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PREPARATION OF METALS BY 
MAGNESIUM-ZINC REDUCTION 

P a r t I. Reduction of Uranium Oxides 

by 

J. B. Knighton and R. K. Steunenberg 

ABSTRACT 

The use of liquid magnes ium-z inc alloy for the r e ­
duction of uranium oxides to the metal has been investigated. 
The uranium oxide was suspended in a flux composed of a l ­
kali and alkaline ear th halides and reduced by vigorously 
mixing the flux-oxide s l u r r y with z inc-5 w/o magnes ium 
alloy at t empera tu re s between 650 and 800°C. The reductions 
w^ere conducted in an alumina crucible under an air a tmo­
sphere . As the uranium meta l w^as produced, it dissolved 
in the l iquid-metal alloy, from w^hich it could la ter be r e ­
covered by vacuum disti l lat ion of the zinc and magnesium. 
The effects of flux composition, t empe ra tu re , agitation, 
magnesium oxide loading in the flux, and uranium oxide p a r ­
t icle s ize on the ra te and extent of reduction w^ere inves t i ­
gated. Under optimum conditions, over 99% reduction of 
U3O8 was achieved in per iods as shor t as lOmin on the lab­
ora to ry scale (4 g of uranium). Uranium losses inherent in 
the p rocess a r e well below 1%. 

I. INTRODUCTION 

Although the reduction of uranium tetraf luoride by magnesium is 
the p r i m a r y commerc ia l method for the production of uranium metal , 
severa l a l ternat ive p rocedures have been demonst ra ted and used for 
special purposes.^-^ / Magnesium, calcium, carbon, aluminum, silicon, 
li thium, and sodium have been employed in the reduction of uranium oxides 
and hal ides.(1 '2) Metal lo thermic reductions ord inar i ly involve the "bomb" 
technique, which uti l izes the heat of react ion to coalesce the metal l ic u r a ­
nium product and the slag in readi ly separable m a s s e s . 

In the case of uranium oxides, a bomb p roces s was developed by 
Marden,(3) who used calcium as the reducing agent, zinc chloride as a 
booster , calcium chloride as a flux, and zinc as a collecting agent for the 
reduced uranium. Bellamy and co-workers( '* '^) subsequently developed a 
bomb procedure for the reduction of uranium dioxide, using calcium and 



calcium chloride, or magnesium and magnesium chloride, respect ively, as 
reducing and fluxing agents. Beard and Heumann(o) demonst ra ted the r e ­
duction of uranium tr ioxide with calcium to form spher ica l uranium 
par t i c l e s . 

As a possible a l ternat ive to the bomb method, l iquid-metal solvents 
have been investigated in this labora tory as media for the reduction of 
uranium ox ides . ( ' " ° ) Knighton et a l . ' ' / showed that uranium oxides and 
uranium tetraf luoride a re reduced by a zinc-6 w/o magnes ium alloy, but 
no flux was used and the yields were low. Shortly thereaf ter , Mart in et al.(°) 
reduced uranium dioxide pellets with z inc-magnes ium alloy in the p resence 
of Dow-230 flux. Mart in, P i e r c e , Hesson, Johnson,^°/ and Schneider ex­
tended the method to the reduction of U308-fission product oxide mix tu res , 
using z inc-magnes ium alloys and cadmium-magnes ium alloys, both w îth 
and \vithout fluxes. These invest igators found that wel l -agi ta ted sys tems 
were requi red for efficient reduction. Schneider et al.(9) reduced uranium 
dioxide and U3O8 with liquid magnesium, both in the p resence and absence 
of fluxes. Hewitt(lO) in England also repor ted reductions of uranium oxide 
by an agitated liquid z inc-magnes ium alloy in the absence of a flux. 

Subsequent studies have shown that molten halide fluxes offer defi­
nite advantages in the reduction of uranium oxides by molten metals : 
(1) the reduction ra tes a r e inc reased markedly , (2) the magnesium oxide 
by-product of the react ion is scavenged by the flux and thereby separa ted 
from the product in the meta l phase, and (3) the reduction can, if des i red , 
be conducted in the a i r , since the flux se rves as a protect ive cover. 

