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INTERACTION OF URANIUM AND ITS ALLOYS WITH CERAMIC OXIDES 
by 

H. M. F e d e r , N. R. Chellew, C. L . Rosen 

ABSTRACT 

The cor ros ion of c e r a m i c oxides by molten uran ium and 
i ts al loys was examined. Dense, high-puri ty alumina, m a g ­
nes ia , z i rconia , bery l l ia and thor ia were studied. The studies 
included: (a) wettabil i ty of c e r a m i c s ; (b) products of reaction; 
(c) mechan i sm of react ion; (d) contamination of molten u r a ­
nium by crucible m a t e r i a l ; and (2) the effect of alloying 
additions on t he se . 

I. INTRODUCTION 

This invest igat ion of the in terac t ion of ce ramic oxides with molten 
uraniuin and i t s a l loys was made p r i m a r i l y for two r e a s o n s . F i r s t quan­
ti tat ive data on the contamination of u ran ium due to in teract ions in ordinary 
mel t ing and cast ing p r ac t i c e s a r e of in t r ins ic in te res t . Second, these r e ­
act ions play an impor tan t ro le in the p r o c e s s of mel t refining i r r ad ia t ed 
urani iun for the remova l of fission products.(1) 

The r e f rac to ry oxides examined were chosen for chemical and 
physical p rope r t i e s which make them suitable for containing molten u r a ­
nium. This r epo r t includes r e su l t s obtained with alumina, magnesia , thoria , 
be ry l l i a , and l ime-s tab i l i zed z i rconia in the t empera tu re range 1140 t o l 3 3 0 C . 

II. EXPERIMENTAL 

A. Mate r i a l s 

C e r a m i c s were fabricated f rom the pures t available commerc ia l 
m a t e r i a l s , except for z i rconia which contained from five to eight per cent 
l ime for s tabi l izat ion. P r i o r to use , the c e r a m i c was subjected to a high-
t e m p e r a t u r e outgassing t r e a t m e n t under l e s s than 1 mic ron p r e s s u r e . Bulk 
dens i t ies of the c e r a m i c oxide plaques and crucibles selected for the ex­
pe r imen t s were : (p = plaque, c = crucible) alum.ina, 2.68 (p), 2.79 (c); m a g ­
nes ia . 3.25 (p), 2.50 (p), 2.36 (c), 2.79 (c); thoria , 9.55 (p), 5.62 (c); beryl l ia , 
2.03 (p, c); z i rconia . 5.29 (p), 3.73 (c). 

Biscui t u ran ium of known puri ty was used in a l l expe r imen t s . 
This meta l contained max imum concentra t ions of 39 ppm carbon and 
11 ppm oxygen and n i t rogen. Prev ious mel t ing experience had emphasized 
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the n e c e s s i t y of s e l e c t i n g u r a n i u i n wi th l i m i t e d a m o u n t s of c a r b o n , n i t r o g e n 
and o x y g e n . T h e s e i m p u r i t i e s , when p r e s e n t in e x c e s s of t h e i r s o l u b i l i t i e s , 
c o m b i n e wi th u r a n i u i n to f o r m a d r o s s wh ich e i t h e r l i q u a t e s o r a d h e r e s to 
the c o n t a i n e r , t h e r e b y l i m i t i n g the v a l u e of o b s e r v a t i o n s m a d e in a c o r ­
r o s i o n s t u d y . 

An i n e r t a t m o s p h e r e w a s e s s e n t i a l for the s t u d i e s b e c a u s e the 
s t r o n g g e t t e r i n g p r o p e r t y of h e a t e d u r a n i u m in a n i m p u r e e n v i r o n m e n t 
would h a v e p e r m i t t e d confus ing s i d e r e a c t i o n s to o c c u r . Al l e x p e r i m e n t s 
w e r e c a r r i e d out in v a c u a of l e s s t h a n 0.01 of a m i c r o n o r in a n a t m o s ­
p h e r e of h e l i u m p u r i f i e d by p a s s a g e t h r o u g h an a c t i v a t e d c h a r c o a l t r a p 
coo led wi th l i qu id n i t r o g e n . A n a l y s e s for i m p u r i t i e s in u r a n i u m p r i o r to 
and a f t e r m e l t i n g in a l u m i n a ( s e e T a b l e 1) p r o v i d e d e v i d e n c e tha t r e a c t i o n s 
wi th i m p u r i t i e s in the h e l i u m p l a y e d only a m i n o r r o l e in the e x p e r i m e n t s . 

