of a lpha-act ive ma te r i a l s . The furnace is con­
nected to a vacuum sys tem which can reduce the p r e s s u r e in the furnace to 
2 X 10"* m m Hg. The induction coils a r e made of solid copper.(19j 

The immedia te application of a halide slagging process is to the 
second core loading of the Exper imenta l Breede r Reactor - I I . The exact com­
position of this m a t e r i a l has not.yet been established. An alloy consisting of 
80 w/o uran ium-10 w/o plutonium-10 w/o f iss ium and melting between 910 
and 920°C^20j ^ a s used (see actual composit ion in Table III, p. 9). It is be ­
lieved that the alloy finally selected will not va ry significantly in composition 
from this exper imenta l alloy. 



Figure 1 

SCHEMATIC DIAGRAM OF INDUCTION FURNACE AND GLOVEBOX 
FOR MELT REFINING OF URANIUM-PLUTONIUM-FISSIUM ALLOY 

MELT ADDITION BUCKET 

VIEWING PORT—7 / I CRUCIBLE ASSEMBLY ATTACHED TO DOOR 

FURNACE ACCESS PORT 

FURNACE 
SHELL 

TO 
VACUUM PUMP 

TRAIN 

FURNACE DOOR ON ROLLERS 

"PNEUMATIC RAM 

GLOVE BOX 
ENCLOSURE 

1-108-7133 

Table III 

•ftU REFIMKG OF PlurONIUM COMAIMING FJELS BY USE OF HALIDE FLUXES 

All runs liqudteo at 1150°C for 1 hr under argon ilu> poured ofi at 860°C 
and ingot poured at BOÔ C 

fvtetal Charoe CoiiiDosition (*/oi 80 97 uranium 10 02 plutonium 9 oi tisiiun 
plus cerium in amounts listed in •"olumr 3 of 
this tat)ie 

Fissium Coiioosition (vj/oj 2S7 molybdenun 3 20 ruthenium 
0 54 rhodium 113 palladium 0 93 zirconium 

Run No 

HVC5 

HVC-7 

HVC-10 

HVC-11 

Metal Charge 

Wt Ce 
(g) (w/o) 

737 0 335 

743 

716 

691 

a Separation Factor 
Ce 

Pu 

0 335 

0 468 

0 751 

in Flux/Ce 
in Flux/Pu 

Flux Composition 

Rat 0 of Cnarge to Flux 

Oxidant 

Cruciole 

Excess 
Oxidant 

( • » 

No oxidant 
added 

10 

10 

100 

i ngot 
Yield 

n 
97 1 

98 3 

97 5 

96 9 

| ^ | S | [ Ce and Pu values are W£ 

81w/oBaCl2 19v//o 

72 

MgCl2 

Isopressed high dens 

Ce Removal 
from Ingot 

(7) 

62 3 

98 2 

97 6 

99 1 

ight percent at the end of 

aCI2 

i> h iah-pur i t , BeO 

Pu Transferred 
to Flux 

{ . of Pu m charqei 

0 05 

0 45 

0 29 

188 

3 run 

Pu Vaporized 
i? of Pu in charge* 

0 09 

~ 0 002 

- 0 006 

- 0 088 

Ce/Pu 
Separation 

Factor^ 

-

740" 

7200 

4100 



10 

In the p re l iminary exper imenta l work on uranium fuels, no attempt 
was made to optimize the flux composition. Consequently, although the 
CaClj-MgFj salt worked sat isfactor i ly from a chemical standpoint, a less 
volati le flux which is more readi ly separable from the uranium ma t r ix would 
be advantageous. After experimentat ion with severa l different sal ts , the two-
comiponent salt system, BaCl2-CaCl2, was found to possess the requi red char ­
ac t e r i s t i c s . As shown by the phase diagram, v^^-' a 70 m / o BaCl2-CaCl2 
mixture has a melting point of ~800°C. This figure was checked exper imen­
tally. Since the melting point of the 80-10-10 uranium-plutonium-f iss ium 
alloy is es t imated to be 910-920°c(20), the use of the 70 m / o BaClz-CaClz flux 
would enable the separat ion of the flux and meta l phases by pouring off the 
molten flux from the solidified me ta l at a t empera tu re of about 860^0. No 
concerted at tempt was made to optimize the composition of the flux, but the 
composition chosen has the des i rab le cha rac t e r i s t i c s of having a melting 
point lower than that of the me ta l phase, of being readi ly separable from the 
meta l when both a re frozen together, and of having low volatility. 

In the exper imenta l p rocedure used, the charge, flux, and oxidant 
were loaded into an i sopressed , high-density, high-puri ty beryl l ia melt c ru ­
cible. An Alundum mold crucible for the flux, and a specially designed 
magnes ia-washed copper mold c ruc ib le* for the ingot, were placed in their 
proper posit ions on the r o t a r y mold table within the furnace (see Figure l) . 
The furnace door was then closed pneumatically, and the furnace was evac­
uated to a p r e s s u r e of about 0.1 micron. The furnace was flooded with argon 
to a p r e s s u r e of 6-10 in. of water and heated by induction to 1150°C over 
about a 3-hour period. The mel t was maintained at this t empera tu re for one 
hour. Tempera tu r e s were measu red by a Pt/Pt-lO'-ro rhodium thermocouple 
encased in a bery l l ia protect ion tube. The furnace was then cooled to 860°C, 
at which t empera tu re the st i l l molten flux was separated from the solid meta l 
by being poured into the Alundum inold crucible .** The metal , which had r e ­
mained behind, was then heated to 1300°C, at which t empera tu re it was poured 
into the copper mold. Samples of both the ingot and the flux were taken for 
ce r ium and plutonium analyses . An es t imate of the extent of plutonium va­
por isa t ion was obtained by means of a 1-in.-wide tantalum condenser sus ­
pended over the top of the bery l l ia crucible . To date, one beryl l ia crucible 
has been used eight t imes , including both exper imental and a l loy-prepara t ion 
runs . 

