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UNCLASSI FI ED 

1. INTRODUCTION 

Dur ing  t h e  p ro longed  s t o r a g e  o f  l a r g e  uranium components i n  m o i s t  c o n d i t i o n s  
a t  ambient  t e m p e r a t u r e s ,  t h e  me ta l  i s  o x i d i s e d  and hydrogen i s  formed. Oxygen 
i s  known t o  s u p p r e s s  t h e  fo rma t ion  o f  hydrogen [ 1 , 2 ] ,  The p r e s e n t  work was 
unde r t aken  c o n c u r r e n t l y  w i t h  o t h e r  work a t  AWRE [ 3, ]  
o f  oxygen a s  an i n h i b i t o r  o f  t h e  aqueous vapour  c o r r o s i o n  o f  uranium, and i f  
p o s s i b l e  t o  p r o v i d e  i n f o r m a t i o n  on t h e  mechanism o f  c o r r o s i o n .  The need f o r  
d i r e c t  p r a c t i c a l  a p p l i c a t i o n  o f  t h e  r e s u l t s  de t e rmined  t o  some e x t e n t  t h e  
c h o i c e  o f  c o n d i t i o n s  such a s  t e m p e r a t u r e ,  r a t i o  o f  uranium s u r f a c e  t o  g a s  
volume, and t h e  p r e s e n c e  o f  a d d i t i o n a l  g a s e s .  O t h e r  r e q u i r e m e n t s ,  f o r  example 
t h e  d e s i r a b i l i t y  o f  k e e p i n g  oxygen p r e s s u r e s  i n  p r a c t i c e  below t h e  lower 
e x p l o s i o n  l i m i t s  f o r  hydrogen m i x t u r e s ,  were fo l lowed  i n  p l a n n i n g  t h e  
expe r imen t s .  

t o  e v a l u a t e  t h e  u s e f u l n e s s  

2. EXPERIMENTAL 

2 . 1  Reac t ion  Vessel 

The s t a n d a r d  p y r e x  r e a c t i o n  v e s s e l  i s  shown i n  F i g u r e  1. C, was t h e  
wa te r  r e s e r v o i r .  The bottom o f  t h e  uranium c o n t a i n e r ,  C , ,  was i n d e n t e d  so t h a t  
d i s c s ,  when used ,  had p o i n t - c o n t a c t  s u p p o r t  t o  e n s u r e  f r e e  a c c e s s  o f  gas  t o  
a l l  s u r f a c e s .  The t u b e  j o i n i n g  C,  and C, was d e s i g n e d  f o r  t h e  l i m b s  t o  be 
immersed i n  a d j a c e n t  wa te r -  b a t h s  a t  d i f f e r e n t  t e m p e r a t u r e s ,  t o  p r o v i d e  u n s a t -  
u r a t e d  p r e s s u r e s  o f  w a t e r  vapour o v e r  t h e  uranium; t h i s  f a c i l i t y  was n o t  u sed  
i n  t h e  p r e s e n t  work. The s p r i n g - l o a d e d  three-way sampl ing  s topcock  T, had a 
s p e c i a l  s i n g l e  bo re  s t r a i g h t - t h r o u g h  key. The b a l l j o i n t s  B, and B, mated w i t h  
t h e  b a l l  s o c k e t s  S, and S, on t h e  chromatograph sampl ing  system ( S e c t i o n  2 . 3  
and F i g u r e  2 ) .  The e n c l o s e d  volume (250 - 400 ml) o f  each r e a c t i o n  v e s s e l  
was measured by weighing t h e  w a t e r  r e q u i r e d  t o  f i l l  i t .  The volumes (0 .6  - 0 . 8  
m l )  o f  t h e  sampl ing  t a p b o r e s  T, were measured i n  t h e  same w a y ,  u s i n g  mercury.  