T a b l e 1 

A N A L Y S E S O F URANIUM M E L T E D IN ALUMINA 

C r u c i b l e : M o r g a n T r i a n g l e R R r e c r y s t a l l i z e d a l u m i n a 
C o n d i t i o n s : 1200 C for 2 h r 
A t m o s p h e r e : P u r i f i e d h e l i u m 

C o m p o s i t i o n of U r a n i u i n , p p m 

E l e m e n t 

C a r b o n 

Oxygen 

N i t r o g e n 

B e f o r e M e l t i n g 

30 

11 

10 

Af ter 
Run 20 

31 
30 

16 
16 

14 
13 

E 
M e l t i n g 

Run 24 E 

50 
50 

14 
13 

10 

B . E q u i p m e n t and P r o c e d u r e 

Two t y p e s of e x p e r i m e n t s w e r e c a r r i e d out . In the f i r s t , s m a l l 
a m o u n t s ( a p p r o x i m a t e l y 2 g r a m s ) of m e t a l w e r e m e l t e d to f o r m a s e s s i l e 
d r o p on a p o l i s h e d c e r a m i c p l a q u e . T h e s e e x p e r i m e n t s y i e l d e d i n f o r m a t i o n 
r e g a r d i n g c e r a m i c w e t t a b i l i t y a n d the qual i ta t iv .e n a t u r e of the r e a c t i o n s . 
Q u a n t i t a t i v e d a t a for the s a m e r e a c t i o n s w e r e t hen ob ta ined by h e a t i n g a p ­
p r o x i m a t e l y 500 g r a i n s of m a t e r i a l in a p p r o p r i a t e c e r a m i c c r u c i b l e s . A l ­
though r e a c t i o n m e c h a n i s m s and p r o d u c t s w e r e u n c h a n g e d , the u s e of l a r g e r 
q u a n t i t i e s of m a t e r i a l s and the i n c r e a s e d a r e a s for r e a c t i o n w e r e d i s t i n c t 
a d v a n t a g e s , l e a d i n g to g r e a t e r p r e c i s i o n in a n a l y s e s and a r e a m e a s u r e m e n t s , 
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The assembly used for the sess i l e drop experiments shown in 
F igure 1. The induction-heated, horizontal ly mounted Pyrex tube was 
s imi la r in design to one used by Humenik and Kingery{2) for surface ten­
sion and wettability studies of m e t a l - c e r a m i c sys t ems . Glass flats at each 
end served as sight por t s for photography and optical pyroraet ry . The in­
ner furnace pa r t s were a r r anged so that a leveled one-inch square ceramic 
plaque and meta l button placed on it were uniformly heated by a tantalum 
induction susceptor . Tantalum radiat ion shields were used to prevent ex­
cess ive heat l o s s . Photographs of the sess i l e drop formed shortly after 
melt ing permi t ted wettability m e a s u r e m e n t s to be made . After additional 
t ime at t empera tu re the plaques were cooled to room tempera tu re and 
sections of the ce ramic , react ion layer , and meta l were cut for meta l lo-
graphic study and /o r chemical analyses of the reaction zones. 

O P T I C A L 

F L A T 

-TANTALUM SUSCEPTOR 

-SESSILE DROP 

-CERAMIC PLAQUE 

-TANTALUM HEAT SHIELDS 

VACUUM OR INERT 
ATMOSPHERE 

OPTICAL FLAT (CAMERA) 

PYREX TUBE 

FIGURE 1 

FURNACE ASSEMBLY FOR SESSILE DROP STUDIES 

Figure 2 shows the equipment employed to study the kinetics of 
contamination of u ran ium and its al loys resul t ing from react ion with ce ­
r a m i c s . The furnace was essent ia l ly a cylindrical , water -cooled can with 
a d iameter of 20 in. and height of 25 in. The central ly located crucible and 
hea ter were surrounded by t r ip le radiat ion shields . Melt t empera tu res 
were determined by an optical py romete r sighted on the liquid uranium s u r ­
face, and cor rec t ions de termined by compar ison with the t empera tu re of an 
i m m e r s e d , protected P t - P t , 10% Rh thermocouple were applied. In order to 
minimize s t i r r ing , molybdenum res i s t ance heating, ra ther than induction 
heating, was used. 



OPTICAL FLAT 
FURNACE COVER 

POUR LIP 

PUyPING 
SYSTEM 

INERT ATMOSPHERE 

FEED 

TANTALUM HEAT SHIELDS 

MOLYBDENUM RESISTANCE 
HEATER 

CRUCIBLE 

STAINLESS STEEL WALLS 

COPPER MOLD 

FIGURE 2 

HIGH TEMPERATURE MELTING AND CASTING FURNACE 

Analyses were performed by conventional methods. The 
techniques used were : combustion for carbon; KjeldaM. for nitrogen; 
vacuum fusion for oxygen; and spect rophotometr ic determinat ions for 
aluminum, thorium, beryl l ium, and zi rconium. The precis ion of all 
ana lyses , except that for aluminum, a r e es t imated to be ± 10 per cent 
( re la t ive) . F o r a luminum this value was ± 3 per cent (relative) for r e ­
action product studies and ± 5 per cent (relative) for kinetic s tudies . 