*The special features of the copper mold were as follows: (1) Ti> elimiiuite the dangers of externai 
sampling of plutooiiun-contaioing fuels, the bottom ol the copper mold had four small ludeutatioiis, 
approximately 1/8 in. in diameter by 1/4 in. long. When the uranium was pouted, these indentations 
filled with metal, producing protrusions which were later sheared off iii the glove box for samples. This 
technique has been shown to give representative samples/ "•* (2) A second probieiu in the design of a 
mold is to ensure easy and certain removal of a comparatively small ingot from a massive mold. This 
was accomplislied by tapering the mold, splitting it horizontally along the bottom face of the ingot, and 
adding twi> machine screws which, \%hen tightened, pusii against two steel inserts and thereby lift the 
bottom part of the mold away from the ingot. The ingot is then left in the upper part of the mold from 
which it is easily removed by sligiit tapping. 

**Alternatively, the flux and metal may be poured simultaneously, and the solidified phases broken 
apart by gentle tapping. 



IV. EXPERIMENTAL RESULTS AND DISCUSSION 

Four runs with plutonium-containing fuels have been conducted. 
Exper imenta l conditions and re su l t s of these runs a r e given in Table III. 
The runs included a blank run in which no MgCl2 oxidant was added to the 
flux, two runs with 10% excess MgClj ( i .e . , 10% in excess of the quantity to 
reac t s toichiometr ical ly with the cer ium present ) , and one run with 100%) ex­
cess oxidant. The percentage of excess oxidant was var ied to determine the 
sensit ivity of plutonium t rans fe r to the amount of oxidant added. 

The re su l t s shown in Table III a re encouraging. The loss of plu­
tonium by vaporizat ion was negligible in al l runs A cer ium extract ion of 
62% in the blank run probably resu l ted from the p resence cf oxidizing ina-
pur i t ies in the flux, and, in conjunction with a low plutonium t ransfer (0.05%) 
to the salt , indicates the ease with which cer ium may be removed select ively. 

In the runs made with 10% excess oxidant, plutonium t ransfer to the 
salt was also smal l (<0.5%). Of par t i cu la r significance is the c e r i u m - t o -
plutonium separat ion factor, which averages 7300 for these two runs . Both 
the ingot yields and the ce r ium remova l were about 98%. 

When the oxidant was inc reased to a 100% excess , the plutonium 
t r a n s f e r r e d to the flux inc reased (to ~2%), and the cer ium removal increased 
(to ~99%). The relat ively high plutonium t ransfer in this run indicates that 
the amount of oxidant added will have to be controlled ^nt'tim rough l imits 
which will depend on the amount of fission products formed Since burn-up , 
and hence the amount of fission products formed, car< be predicted with an 
accuracy of 20% or be t ter by ei ther routine analytical methods or calcula­
tion, the feasibility of the p r o c e s s for actual plant operation appears to have 
been establ ished. 

V. CONCLUSIONS AND RECOMMENDATIONS 

The exper imenta l work that has been conducted has shown the 
follo'wing: 

1) Highly e lect roposi t ive e lements may be selectivel-y extracted 
from uranium-plutonium alloys and into a molten halide salt phase . E x c e s ­
sive extract ion of plutonium may be avoided by controlling the amount of 
oxidizing agent employed, 

2) Plutonium los ses by vaporizat ion are smal l . 

3) The salt and meta l phases may be cleanlv separated. 

4) The meta l fuel alloy may be separa ted in high yields (>98%). 

5) High-densi ty bery l l ia crucibles show considerable p romise as 
containment v e s s e l s . 



Because of the lower t e m p e r a t u r e of operat ion (as compared to the p resen t 
EBR-II mel t - ref in ing p roce s s ) , further work on this procedure is war ran ted . 

Included in the further work should be the development of information 
on the following i t ems : 

1) The chemis t ry and equil ibr ium of the react ions involved. 

2) The activity coefficients of all the species p resen t in the salt 
and meta l phases . Such information would enable the calculations of a theo­
re t ica l separa t ion factor, which, in turn , could be used as a guide to establ ish 
optimum operating conditions. 

3) Flux composition. Although the BaClg-CaClj mixture works s a t i s ­
factori ly, a m o r e extensive p r o g r a m than has been ca r r i ed out might resul t 
in a be t ter flux, 

4) Containment m a t e r i a l s . The most important problem remaining 
is proof that the same type of i sop res sed beryl l ia crucible used in these ex­
pe r imen t s will be sat isfactory in ful l-scale operat ions . High-density, i so ­
p r e s s e d beryl l ia crucibles to handle the full charge from the second-core 
EBR-II loading have been o rde red and will be tes ted. These crucibles a re 
requi red to handle a fuel alloy charge of 10 to 15 kg. Probably the l a rges t 
charge of m a t e r i a l which could be handled would be about 50 kg (somewhat 
l e s s than half the c r i t i ca l m a s s of the fuel alloy). Such batch s izes would be 
prac t ica l for p rocess ing the fuel d ischarged from la rge , advanced, power r e ­
a c t o r s . Bes ides p r e s s e d c ruc ib les , beryl l ia- l ined crucibles fabricated by 
p la sma-sp ray ing beryl l ia on an inexpensive subst ra te ma te r i a l , such as 
silicon carb ide , may also be p rac t i ca l . 
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