The reduction of U3O8 by liquid z inc-magnes ium alloy can be r e p ­
resented by the following overal l equation; 

U3O8 (flux) + 8Mg (Zn) - 8MgO (flux) + 3U (Zn-Mg). (1) 

The uranium oxide, which is d i spersed in the flux as a solid, is reduced by 
the magnesium in the meta l phase. The magnes ium oxide by-product col ­
lects in the flux, and the metal l ic uranium product dissolves in the z inc-
magnesium alloy. Vacuum disti l lat ion of the magnesium and zinc from the 
product solution forms uranium meta l sponge, w^hich can be consolidated 
by melting. 

The objective of the p resen t work was to invest igate the effects of 
per t inent var iables on the reduction of U3O8 by liquid z inc-5 w^/o magne­
sium alloy in the p re sence of fluxes, with supplementary studies of the 
reduction of uranium dioxide and uran ium te t raf luor ide. Subsequent inves­
tigations of a s imi la r technique for the reduction of thor ium and plutonium 
oxides a r e descr ibed in the two follow^ing r epo r t s . ( ^ > ^2) 

file:///vithout


II. EXPERIMENTAL PROCEDURE 

The zinc and magnesium used in the reduction studies were of 
g rea te r than 99.99 and 99.95% purity, respect ively. The flxoxes were pre­
pared from analytical r eagen t -g rade sa l t s , except for the magnesium 
chloride, which w^as obtained from commerc ia l sources as a by-product 
of the reduction of z i rconium te t rachlor ide by magnesium meta l . 

The reductions were conducted in a 4- in . - ID, tapered, s l ip -cas t , 
alumina crucible located in an e lec t r ica l ly heated pot furnace (see F ig­
u re 1). A t empera tu re control ler -was actuated by a Chromel-Alumel 

thermocouple positioned bet'ween 

Figure 1 

URANIUM OXIDE REDUCTION APPARATUS 

STIRRER MOTOR 

(NOT TO SCALE) 

CONTROLLER 
THERMOCOUPLE 

the inside furnace w^all and the out­
side of the crucible . The t e m p e r a ­
ture inside the crucible w^as 
measu red with a Chromel-Alumel 
thermocouple placed inside an 
alumina thermowell that t e rmina ted 
in the meta l phase jus t below the 
f lux-metal interface. Mixing was 
provided by a motor -d r iven quartz 
p rope l l e r on a quar tz shaft, with 
the thermiowell serving as a baffle. 
All the exper iments w^ere per formed 
in the labora tory a i r a tmosphere . 

In each reduction run, a 
charge consisting of 400 g of 
z inc-5 w/o magnesium alloy and 
200 g of flux was added to the c r u ­
cible at room t empera tu re . The 
charge was then melted, and when 
the sys tem had reached the ope ra ­
ting t empera tu re , mixing was 
s t a r t ed and the uranium oxide was 
added to the flux. Sufficient U3O8 
was used to produce a uranium 
concentrat ion of 1.0 w /o in the 
metal phase upon complete r educ ­

tion, except where indicated otherwise . Unfiltered meta l samples were 
withdrawn at p rede te rmined t ime in tervals into 6-mm Vycor tubes by a 
hand-operated, rubber , suction bulb. The samples were then removed 
from the tubes and analyzed for uranium. 

ELECTRIC RESISTANCE FURNACE 



III. RESULTS 

The influence of the par t icu la r var iable under study was determined 
from the percentage of uranium oxide reduced as a function of t ime. 

A. Flux Composition 

In the investigations of the effect of flux composition on the r educ ­
tion of U3O8, chlorides of the alkali and alkaline ear th meta ls were used as 
the major flux consti tuents . A smal l amount of fluoride (usually magnesium 
fluoride) was also incorporated into the mixture to achieve a clean, wel l -
defined, f lux-metal interface, thereby facilitating rapid coalescence and 
clean separat ions of the two phases . The resu l t s of a s e r i e s of survey ex­
per iments a re summar ized in Table I. 