III. RESULTS 

A. Wettability 

Wettability, because of i ts influence on the total a r ea exposed 
to react ion, is one of the impor tant ra te-contro l l ing var iables in the r e ­
action of a liquid with a porous ina te r i a l . 

F igure 3 is a photograph of a sess i le drop of uranium on a 
z i rconia plaque taken one minute after melt ing. The geometry of the 
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button beiore melt ing was found to have no effect on the final shape of the 
d rop . Observat ions from eleven wettability exper iments , each conducted 
in vacuum and helium a tmosphere , a r e recorded in Table 2. The contact 
anglt; ior liquid u ran ium on each of the five ce ramics tested was ap­
proximate ly 135°. Contact angles slightly grea te r than 90° were measured 
for ruthenium and molybdenum alloys on alumina. The initial wettability 
of the var ious c e r a m i c s by uranixim will therefore not be a significant 
factor in causing var ia t ions in their cor ros ion r a t e s . Only in the case of 
alumina with the alloys mentioned is wettability expected to be a possible 
source of acce le ra ted cor ros ion . 

Uranium Drop 

Zirconia Plaque 

FIGURE 3 

PHOTOGRAPH OF A SESSILE DROP OF URANIUM 
STABILIZED ZIRCONIA 1225 C 

Table 2 

WETTING OF CERAMIC OXIDES BY URANIUM 

Oxide 

Alumina 
Alumina 
Magnesia 
Zirconia 
Zirconia 
Beryl l ia 
Thoria 
Thoria 

AND URANIUM ALLOYS 

Metal 

U 
U-4 w/o Mo, U-4.6 w/o Ru 
U 
u 
U-4 w/o Mo, U-4.6 w/o Ru 
U 
U 
U-4 w/o Mo, U-4.6 w/o Ru 

Wettability 

Non-Wetting 
Nearly Wetting 
Non-Wetting 
Non- Wetting 
Non-Wetting 
Non-Wetting 
Non-Wetting 
Non-Wetting 



B. P roduc t s of React ion and Mechanisms 

1. Alumina 

When uranium, is mel ted on dense rec rys ta l l i zed alumina 
the plaque is undercut , but not d iscolored , by reac t ion or by penetra t ion of 
i t s po re s by liquid me ta l , A uniformly thick react ion layer covering the 
en t i re a r e a in contact with m.etal i s formed. F igure 4 is a photomicro-
graphic sect ion through the contact l aye r s which i l l u s t r a t e s undercutt ing 
of the plaque. In va r ious exper iments the depth of undercutt ing var ied from 
one- th i rd to slightly g rea t e r than the thickness of the react ion l ayer formed. 
A highly polished section of the detached react ion layer is shown in F igure 5 
I r r e g u l a r i t i e s observed were voids and occluded uranium.. Powder samples 
of the layer f rom a typical me l t on alumina were examined by X - r a y dif-
f ract ion. A face -cen te red cubic la t t ice was identified with an a© pa rame te r 
of 5.470 ± 0.001 A. This s t ruc tu re has been identified as VOZ.Q. 

The source of the d ros s - fo rming oxygen was es tabl ished 
f rom ana lyses for a luminiun and oxygen in the u ran ium and in the u ran ium 
dioxide formed. Concentrat ions of aluminum, and oxygen in these phases 
a r e shown in Table 3. It i s evident that the smal l amount of a luminum (less 
than 3.8 per cent) found in the reac t ion layer i s re la t ively insignificant. It 
may be p r e s e n t a s minute pa r t i c l e s of a lumina or as a luminum in the o c ­
cluded m e t a l . F r o m the phase d i ag ram of the sys tem it i s known that solid 
solution of a lumina in u ran ia does not occur. l^) On the other hand, m o r e 
than 96 per cent of the a luminum recove red was found in the uraniuin and 
l e s s than 2 pe r cent of the oxygen r ecove red was found t he r e . Comparison 
of the empi r i ca l formulas calculated f rom total r ecovered aluminum and 
oxygen, AI2O2.60 3-nd AlzOz f̂igs with the theore t ica l ra t io of the e lements in 
a lumina is evidence that within combined e r r o r s of m e a s u r e m e n t the 
a lumina is the sole oxidant in these exper imen t s . It may be concluded that 
the equation 

U (i) + 2 / 3 AI2O3 (s) - ^ U O z (s) + 4 / 3 Al (sol . in U) 

d e s c r i b e s the ove r - a l l co r ro s ion reac t ion quantitatively when the exper i ­
men t is conducted in a hel ium atmo-sphere. When the exper iment was 
conducted in vacuum, weight loss m e a s u r e m e n t s gave evidence that a 
gaseous product, p re sumab ly AI2O, was a lso formed. 