2 . 2  Uranium P r e p a r a t i o n  

N a t u r a l  u n a d j u s t e d  uranium, confo rming  t o  weapons s p e c i f i c a t i o n ,  was 

used  e i t h e r  a s  0 .003 i n  - 0.007 i n .  r o l l e d  f o i l  o r  a s  0 . 2 5  i n .  d i s c s  c u t  from 
a 0 .875  i n .  d i a m e t e r  c a s t  b a r .  The s u r f a c e  a r e a  was d e r i v e d  from measurements 
*with v e r n i e r  c a l l i p e r s .  The f o i l  was p r e p a r e d  by p i c k l i n g .  Some d i s c s  were 
p i c k l e d  and some were diamond p o l i s h e d .  F i n i s h e d  p i e c e s  were h a n d l e d  w i t h  
p l a t i n u m  t i p p e d  t o n g s ,  and used  a s  soon a s  p o s s i b l e ,  u s u a l l y  a few m i n u t e s ,  
a f t e r  p r e p a r a t i o n .  

2 . 2 . 1  P i c k l i n g  

The uranium sample was immersed i n  50% n i t r i c  a c i d  f o r  1 - 2 min, 
washed w i t h  w a t e r ,  d r i e d  by r i n s i n g  w i t h  a c e t o n e  and n - h e p t a n e ,  and weighed. 
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A t h e  end o f  an experimen t h e  o x i d i s e d  sample was p i c k l e d  f o r  1 min, d u r i n g  
which t i m e  a l l . t h e  o x i d e  d i s s o l v e d ,  and was d r i e d  and weighed. The sample was 
r e p i c k l e d  f o r  1 min and weighed a g a i n .  The d i f f e r e n c e  between t h e  w e i g h t s  o f  t h e  
p i c k l e d  sample b e f o r e  and a f t e r  t h e  e x p e r i m e n t ,  minus t h e  we igh t  change 
d u r i n g  r e p i c k l i n g  ( t h e  p i c k l i n g  c o r r e c t i o n ) ,  was t a k e n  t o  be  t h e  we igh t  o f  
me ta l  consumed d u r i n g  t h e  e x p e r i m e n t .  

2 . 2 . 2  Diamond P o l i s h i n g  

The whole s u r f a c e  o f  t h e  uranium d i s c  was p o l i s h e d  on a h o r i z o n t a l  
wheel t h rough  v a r i o u s  g r a d e s  o f  emery and t h e n  w i t h  4 ,u diamond p a s t e .  The 
m i r r o r - f i n i s h e d  d i s c  was washed w i t h  h e p t a n e  and d r i e d .  

2 . 3  Gas Chromatograph 

The g a s e s  i n  t h e  r e a c t i o n  v e s s e l  were a n a l y s e d  f o r  hydrogen,  oxygen 
and n i t r o g e n  i n  a Pe rk in -E lmer  model 116 Vapour F r a k t o m e t e r  equ ipped  w i t h  a 
4 metre m o l e c u l a r  s i e v e  column a t  7 4 O C  and a t h e r m i s t o r - k a t h a r o m e t e r  d e t e c t o r  
p r i n t i n g  o u t  on an i n t e g r a t i n g  r e c o r d e r .  The c a r r i e r  g a s  was u s u a l l y  a rgon ,  t o  
make t h e  i n s t r u m e n t  a s  s e n s i t i v e  a s  p o s s i b l e  t o  hydrogen.  Fo r  t h e  d e t a i l e d  
s t u d y  o f  oxygen consumption,  d u r i n g  i n h i b i t i o n  e x p e r i m e n t s ,  he l ium was used  t o  
o b t a i n  a g r e a t e r  oxygen s e n s i t i v i t y ,  a t  t h e  expense  o f  a g r e a t l y  r educed  hydrogen 
s e n s i t i v i t y .  I t  w a s  n o t  f e a s i b l e  t o  m o n i t o r  bo th  hydrogen and oxygen w i t h  h i g h  
s e n s i t i v i t y  by u s i n g  argon and he l ium s u c c e s s i v e l y  on g a s  samples  from t h e  
same r e a c t i o n  v e s s e l ,  
r e a c t i o n  v e s s e l s  v i a  t h e i r  s a m p l i n g  t a p s .  S i n c e ,  w i t h  he l ium c a r r i e r ,  a rgon  had  
t h e  same r e t e n t i o n  t ime a s  oxygen, and w i t h  a rgon  c a r r i e r ,  h e l i u m  had a lmos t  
t h e  same r e t e n t i o n  t i m e  a s  hydrogen,  a l t e r n a t i n g  t h e  c a r r i e r  g a s e s  i n v o l v e d  
an a p p r e c i a b l e  r i s k  o f  i n v a l i d a t i n g  t h e  r e s u l t s .  