T a b l e I 

S U R V E Y O F F L U X E S F O R UjOg R E D U C T I O N 

T e m p e r a t u r e : 750°C 

F l u x 

4 7 . 5 m / o 

L i CI 
N a C l 
KCl 

L i CI 
N a C l 
K C l 

L i CI 
N a C l 
KCl 

L i CI 
N a C l 
KCl 

L i CI 
L i CI 
KCl 

CaClz 
S r C l z 
BaCl2 

Li CI 
MgCl2 

80 m / o 

C a C l , 

M i x i n g R a t e : 
M e t a l : 
F lux 
Oxid 

C o m p o s i t i o n 

4 7 . 5 m / ( 

MgClz 
MgClz 
MgClz 

CaClz 
CaClz 
CaClz 

S r C l z 
S r C l z 
S r C l z 

BaClz 
BaClz 
BaClz 

N a C l 
KCl 
N a C l 

MgCl2 
MgCl2 
MgCl2 

Li CI 
MgClz 

20 m / o 

C a F , 

0 

:: 
ie: 

5.0 m / o 

MgF2 
MgFa 
M g F z 

MgF2 
M g F z 
M g F z 

M g F 
MgF2 
MgF2 

MgF2 
MgF2 
MgFz 

MgF2 
MgF2 
M g F 2 

M g F 2 
MgF2 
MgF2 

L i F 
MgF2 

800 r p m 
400 g 
200 g, 
4 .7 g 

Z n - 5 w / o Mg 
, c o m p o s i t i o n a s s h o w n 
U3O8, 

10 m i n 

99+ 
86 
71 

27 
24 
14 

19 
8 
3 

13 
13 

4 

6 
4 
2 

97 

99 
92 

10 
98 

6 

- 3 2 5 m e s 

P e r c e n t 

2 0 m i n 

99+ 
99 
91 

44 
31 
18 

36 
13 

4 

22 
20 

5 

9 
3 
3 

99+ 
99 
99 

11 

99+ 

5 

i h 

R e d u c t i o n 

30 m i n 

99+ 
99 
98 

56 
39 
21 

47 
21 

5 

26 
27 
10 

9 
3 
3 

99+ 
99 
99 

12 

99+ 

8 

of U3O8 

60 m i n 

99+ 
99 
97 

86 
60 
31 

67 
40 

8 

52 
31 
18 

13 
6 
6 

99+ 
99 
99 

17 

99+ 

11 

120 m i n 

99+ 
99 
98 

99+ 
84 
41 

89 
70 
10 

85 
45 

19 

23 
7 

13 

99+ 
99 
99 

23 

99+ 

17 



These resu l t s indicate that the ra te and extent of reduction var ied 
markedly with the kind of cations p resen t in the flux, the bet ter reductions 
occurr ing w^ith the flux cations of lower atomic weight. When combinations 
of alkali and alkaline ea r th chlorides were used, this effect was evident in both 
cases ; that i s , the ra te and extent of reduction dec reased p rogress ive ly in the 
o rde r LiCl > NaCl > KCl, and MgClz > CaClz > SrClz > BaClz. 

Magnesium chloride was a major constituent of all fluxes that r e ­
sulted in sat isfactory reduction r a t e s . All other compositions gave low^ 
r a t e s , leading to the conclusion that magnesium chloride is an essent ia l 
flux ingredient. 

Two of the more effective fluxes (LiCl-MgCl2-MgF2, and CaCl2-
MgCl2-MgF2) were examined further to de termine the minimum magnesium 
cation concentration needed for sa t is factory reduction of U3O8. The resu l t s 
a r e l is ted in Table II. To achieve essent ia l ly complete reduction by the 
zinc-5 w/o magnesium alloy within a prac t ica l period of t ime, the magne­
sium ion concentration had to correspond to 10 to 20 a /o of the total cations 
in the flux. Lithium chloride was somew^hat super ior to calcium chloride as 
the other major constituent. Although magnesium chloride alone was a sa t ­
isfactory flux, from the viewpoint of uranium oxide reduction r a t e s , dilution 
with other chlorides is des i rable to lower the melting point and decrease 
the vapor p r e s s u r e of the salt . 

Table n 

EFFECT OF MAGNESIUM ION CONCENTRATION IN THE FLUX 
ON THE REDUCTION RATE OF U3O8 

LICI 

95 
95 
90 
85 
80 
75 
70 
47.5 
0 

CaCl2 

95= 
90a 
80 
70 
65 
60 
50 
40 
0 

Flux Composition, 
m/o 

MgCl2 

0 
0 
5 

10 
15 
20 
25 

Temperature 
Mixing Rate: 
Metal: 
Flux: 
Oxide: 

MgF2 

(5 mole % LiF) 

47.5 
95 

Flux Composition, 
m/o 

MgCl2 

0 
5 

15 
25 
30 
35 
45 
55 
95 

MgF2 

: 750°C 
800 rpm 
400 g Zn-5 w/o Mg 
200 g, composition as shown 
4.7 g U3O8, -325 mesti 