2. Magnesia 

When u r an ium i s me l ted on Hgh-pur i ty magnes ia the in-
te r fac ia l reac t ion zone was s i m i l a r to that formed on alumina (Figure 6). 
Undercutt ing p roceeds in the same way and a uran ia react ion layer con­
taining many f i s su re s and voids is formed. With high-densi ty magnes ia 
plaques no d iscolora t ion of the c e r a m i c was seen adjacent to the react ion 



FIGURE 4 

UNDERCUTTING OF CERAMIC 
URANIUM-ALUMINA 2 HR AT 1200 C 

Original 
Interface 

Magnification lOOx 

FIGURE 5 

PHOTOMICROGRAPH OF DETACHED REACTION LAYER 
URANIUM-ALUMINA 2 HR AT 1300 C 

Reaction 
Layer 

Alumina 

^170 
Microns 

\ 

I* 

{ 

^ * 

\ . 

Ceramic 
Contact 
Surface 

Metal 
Contact 
Surface 

xO 
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i o n e . V¥ith p l a q u e s of l ower d e n s i t y , h o w e v e r , t h e r e was a s l igh t d i s c o l ­
o r a t i o n due to m e t a l flow in to the p o r e s . Dur ing t h e s e c o r r o s i o n e x p e r i ­
m e n t - m e a s u r a b l e weigh t l o s s e s due to v o l a t i l i z a t i o n of m a g n e s i u m w e r e 
o b s c v'ed. The evo lu t ion of t h i s v a p o r left blow h o l e s in r a p i d l y f rozen 
u r a n i u m ingo t s , but no m e a s u r a b l e c o n t a m i n a t i o n by m a g n e s i u m was found. 
A p a r t f r o m the c o m p l e t e v o l a t i l i z a t i o n of the i n a g n e s i u m p r o d u c t the 
m e c h a n i s m s of the r e a c t i o n wi th a l u m i n a and with m a g n e s i a a p p e a r to be 
s i m i l a r . 

Tab le 3 

DISTRIBUTION O F ALUMINUM AND OXYGEN F O R 
URANIUM-ALUMINA E X P E R I M E N T S A T 1300 C 

C h a r g e : M a x i m u m i m p u r i t y - 6 p p m oxygen, < 1 4 p p m a l u m i n u m 
Cond i t i ons : H e l i u m a t m o s p h e r e 

E x p e r i m e n t 

35 

36 

E l e m e n t 

A l u m i n u m 
Oxygen 
A l u m i n u m 
Oxygen 

P e r Cent of Re 
Elements -

c o v e r e d 
in 

R e a c t i o n U r a n i u m 
L a y e r 

3.8 
98.4 

3.1 
99.5 

Ingot 

96.2 
1.6 

96.9 
0.5 

F o r m u l a 
Ca l cu l a t ed 

AI2O2.60 

AlzOg.^g 

^ A n a l y t i c a l P r e c i s i o n ( r e l a t i v e ) : A l u m i n u m , ± 3%; Oxygen, ± 10% 

R e a c t i o n L a y e r 

'-£] 
î  

Magni f i ca t ion 250 x M a g n e s i a 
FIGURE 6 

UNDERCUTTING OF CERAMIC URANIUM-MAGNESIA 3 HR AT 1225 C 
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3. Thoria, Beryl l ia , Lime-Stabi l ized Zirconia 

Observat ions on the cor ros ion of thoria, l ime-s tabi l ized 
zirconia, and beryl l ia a r e offered together because of their many s imi­
l a r i t i e s . In each case the react ion product forms above the original in t e r ­
face and undercutt ing is absent . F igure 7 shows the reaction layer formed 
above the or iginal polished surface of a zirconia plaque. As the reaction 
proceeds the ce ramic becomes progress ive ly blackened. The blackening 
of thoria and zirconia plaques is pictured in F igure 8. The uraniirm. button 
and the react ion layer have been removed for these photomicrographs. 

%. 