because  t r a c e s  o f  c a r r i e r  g a s  o c c a s i o n a l l y  e n t e r e d  t h e  

The sample i n j e c t i o n  sys t em i s  shown i n  F i g u r e  2. Tub ing  between S, 
and t h e  column was ma in ly  c a p i l l a r y ,  w i t h  no a b r u p t  changes  i n  b o r e .  T, and 
T, were t e e - b o r e  s t o p c o c k s .  C a r r i e r  g a s  no rma l ly  p a s s e d  c o n t i n u o u s l y  th rough  
t h e  MglO, t u b e  D, and t h e  chromatograph p r e s s u r e  c o n t r o l s  and i n t o  t h e  column 
v i a  T, , T, and T, .The r e a c t i o n  v e s s e l  t o  be sampled was a t t a c h e d  t o  t h e  b a l l  
s o c k e t s  S, and S,,  With T, i n  l i n e  w i t h  S, and S, , t h e  b ranch  T, - T, - T, 
was e v a c u a t e d  t h r o u g h  T , .  T, was t h e n  t u r n e d  t o  open i t s  b o r e  t o  t h e  r e a c t i o n  
v e s s e l  and, w i t h  T, c l o s e d ,  T, and T, were t u r n e d  t o  f i l l  t h e  t u b i n g  between 
T, and T, , and T, and T,  , w i t h  c a r r i e r  g a s  w h i l e  t h e  f low was m a i n t a i n e d  t h r o u g h  
T, . Then T, was c l o s e d  a t  t h e  same time a s  T, was r e t u r n e d  t o  i t s  o r i g i n a l  
p o s i t i o n  t o  b r i n g  an a l i q u o t  o f  t h e  r e a c t i o n  v e s s e l  a tmosphere i n t o  t h e  c a r r i e r  
g a s  s t r e a m .  The na r row-bore  MglO, t u b e  D, removed w a t e r  vapour  which 
would o t h e r w i s e  d e - a c t i v a t e  t h e  column. 

The i n s t r u m e n t  was c a l i b r a t e d  f r e q u e n t l y  w i t h  t a p b o r e  samples  o f  
hydrogen,  oxygen and n i t r o g e n  a t  known p r e s s u r e s .  The g r a p h s  o f  peak h e i g h t  o r  
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peak a r e a  a g a i n s t  q u a n t i t y  o f  gas  were l i n e a r  w i t h i n  a few p e r  c e n t ;  t h e  column 
s e n s i t i v i t y  remained c o n s t a n t  f o r  l o n g  p e r i o d s  a t  t h e  v a l u e s  shown i n  T a b l e  1. 

Carrier Sample 
Gas Gas 

A H,  
9 

TABLE 1 

r 
Lower Detection Limit 

mole x 

1 
20 

I N ,  1 3 5  

40 
2 
3 

2. '4 P rocedure  

The p r e p a r e d  uranium sample was p l a c e d  i n  C , .  For a r e a c t i o n  a t  25'C, 
10 m l  o f  w a t e r  was p l a c e d  i n  C, .  For a r e a c t i o n  a t  4OoC, 10 m l  o f  s a t u r a t e d  
po ta s s ium c a r b o n a t e  s o l u t i o n  was  u sed .  (Vapour p r e s s u r e  a t  4OoC = S.V.P. o f  
wa te r  a t  25OC = 2 . 4  cmHg.) The j o i n t s  were s e c u r e d  w i t h  p i c i e n  wax and w i t h  