10 min 

10 
6 

38 
61 
89 
92 
95 
99+ 
98 

10 min 

27 
50 
77 
81 
90 
98 
96 
98 
98 

Percent Reduction 

20 min 

11 
14 
59 
92 
99+ 
95 
99+ 
99+ 
99+ 

30 min 

12 
16 
81 
% 
99+ 
98 
99+ 
99+ 
99+ 

Percent Reduction 

20min 

41 
63 
90 
93 
96 
99+ 
99 
97 
99+ 

30 min 

45 
71 
96 
95 
98 
99+ 
99 
98 
99+ 

of U3O8 

60 min 

17 
25 
94 
99+ 
99+ 
94 
99+ 
99+ 
99+ 

of U3O8 

60 min 

54 
79 
97 
99+ 
99 
99+ 
95 
96 
99+ 

120 min 

23 
25 
99 
99+ 
99+ 
96 
95 
99+ 
99+ 

120 min 

53 
85 
99+ 
99+ 
97 
95 
93 
93 
99+ 

^Temperature, 800°C. 



A brief study was made to de termine the effect of changing the 
anionic constituents of the flux. Whereas fluoride ion had original ly been 
incorporated into the flux as a means of obtaining good flux-metal sepa­
ration at the interface, it also appeared to have a beneficial effect on the 
ra te of uranium oxide reduction, as shown in Table III. With fluxes con­
taining 5 m / o magnesium fluoride, over 99% reduction occur red within 
20 min; a 30-min per iod was requi red in the absence of fluoride. 

Table III 

EFFECT OF FLUORIDE ION CONCENTRATION IN THE FLUX 
ON THE REDUCTION RATE OF UjOj 

Temperature: 750°C 
Mixing Rate: 800 rpm 
Metal- 400 g Zn-5 w/o Mg 
Flux: 200 g, composition as shown 
Oxide: 4 7 g UjOg, -325 mesh 

Flux 

CaCl j 

50 0 
47 5 

C o m p o s i t i o n , 
m / o 

MgCla 

50 0 
47 5 

MgF2 

0 
5 0 

1 0 m m 

90 
97 

P e r c e n t 

20 m i n 

96 
99+ 

Reduc t ion 

30 m i n 

99+ 
99+ 

of UjOs 

60 m m 

99+ 
99+ 

120 m m 

96 
99+ 

B. Tempera tu re 

The effect of t empera tu re on the reduction ra te was investigated, 
using the following fluxes: 47.5 m / o CaCl2-47.5 m / o MgCl2 - 5.0 m / o 
MgFz, and 47.5 m / o L i C l - 4 7 . 5 m / o MgCl2 - 5.0 m / o MgF2. The resu l t s 
in Table IV show that the reduction ra te i nc reased with r is ing t e m p e r a ­
tu re . The t empera tu re dependence of the ra te , however, was re la t ively 
smal l . Complete reduction of U3O8 was achieved at t empera tu re s as low 
as 650°C, but higher t empera tu re s a r e p re fe r red . 

Table IV 

EFFECT OF TEMPERATURE ON THE REDUCTION RATE 
OF U3O8 

Mixing 
M e t a l : 
F l u x : 
Oxide : 

T e m p e r a t u r e 
(°C) 

F lux : 47 5 

6 0 0 

6 5 0 

7 0 0 

7 5 0 

Flux : 47 5 

6 5 0 

7 0 0 

7 5 0 

R a t e : 

10 m m 

800 r p m 
400 g Z n - 5 w / o Mg 
2 00 g, c o m p o s i t i o n as shown 
4 7 g U J O B , -325 m e s h 

P e r c e n t Reduc t ion of UjOg 

20 m m 30 m m 

m / o L iCl - 47 5 m / o MgClz - 5 0 m / o MgFz 

8 0 

7 9 
97 

9 9 + 

m / o Ca 

77 

94 

97 

95 95 
90 94 
99+ 99+ 
99+ 99+ 

CI2 - 47 5 m / o MgCl - 5 0 m / o MgFz 

94 99 
97 99 
99+ 99+ 

60 m m 

96 

9 9 + 

9 9 + 
99+ 

99 

99 

9 9 + 



C. Agitation 

It was recognized that data on the effect of agitation that could be 
obtained from labora to ry - sca le exper iments would be unlikely to be appli­
cable to p r o c e s s - s c a l e operation. However, reduction ra tes shown in 
Table V, which were obtained at mixing ra tes of 200, 400, 600, and 800 rpm, 
indicate that a significant effect exis ts . Only minor changes in the r educ­
tion ra te of U3O8 were evident when the mixing ra t e was lowered from 800 
to 400 rpm, but a sharp dec rease in the ra te was found when the s t i r r ing 
speed was lowered to 200 rpm. For the pa r t i cu la r equipment used, a 
minimum mixing ra te betw^een 200 and 400 rpm was neces sa ry to achieve 
sat isfactory reduction r a t e s . 