Reaction 
Layer 

Original 
Interface 

Zirconia 

Magnification 500X 

FIGURE 7 

REACTION INTERFACE URANIUM-STABILIZED ZIRCONIA 3 HR AT 1225 C 



URANIUM-THORIA 
1225 C 

Magnification /^lOX 

URANIUM-STABILIZED ZIRCONIA 
1225 C 

Magnification '^lOX 

Uranium and Reaction Layer Removed 
/ 

«-»^ , 

Uranium and Reaction Layer Removed 

FIGURE 8 

CROSS SECTIONS OF TYPICAL CERAMIC PLAQUES 
SHOWING RADIAL BLACKENING 

tSJ 
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In one hour the blackening p rogres sed dis tances of 8 and 30 mi l l ime te r s , 
respect ively , through the thoria and z i rconia . The ra te of t ravel was found 
to be independent of d i rec t ion. Microscopic examinations of the unreacted 
and the blackened a r e a s of these c e r a m i c s showed that the discolorat ion is 
associa ted with the accunaulation of black ma te r i a l at the grain boundaries . 
The blackened a r e a s , observed under ideal conditions of lighting and m a g ­
nification, were seen to consis t of two regions of different shade, separated 
by a sharp boundary, with the da rke r a r e a immediately adjacent to the r e ­
action zone. Chemical, radioactivi ty and f luorescence analyses all gave 
negative tes t s for the p re sence of t r ace uranium in the blackened a r e a s . 
Heating a blackened plaque in a i r r e s to r ed i ts original color, whereas 
heating in vacuum failed to do so. Thorium, zirconium, or beryl l ium was 
found to be dissolved in the u ran ium after the corros ion tes ts (see 
Section C and Table 6), but in each case the quantity was significantly l ess 
than the equivalent quantity of oxygen found as uranium dioxide. 

Taken all together , these observations show that the cor ­
rosion of thor ia , beryl l ia , and zirconia proceeds by preferent ial migrat ion 
of oxide ions, par t icu la r ly from grain boundaries in the ce ramic , to the 
react ing interface, where formation of uranium dioxide takes place. The 
black in te rg ranu la r m a t e r i a l s a r e therefore identified with oxygen-deficient 
phases . Domagalaand McPherson(^) examined the zirconium-oxygen sys tem 
and found the lower stabili ty l imit for zirconia to be ZrOi.7. The thoriimi-
oxygen and beryl l ium-oxygen sys tems have not been quantitatively evalu­
ated in the oxygen-deficient reg ions . It is further hypothesized that, in 
local regions where sufficiently extensive migrat ion has occur red to at tain 
the lower l imit of stabil i ty of the oxygen-deficient phase, further loss of 
oxide ions r e su l t s in formation of meta l ; the sharp inner boundary is p r e ­
sumed to define the l imi ts of this reac t ion . All our observations a r e in 
accord with this proposed mechan i sm. Table 4 summar izes the obse r ­
vations and proposed mechan i sms for the five ref rac tory ce ramic ma te r i a l s 
tes ted . 

Table 4 

REACTION OF URANIUM AND CERAMIC OXIDES 

Oxide 

Al^Oa 

MgO 

T h O j l 
ZrOa 
BeO J 

Disco lora t ion 

None 

None 

P r o g r e s s i v e 
*• darkening; 

bleached by-
heat ing in a i r 

1175 

Interface 

Undercut 

Undercut 

React ion layer 
above or ig ina l 
in te r face 

TO 1330 C 

React ion P roduc t s 
Found 

Urania + altiminum. 
in u r a n i u m solution 

Urania + magnes ium 
vapo r 

Urania + me ta l in 
u r a n i u m solution + 
oxide deficient 
s u b s t r a t e s 

R e m a r k s 

Stoichiometr ic 
reac t ion 

Stoichiometr ic 
reac t ion 

Non-s to ich iomet r ic 
react ion; oxide ion 
migra t ion m e c h ­
an i sm 
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C. Kinetics of Reaction 

Exper imenta l r esu l t s on the contamination of molten uranium 
by alumina, beryl l ia , thoria , and zirconia a r e repor ted he r e . Variat ions in 
ingot contamination were studied as a function of t ime, t empera tu re , and 
contact a r e a . In these tes t s the t ime during which the metal was molten, 
but not at a steady t empera tu re , was held to a minimuna by manipulation of 
the cur ren t through the molybdenum hea te r . 

1. Alumina 

Table 5 is a summary of the data from 26 corros ion ex­
per iments in rec rys ta l l i zed alumina. In Run 66 uranium was heated at a 
t empera tu re approximately 15 degrees below i ts m.elting point for four 
hours in surface contact with the cruc ib le . Since no aluminum pick-up by 
the meta l was detected, it was concluded that in these experiments only 
molten uran ium contributes to the cor ros ion react ion. The resu l t s of 
these kinetic studies a r e plotted in F igure 9 with the exception of th ree ex­
per iments at about 1145 C which will not be further considered because of 
the inadequacy of their number . Contamination expressed as mi l l ig rams 
of aluminum per square cent imeter of crucible a rea contacted is plotted 
against total mel t t ime for steady t empera tu re s of 1200, 1260 and 1330 C, 
The s t ra ight l ines represent ing the data were obtained by a leas t squares 
t r ea tmen t after el imination of two runs of short duration in which gross 
contamination of aluminum was suspected. It was independently established 
that aluminum contamination is proport ional to the crucible a rea contacted 
by the mel t . This was done by an exper iment at 1210 C in which the a v e r ­
age crucible contact a r ea (41 sq cm) of experiments reported in Table 5 
was increased by a factor of 2 ,3 . Ingot contamination was within 7.5 per 
cent of a value extrapolated from the kinetic data plotted in Figure 9. 