T, connec ted  t o  a vacuum system t h e  w a t e r  was d e g a s s e d  by r e p e a t e d  f r e e z i n g  
and m e l t i n g  b e f o r e  t h e  v e s s e l  was f i l l e d  w i t h  t h e  A p p r o p r i a t e  g a s  m i x t u r e .  T, 
was c l o s e d ,  a g a s  sample was a n a l y s e d  immedia t e ly ,  and t h e  v e s s e l  was immersed 
i n  a t h e r m o s t a t i c a l l y  c o n t r o l l e d  w a t e r  b a t h  a t  25 o r  40'C f 0.1' .  When sub- 
sequen t  g a s  samples  were t a k e n  f o r  a n a l y s i s  t h e  t ime o f  t h e  r e a c t i o n  v e s s e l ' s  
absence from t h e  b a t h  was k e p t  a s  s h o r t  a s  p o s s i b l e ,  c o n s i s t e n t  w i t h  t h e  whole 
o f  t h e  v e s s e l  h a v i n g  a t t a i n e d  ambient t e m p e r a t u r e  s o  t h a t  t h e  g a s  samples  were 
a c c u r a t e  a l i q u o t s .  A cumula t ive  c o r r e c t i o n  w a s  made f o r  t h e  s m a l l  q u a n t i t i e s  
o f  g a s  removed a s  chromatograph samples .  

3. RESULTS - WATER VAPOUR CORROSION 

3.1 Summary o f  R e s u l t s  

Samples o f  uranium m e t a l  were a l lowed  t o  r e a c t  unde r  v a r i o u s  c o n d i t i o n s  
w i t h  w a t e r  vapour  a t  2 . 4  cmHg, i n  t h e  p r e s e n c e  o f  a p r e s s u r e  o f  a b o u t  60 c d g  
o f  n i t r o g e n  
a n a l y s e d  u s u a l l y  a t  d a i l y  i n t e r v a l s .  The p l o t  o f  hydrogen p roduced  a g a i n s t  t i m e  

was i n  n e a r l y  a l l  c a s e s  a p p r o x i m a t e l y  l i n e a r  t h r o u g h o u t  an expe r imen t  (100 - 

Samples o f  t h e  gaseous  c o n t e n t s  o f  t h e  r e a c t i o n  v e s s e l s  were 

1000 h )  . 
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T y p i c a l  g r a p h s  a r e  shown i n  F i g u r e  3; numer i ca l  r e s u l t s  a r e  c o l l e c t e d  i n  T a b l e  2 
and i l l u s t r a t e d  i n  F i g u r e  8. 

TABLE 2 

Uranium/Water Vapour Reaction. Rate of Hydrogen 
Formation at Various Temperatures and Surface Finishes 
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1 

Mean Rate,  Standard Deviation, 

Conditions mole x lO-'/cm '/h Deviation "/c 

25OC D 2 . 2  

V a r i a t i o n s  i n  t h e  o b s e r v e d  r a t e s  o f  hydrogen p r o d u c t i o n  unde r  a p p a r e n t l y  
i d e n t i c a l  c o n d i t i o n s  were much g r e a t e r  t h a n  c o u l d  be e x p e c t e d  from a n a l y t i c a l  

e r r o r s .  T h i s  i n d i c a t e s  t h e  p r e s e n c e  o f  o n e  o r  more h idden  and u n c o n t r o l l e d  v a r i a b l e s .  

The f i r s t  p o s s i b i l i t y ,  t h a t  o f  v a r i a t i o n s  i n  t h e  n a t u r e  and p r o d u c t s  o f  t h e  
r e a c t i o n ,  o r  i n  t h e  l o s s  of  hydrogen by a d s o r p t i o n ,  was e l i m i n a t e d  ( a t  l e a s t  
f o r  p i c k l e d  spec imens )  by comparing when p o s s i b l e  t h e  q u a n t i  t i e s  o f  hydrogen 
p roduced ,  u ran ium r e a c t e d ,  and o x i d e  formed. T a b l e  3 shows t h a t  t h e  r e a c t i o n  

. was 

P 
4OoC D 

P 

I 

I '  

U + 2H, 0 + UO, + 2H,. 