Table V 

E F F E C T OF AGITATION ON THE REDUCTION RATE 
OF U3O8 

Tempera tu re : 750°C 
Metal: 400 g Zn-5 w/o Mg 
Flux: 200 g 47.5 m / o CaCl2-47.5 m / o 

MgCl2 - 5.0 m / o MgFz 
Oxide: 4.7 g U3O8, -325 mesh 

Mixing Rate 
(rpm) 

200 
400 
600 
800 

D. Uranium 

10 min 

4 
79 
87 
77 

Oxide Pa r t i c l e 

P e r c 

20 min 

8 
99+ 
99+ 
92 

Size 

ent Reduction 

30 min 

13 
94 
99+ 
94 

of U3O8 

60 min 

34 
99+ 
99+ 
98 

120 m m 

51 
93 
99+ 
98 

Because of the heterogeneous na ture of the react ion, the par t i c le 
size of the U3O8 was expected to influence the reduction ra te . Exper imenta l 
data from a brief study of this effect a r e given in Table VI. As anticipated, 
the ra te of reduction inc reased with decreas ing par t ic le size of the oxide. 
Although complete reduction of the c o a r s e r oxide was not achieved under 
these par t i cu la r conditions, other work(° / has shown that re la t ively large 
pieces of uranium oxide (about 1 cm in d iameter ) can be reduced com­
pletely to metal l ic uranium by this method if m o r e favorable conditions 
a re employed. 



T a b l e VI 

E F F E C T O F P A R T I C L E SIZE ON THE REDUCTION R A T E 

O F U3O8 

T e m p e r a t u r e : 
Mixing R a t e : 
M e t a l : 
F lux 

Oxide : 

750°C 
800 r p m 
400 g Z n - 5 w / o Mg 
200 g 47.5 m / o C a C l 2 - 4 7 . 5 m / o 
MgCl2 - 5.0 m / o MgF2 
4.7 g U3O8 

U3O8 P a r t i c l e Size 

P e r c e n t R e d u c t i o n of U3O8 

10 m i n 20 m i n 30 m i n 60 m m 

- 1 2 , +25 m e s h 
- 2 5 , +45 m e s h 
-80 , +170 m e s h 

-325 m e s h 

55 
75 
87 
97 

76 
81 
97 
99+ 

79 
79 
94 
99+ 

80 
84 
99 
99+ 

E. Quan t i ty of F lux 

The effect of v a r i a t i o n s in the quan t i ty of flux u s e d on the r e d u c t i o n 
r a t e of U3O8 w a s i n v e s t i g a t e d , u s ing a CaCl2-MgCl2-MgF2 flux. In F i g u r e 2 
the p e r c e n t a g e r e d u c t i o n a f t e r v a r i o u s p e r i o d s of t i m e is shown as a func­
t ion of the m a g n e s i u m oxide load ing in the flux. In e a c h run , the quan t i ty 
of U3O8 c h a r g e d to the s y s t e m w a s suff ic ient to p r o d u c e a u r a n i u m c o n c e n ­
t r a t i o n of 3.92 w / o in the m e t a l p h a s e upon c o m p l e t e r e d u c t i o n . The m a g ­
n e s i u m oxide loading w a s c a l c u l a t e d f r o m the d e c r e a s e in m a g n e s i u m 
c o n c e n t r a t i o n in the m e t a l p h a s e . Add i t iona l s m a l l a m o u n t s of m a g n e s i u m 
and c a l c i u m ox ides o r o x y c h l o r i d e s w e r e p r o b a b l y f o r m e d by a i r ox ida t ion 
of the flux. 
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800 rpm 
400 9 Zn-5 w/o Mg 
188 g U30a,-80, + l70 MESH 
flIR 
47 5m/o Co 013-47 5 m/o MgCl j - 5 m/o MgFj 
(amount os specified) 
3 92 w/o U in solution at 100 % reduction 