It appears that cor ros ion proceeds at a constant rate after 
a small amount of init ial a t tack. One may conclude that the uranium di ­
oxide react ion layer formed is not protec t ive . 

An activation energy was calculated for the react ion after 
appropr ia te adjustment for the non- iso thermal period in each run. The 
influence of these non- i so thermal in te rva ls , from three to sixteen minutes 
in duration, becomes negligible for runs of long duration, so the following 
technique was applied. The extent of react ion was calculated from equations 
of the l ines for selected run dura t ions . For each period of t ime the ap ­
parent activation energy was de termined from an Arrhenius plot. These 
apparent activation energies a r e shown in F igure 10, from which the asymp­
totic value for the activation energy, 48.2 kca l /mole , may be deduced. 
The standard e r r o r of this value is es t imated to be 0.6 kca l /mo le . 
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Table 5 

CORROSION OF ALUMINA BY MOLTEN URANIUM 

Crucible: Morgan Triangle RR recrystall ized alumina 

Charge: 500 g high-purity uranium. Maximum impurity 
concentrations - 20 ppm carbon, 11 ppm nitro­
gen, 5 ppm oxygen, 33 ppm aluminum 

Conditions: Helium atmosphere. Uranium charge liquated 
in crucible. 

Experiment 

66 

54 
75 
58 

50 
49 
56 
72 
52 
47 
I E 
48 
59 
53 
74 
51 

57 
96 
78 
60 
95 

55 
76 
94 
77 
61 

Equilibrium 
Temp, C 

1115 

1145 
1140 
1140 

1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 

1260 
1260 
1260 
1260 
1260 

1330 
1330 
1330 
1330 
1330 

Time at 
Equilibrium. 
Temp, min 

240 

39 
119 
175 

5 
24 
30 
36 
56 

114 
117 
119 
170 
174 
235 
224 

25 
40 

110 
175 
228 

29 
26 
65 

108 
168 

Time 
Molten, min 

0 

40.3 
120.3 
176.3 

8.0 
30.0 
40.0 
42.0 
60,0 

119.0 
120.0 
124.0 
176.0 
180,0 
240.0 
240.0 

35.0 
49.8 

120.8 
181.8 
239.8 

41.1 
41.1 
80.1 

124.1 
182.1 

Crucible Area 
Contacted, sq cmi 

14.9 

40.4 
41.8 
39.1 

36.0 
36.3 
41.0 
39.4 
39.2 
36.9 
43.7 
37.4 
38.9 
39.3 
40.6 
38,3 

43.9 
52.7 
42,2 
39,9 
50.7 

41.2 
41.0 
50.4 
41.8 
39.6 

Corrosion,3-
mgAl /sq cm 

Contacted 

0.0 

0.89 
4.11 
4.66 

1.56 
2.30 
5.65 
3.80 
2,88 
4.38 
5.25 
5,17 
7.80 
7,52 
7.81 
8,03 

7.70 
6.16 
8.46 

12.10 
14.98 

8.16 
10.36 
10.34 
19.17 
25.20 

a-Analytical precision (relative) Al, ± 5%; Measurement of area contacted, ± 3%. 



FIGURE 9 

CONTAMINATION OF URANIUM BY ALUMINUM 

-Values Eliminated 

Conditions: See Table 5 
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FIGURE 10 