Figure 2 
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The r e d u c t i o n r a t e of u r a n i u m oxide d e c r e a s e d when the m a g n e s i u m 
oxide load ing in the flux e x c e e d e d about 11 w / o . How^ever, s u b s e q u e n t r e ­
duc t ions on a p i l o t - p l a n t s c a l e w^ith an a r g o n a t m o s p h e r e w^ere s u c c e s s f u l 
wi th m a g n e s i u m oxide load ings as h igh as 15 w/o.(-^3) At h i g h e r l o a d i n g s , 
the m a g n e s i u m oxide c a u s e d the flux to b e c o m e so v i s c o u s tha t i t did not 
p r o v i d e a d e q u a t e p r o t e c t i o n of the l iquid m e t a l a g a i n s t ox ida t ion by the a i r 
a t m o s p h e r e . P r o b a b l y the i n c r e a s e d v i s c o s i t y of the flux a l s o d e c r e a s e d 
the r e d u c t i o n r a t e s by d e c r e a s i n g the m o b i l i t y of the u n r e d u c e d u r a n i u m 
oxide p a r t i c l e s . 

F . Reduc t ion of U r a n i u m Dioxide and U r a n i u m T e t r a f l u o r i d e 

A few r e d u c t i o n s w e r e p e r f o r m e d in w h i c h u r a n i u m d ioxide and u r a n i -
una t e t r a f l u o r i d e w e r e u s e d as the s t a r t i n g m a t e r i a l s . Al though c o m p l e t e 
r e d u c t i o n of u r a n i u m dioxide o c c u r r e d w i th a L i C l - M g C l 2 - M g F 2 flux, the 
r a t e of r e d u c t i o n w a s s l o w e r than tha t of U3O8 u n d e r the s a m e cond i t ions 
(see Tab le VII). U r a n i u m t e t r a f l u o r i d e , how^ever, w a s r e d u c e d v e r y r a p i d l y . 
The u r a n i u m t e t r a f l u o r i d e w a s added to the m e t a l - s a l t c h a r g e at r o o m t e m ­
p e r a t u r e , and when the s y s t e m had b e e n h e a t e d to 800°C, the l i q u i d - m e t a l 
p h a s e w a s s a m p l e d b e f o r e the s t i r r e r w a s s t a r t e d . Addi t iona l s a m p l e s w e r e 
t hen t a k e n af ter the s y s t e m had b e e n a g i t a t e d for p e r i o d s of 10, 20, 30, 60, and 
120 m i n . A n a l y s e s of t h e s e s a m p l e s show^ed tha t the u r a n i u m t e t r a f l u o r i d e 
had b e e n c o m p l e t e l y r e d u c e d by the t i m e the f i r s t s a m p l e w a s t a k e n be fo re 
s t a r t i n g the s t i r r e r . 

T a b l e VII 

REDUCTION R A T E S O F U3O8 AND URANIUM DIOXIDE 

T e m p e r a t u r e : 750°C 
Mixing R a t e : 800 r p m 
M e t a l : 400 g Z n - 5 w / o Mg 
F lux : 200 g 47.5 m / o L i C l - 4 7 - 5 m / o 

M g C l 2 - 5 . 0 m / o MgF2 
O x i d e s : 4 .7 g U3O8; 4.5 g UO2 

Oxide 

U3O8 
UO2 

10 m i m 

99+ 
78 

P e r c 

20 m i n 

99+ 
88 

ent Reduc t ion 

30 m i n 

99+ 
86 

of Oxide 

60 m i n 

99+ 
96 

120 m i n 

99+ 
99+ 

IV. DISCUSSION 

The s o l u b i l i t y of U3O8 in the s a l t i s b e l i e v e d to h a v e a b e a r i n g on the 
p r o n o u n c e d effect of flux c o m p o s i t i o n on the r e d u c t i o n r a t e , a l though t h e r e 
is l i t t l e doubt tha t o t h e r f a c t o r s a r e a l s o i m p o r t a n t . The r a p i d r e d u c t i o n 



ra tes obtained with fluxes containing a la rge proport ion of magnes ium chlo­
ride a r e at t r ibuted to a s e r i e s of react ions of the oxide with the flxix, which 
produce soluble uranium species that a r e available for react ion with mag­
nesium at the s a l t -me ta l interface. The following se r i e s of react ions has 
been postulated on the basis of a separa te chemical study of uranium oxide-
molten chloride systems: '^ '* ' / 

UaOg (solid) + MgClz (solution) ->• MgU04 (solid) + 2UO2CI (solution); (2) 

MgU04 (solid) + MgCl2 (solution) — UO2CI2 (solution)+2MgO (solid); (3) 

UO2CI2 (solution) 5tU02Cl (solution) + I /2 CI2 (gas). (4) 

Magnesium uranate produced by react ion (2) has been isolated from mag­
nesium chloride as a c rys ta l l ine , reddish-brow^n solid w^hich has a low 
solubility in the sal t . Other uranates were isolated from fluxes that did not 
contain magnesium chloride.v-^"/ For example, calcium uranate was i s o ­
lated from a LiiCl-CaCl2 flux, and potass ium uranate from a LiCl-KCl flux 
to which U3O8 had been added. These other urajiates appeared to be less 
soluble and less eas i ly reduced than magnesium urana te , which probably 
accounts for the super io r i ty of magnesium chlor ide-based fluxes for U3O8 
reduction. 

The uranyl(V) chloride produced by react ions (2) and (4) has been 
charac te r ized as a soluble species with a dist inctive absorption spec ­
t rum. (-̂ '*>-̂ ẑ Upon continued exposure to magnesium chloride, magnes ium 
uranate has been show^n to reac t further to form additional uranyl(V) chlo­
r ide in solution, and solid magnes ium oxide, as indicated by react ion (3). 
The the rmal decomposit ion of uranyl(Vl) chloride, react ion (4), has been 
shown by a combination of spect rophotometr ic and p r e s s u r e measu remen t s 
to have an equil ibrium constant of about 10" a tm at 650°C. 

In the p re sence of the magnes ium-z inc alloy, uranyl(V) chloride 
appears to be readi ly reduced to meta l l ic uranium: 

2UO2CI (flux) + 5Mg ( Z n ) - 2 U (Mg-Zn) + 4MgO (flux) + MgCl2 (flux). (5) 

It is reasonable to expect that any chlorine formed by react ion (4) would 
combine readi ly with the magnesium: 

Mg (Zn) + CI2 (gas)-*MgCl2 (flux). (6) 

By combining react ions (2) through (6), one a r r i v e s at the overa l l react ion 
indicated by equation (1). 

Uranium dioxide exhibits a lower solubility than U3O8 in fluxes of 
this general type. For example, a solubility value of about 10~^w/o was 



observed at 500°C in a flux composed of 30 m / o NaCl, 20 m / o KCl, and 
50 m / o MgCl2.^ ' F u r t h e r m o r e , solid uranium dioxide has been indenti-
fied as such after extended exposure to the flux, indicating that it is not 
converted to a more soluble species by react ion w îth magnesium chloride. 
Thus, the slower reduction ra te of uranium dioxide is ascr ibed p r ima r i l y 
to the fact that only a re la t ively low concentration in solution is available 
at the s a l t -me ta l interface. 

In contras t , uranium tetraf luoride, which was completely soluble 
in the flux at the concentrations used, was reduced very rapidly. Uranium 
chlor ides , w^hich also have high solubil i t ies, would be expected to behave 
s imi lar ly . 

No at tempt was made to investigate the reduction ra tes of uranium 
trioxide in this study, as it is known to decompose at 650°C to form 
U30,:(>8) 

3UO3 (solid)-*U308 (solid) + 1/2 O2 (gas). (7) 

In the choice of a flux for p roces s purposes , p rac t ica l cons ider ­
ations, in addition to its effect on uranium oxide reduction r a t e s , must be 
taken into account. For example, magnesium chloride alone provides 
sat isfactory reduction r a t e s , but additions of alkali and alkali meta l chlo­
r ides a r e useful in lowering the melting point and decreas ing the vapor 
p r e s s u r e . Small additions of fluoride produce a clean f lux-metal interface, 
permit t ing a much c leaner separat ion of the two phases . 