APPARENT ENERGY OF ACTIVATION 
VS TOTAL MELT TIME URANIUM-ALUMINA 
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The add i t i on of a l loy ing e l e m e n t s f r equen t ly changes c o r ­
r o s i o n b e h a v i o r in a d r a s t i c m a n n e r . The c o n t a m i n a t i o n of a l loyed u r a n i u m 
by a l u m i n u m i s c o m p a r e d wi th the c o n t a m i n a t i o n o c c u r r i n g wi th una l loyed 
u r a n i u m u n d e r s i m i l a r cond i t i ons in F i g u r e 1 1 , B a s e c o r r o s i o n r a t e s for 
u r a n i u m w e r e t a k e n f r o m p lo t s of the r e l e v a n t k i n e t i c s t u d i e s . The c o r ­
r o s i o n r a t e i s i n c r e a s e d with the add i t i on of s m a l l a m o u n t s of z i r c o n i u m , 
t h o r i u m , o r nao lybdenum to the u r a n i u m . F o r the l a t t e r e l e m e n t the i n ­
c r e a s e by a f a c t o r of 3.4 can be a s c r i b e d , a t l e a s t in p a r t , to the g r e a t e r 
w e t t a b i l i t y of the c e r a m i c ( s ee Tab le 2) . The o b s e r v e d d e c r e a s e in a l u m i ­
n u m p i c k - u p when e i t h e r c a r b o n o r the two r a r e e a r t h e l e m e n t s Ce and La 
w e r e added can be c o r r e l a t e d wi th the r e s u l t s of an e x a m i n a t i o n of the r e ­
a c t i o n l a y e r s f o r m e d . A n a l y s i s of the r e a c t i o n l a y e r f r o m the c a r b o n - a l l o y 
e x p e r i m e n t showed a f ive- fo ld i n c r e a s e in c a r b o n conten t ove r the c h a r g e d 
m a t e r i a l . It i s p r o b a b l e t ha t u r a n i u m c a r b i d e coa t s the c r u c i b l e wal l and 
t h e r e b y l e s s e n s the a t t a c k on the a l u m i n a . With the c e r i u m a l l o y s , a d e n s e , 
y e l l o w i s h , c r y s t a l l i n e l a y e r of c e r i u m oxide was found be tween the c r u ­
c ib le wa l l and a t y p i c a l u r a n i u m d iox ide l a y e r . The r ap id p r e f e r e n t i a l 
ox ida t ion of the so lu te c e r i u m a t the a l u m i n a c r u c i b l e wal l ev iden t ly f o r m s 
a s e m i - p r o t e c t i v e b a r r i e r wh ich r e t a r d s the c o r r o s i o n p r o c e s s . L a n t h a n u m 
i s a s s u m e d to b e h a v e in a m a n n e r s i m i l a r to c e r i u m . 

1200 C MELTS 1300 C MELTS 

ALLOYS ALLOYS 

FIGURE 11 

TYPICAL CONTAMINATION OF URANIUM ALLOYS BY ALUMINUM 

Crucible: Morgan Triangle RR recrystalized alumina 
Charge: Maximum impurity-39 ppm carbon, 5 ppm nitrogen, 11 ppm oxygen 
Conditions: Helium atmosphere 
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I ^ 
2. T h o r i a a n d B e r y l l i a 

When u r a n i u m w a s m e l t e d in t h o r i a o r b e r y l l i a c r u c i b l e s 
( t h e r m o d y n a m i c a l l y m o r e s t a b l e t h a n a l u m i n a ) c o n t a m i n a t i o n of the u r a n i u m 
by t h o r i u m o r b e r y l l i u m o c c u r r e d a t a m u c h s l o w e r r a t e and i s r e p o r t e d in 
m i c r o g r a m s p e r s q u a r e c e n t i m e t e r of a r e a in c o n t a c t w i th the m e l t in 
T a b l e 6. 

T a b l e 6 

CONTAMINATION O F URANIUM BY B E R Y L L I U M AND THORIUM 

C h a r g e : M a x i m u m i m p u r i t y - 39 p p m c a r b o n , 10 p p m 

n i t r o g e n , 11 p p m oxygen 

C o n d i t i o n s : He l i i im a t m o s p h e r e ; u r a n i u m c h a r g e s l i q u a t e d in 
c r u c i b l e s 

M e l t Cond i t i ons 

E x p e r i m e n t 

86 
133 
107 
106 
108 
134 
135 

83 
87 

103 
105 
102 

C r u c i b l e 

BeO (Slip C a s t ) 
BeO (Slip C a s t ) 
BeO (Slip C a s t ) 
BeO (Slip C a s t ) 
B e O (Slip C a s t ) 
B e O (Slip C a s t ) 
BeO (Slip C a s t ) 

ThOz (Slip C a s t ) 
T h O ^ - C o a t e d AI2O3 
T h O z - C o a t e d A i P j 
T h O z - C o a t e d AI2O3 
T h O g - C o a t e d AI2O3 

N o m i n a l 
T e m p , C 

1200 
1300 
1330 
1330 
1330 
1330 
1330 

1200 
1205 
1300 
1306 
1300 

T o t a l T i m e , 
m i n 

120 
150 

62 
152 
242 
300 
360 

120 
120 

60 
152 
241 

C o n t a m i n a t i o n , 
jUg/sq c m 

1 3 1 
23 
17 
62 

133 
153 
221 ^ 

< 5 "1 
< 5 

< 1 0 
25 
6 4 ^ 

Contacted^-

•- Be 

>• T h 

^ A n a l y t i c a l P r e c i s i o n ( r e l a t i v e ) : B e and Th , ± 10%; M e a s u r e m e n t of 
a r e a c o n t a c t e d , ± 3 % . 