When the l iquid-metal solvent was selected, the zinc-5 w/o mag­
nes ium sys tem was chosen p r i m a r i l y because severa l i nves t iga to r s ! ' ' ° ' 10 ) 
had observed optimum reduction of uranium oxides by this alloy. The solid 
phase in equilibriura with a u ran ium-sa tu ra t ed solution of this composition 
is a uran ium-zinc in termeta l l ic compound of the approximate composition 
UZnji^. The free energy of formation of this compound, - 15 kca l /g -a tom of 
uranium at 750°C,\ "/ provides an additional driving force for react ion (1). 
Magnesium concentrat ions below about 5 w /o are undesirable because of the 
unfavorable m a s s action effect on react ion (1), and increasing the concentra­
tion much above this value has the adverse effect of increas ing the activity 
coefficient of the uranium, which is also unfavorable to react ion (1). 

Since the effect of changing t empera tu re on the reduction ra te is 
smal l , other factors a r e of g r ea t e r importance in choosing an operating 
t empera tu re . For example, a lower t empera tu re l imit is set by the me l t ­
ing point of the fliax. In addition, if the p rocess involves a subsequent 
t ransfe r of the l iquid-metal product solution, reasonably high uranium 
solubilit ies a r e des i rab le . The solubility of uranium in zinc-5 w/o mag­
nesium is 0.42 w/o at 650°C and 5.2 w /o at 800°C.(20) On the other hand. 



the maximum tempera tu re is l imited by the vapor p r e s s u r e of zinc. To 
prevent excessive zinc vaporization, it was found des i rab le to l imit the 
t empera tu re to about 100°C below the boiling point of zinc (910°C). 

The observat ions that the mixing ra te , the par t ic le size of the 
uranium oxide, and the v iscos i ty of the flux all effect the reduction ra te , 
and that the m o r e soluble uranium tetraf luoride undergoes rapid reduc­
tion, suggest that the react ion of the oxide with the flux is very likely the 
ra te -cont ro l l ing step in the p r o c e s s . 

In this study, no attempt w^as made to recover consolidated uranium 
meta l from the z inc-magnes ium alloy. However, vacuum disti l lat ion of 
this solvent to recover uranium has been demons t ra ted on a k i logram 
scale,(21) and consolidation of meta l l ic sponges by melting is a s tandard 
operation. 

Since a consolidated uranium product was not recovered in these 
exper iments , specific data a re not available on the impur i ty content of 
the product. In reductions of thorium and plutonium oxides, how^ever, 
the metal l ic product was of higher pur i ty than the oxides that were used 
as the s tar t ing material.(11> 1^) Electroposi t ive e lements , such as alkali 
and alkaline ear th meta l s a r e retained in the flux during the reduction. 
Magnesium and zinc can be removed by s tandard re tor t ing methods to 
levels of less than 300 and 100 ppm, respectively.(13) 

V. CONCLUSIONS 

These l abora to ry - sca l e studies show that UsOg can readi ly be r e ­
duced to metal l ic uranium by magnes ium-z inc alloy in s imple equipment 
in an air a tmosphere . A molten halide flux is used to i nc rease the react ion 
ra te , to collect the solid magnes ium oxide formed as a by-product , and to 
protec t the magnes ium-z inc alloy from oxidation by the a i r . Magnesium 
chloride appears to be an essent ia l ingredient of the flux, and the p resence 
of a smal l amount of fluoride in a predominant ly chloride flux is beneficial. 

Zinc-5 w/o magnes ium alloy is an effective reductant, s ince it 
provides rapid, complete reduction when used with an appropr ia te flux, 
and it can be removed from the metal l ic uranium product by dist i l lat ion. 

Although complete reduction of U3O8 was achieved at t e rapera tures 
as low as 650°C, operat ion at 750 to 800°C offers the benefits of a wider 
choice of flux composition, higher uranium solubility in the meta l phase, 
and somewhat fas ter reduction r a t e s . 

Good mixing is requi red for sa t is factory reduction r a t e s . The r e ­
duction ra te dec reases with increas ing par t i c le s ize of the oxide, but ve ry 



la rge par t i c les can be completely reduced. The magnes ium oxide by­
product has an adverse effect on the reduction ra t e when the amount exceeds 
about 10 to 15% of the weight of flux used. 

The method appears to be general ly applicable to the oxides and the 
lower chlorides and fluorides of uranium. These studies were conducted on 
a smal l scale (~5 g uranium), but subsequent w^ork has shown that U3O8 r e ­
duction on a 2-kg scale by this method is feasible.(1 3) The uranium losses 
inherent in the p rocess a re less than 1%. 
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