The c o n t a m i n a t i o n at 1200 C w a s found to b e n e a r the l o w e r 
l i m i t of a n a l y t i c a l d e t e r m i n a t i o n ; h e n c e , a h i g h e r t e m p e r a t u r e w a s c h o s e n 
for the r a t e s t udy . T h e s e e x p e r i m e n t a l r e s u l t s a r e p l o t t e d in F i g u r e 12. 
F o r bo th e l e m e n t s t h e d a t a s h o w t h a t c o n t a m i n a t i o n i n c r e a s e s in a n o n ­
l i n e a r m a n n e r , the r a t e i n c r e a s i n g w i th t i m e u p to 4 h r for t h o r i a and 6 h r 
for b e r y l l i a . 
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FIGURE 12 

CONTAMINATION OF URANIUM BY BERYLLIUM AND THORIUM 

Conditions: See Table 6 

The non- l inear i nc rease of metal contamination in the 
mel t can be simply explained on the bas is of two assumptions: (1) the in­
stantaneous ra te of meta l pickup in the mel t is proportional to i t s concen­
t ra t ion at the react ing interface, and (2) the ra te of react ion of the melt 
with oxygen at the react ing interface is g rea te r than the ra te of react ion 
with the me ta l . The second assumption i s , of course , a l ready implicit in 
the ea r l i e r d iscuss ion of the mechan ism of formation of the suboxide 
phases . It is then readi ly seen that the concentration of meta l a t the r e ­
acting interface i n c r e a s e s with t ime . 

The contamination of uran ium alloys by beryl l ium and 
thor ium is compared with the contamination of unalloyed uranium in 
F igure 13. Corros ion r a t e s for the uranium were again taken from, r e l e ­
vant kinetic s tudies . Although some inc rease in react ion ra te was noted 
when uran ium alloys containing smal l amounts of ruthenium or molybdenum 
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w e r e m e l t e d in t h o r i a , the s a r ae a l l o y s when nael ted in b e r y l l i a showed 
l i t t l e change in r e a c t i o n r a t e f r o m the v a l u e of p u r e u r a n i u m . With c e r i u m 
a l loy in b e r y l l i a , h o w e v e r , a n i n c r e a s e in r a t e by a f ac to r of about 20 was 
o b s e r v e d . Data on t h e s e e x p e r i m e n t s a r e too f r a g m e n t a r y to p e r m i t gen­
e r a l i z a t i o n of the v a r i a t i o n s no t ed . 
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FIGURE 13 

TYPICAL CONTAMINATION OF URANIUM ALLOYS BY BERYLLIUM AND THORIUM 
1300 C-2 HOURS 

Crucibles: Slip cast 
Charge: Maximum impurity - 39 ppm carbon, 5 ppm nitrogen, 11 ppm oxygen 
Conditions: Helium atmosphere 

3 , L i m e - S t a b i l i z e d Z i r c o n i a 

A n u p p e r l i m i t of 5 p p m z i r c o n i u m w a s found i n n i n e i n ­
g o t s o b t a i n e d f r o m u r a n i u m m e l t s of 1 t o 4 - h r d u r a t i o n m a d e i n s t a b i l i z e d 
z i r c o n i a c r u c i b l e s a t 1 2 0 0 t o 1 3 2 5 C . T h e i n a c c u r a c y of c u r r e n t l y a v a i l a b l e 
m e t h o d s f o r a n a l y s i s of z i r c o n i u m i n u r a n i u m a t v e r y l o w c o n c e n t r a t i o n s 
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lim.its the value of these r e s u l t s . However, it i s believed that m.etal con­
taminat ion of u ran ium during melt ing in zirconia is not as great as in the 
comparab le ca ses ©f mel t ing in bery l l ia or thor ia . 

IV. SUMMARY 

Qualitative and quantitat ive data from over 70 exper iments have 
been summar i zed in this pape r . The react ion mechan i sms observed appear 
to fall into two ca t ego r i e s . The oxides of thor ium, bery l l ium and z i rconium 
reac t by ionic diffusion to form an outward-growing interfacia l layer» The 
kinet ics a r e complex. Aluminum and magnes ium oxides r eac t in a s t ra ight ­
forward manne r in which the subs t r a t e s a r e corroded away with the for­
mat ion of a non-protec t ive deposi t of near ly pure u ran ium dioxide and an 
equivalent amount of e i ther alumintun in u ran ium solution or volati l ized 
magnesiii i i i . The l a t t e r p r o c e s s occu r s with essent ia l ly constant veloci ty. 
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