1 0 . 0  
7 . 5  3 . 3  44 

18.  3 5 . 1  28 

I n  acco rdance  wi th  o b s e r v a t i o n s  by o t h e r  w o r k e r s  t h e  s p r e a d  i n  t h e  H/U r a t i o s  

i s  comparable  w i t h  a n a l y t i c a l  e r r o r s .  The O/U r a t i o s  a r e  s u b j e c t  t o  f u r t h e r  
u n c e r t a i n t i e s  because  o f  s p a l l a t i o r .  and f u r t h e r  o x i d a t i o n  o f  t h e  o x i d e .  

Experiment No 

31  
33 
40 
41 
60 
6 1  

TABLE 3 

Uranium/Water Vapour Reaction. Stoichiometry 

H ,  Rate,  U Metal Atom Ratio Oxide Atom Ratio 
mole x 10"/cm '/h Used ,  g H/U Formed, G o/u 

1 7 . 8  0.0677 4 . 2  0 .0761  1 . 9  
24 .8  0.1018 3 . 9  
1 5 . 5  0 .2185  3 . 8  
1 5 . 6  0 .1673  3 . 5  
23.6 0.9749 4 . 0  1 . 1 2 1 1  2 . 2  
1 0 . 1  0.4470 3 . 9  0 .5124  2 . 2  
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I t  seems, t h e n ,  t h a t  t h e  same r e a c t i o n  was o c c u r r i n g  a t  a r a t e  which was 

v a r i a b l e  from expe r imen t  t o  expe r imen t ,  b u t  i n v a r i a n t  d u r i n g  any one expe r imen t .  
An e x p l a n a t i o n  might be found i n  t h e  s u r f a c e  c o n d i t i o n  o f  t h e  uranium. 

3 . 3  Uranium S u r f a c e  P r e p a r a t i o n  

C o r r o s i o n  r a t e s  were f a s t e r  on p i c k l e d  s u r f a c e s  t h a n  on d i amond-po l i shed  

cm o f  uranium was c o r r o d e d  away d u r i n g  each  e x p e r i m e n t ,  so  some s u r f a c e  
s u r f a c e s  a t  t h e  same t e m p e r a t u r e .  During t h e  p r e s e n t  work, o n l y  abou t  lo-' t o  

c h a r a c t e r i s t i c s  c o u l d  be e x p e c t e d  t o  be p r e s e r v e d  t h r o u g h o u t  each expe r imen t .  

The r a t i o  o f  a c t u a l  s u r f a c e  a r e a  t o  g e o m e t r i c a l  a r e a  i s  p r o b a b l y  g r e a t e r  
f o r  p i c k l e d  uranium t h a n  f o r  p o l i s h e d  uranium, b u t  t h i s  d i f f e r e n c e  i n  e f f e c t i v e  
s u r f a c e  a r e a  might  n o t  a c c o u n t  f o r  such  a l a r g e  d i f f e r e n c e  i n  r e a c t i o n  r a t e s .  

P o l i s h e d  specimens may r e a c t  a t  a r a t e  d i f f e r e n t  from t h a t  o f  p i c k l e d  
specimens,  owing t o  t h e  p r e s e n c e  o f  f r a c t u r e d  c r y s t a l s ,  o x i d e  and t h e  " s k i n "  
o f  s t r a i n e d  m e t a l ,  b u t  t h e  e f f e c t  i s  n o t  e a s y  t o  p r e d i c t .  The g r e a t e r  s u r f a c e  
energy o f  a p o l i s h e d ,  i . e . ,  m e c h a n i c a l l y  damaged, s u r f a c e  s h o u l d  c a u s e  i t  t o  
r e a c t  f a s t e r .  T h i s  e f f e c t  c o u l d  have o p e r a t e d ,  u n d e t e c t e d ,  d u r i n g  t h e  ve ry  
e a r l y  s t a g e s  o f  t h e  r e a c t i o n .  I f  t h e  r a t e  o f  t h e  s u b s e q u e n t  s t e a d y ,  o b s e r v e d  
c o r r o s i o n  i s  c o n s i d e r e d  t o  be c o n t r o l l e d  by d i f f u s i o n  p r o c e s s e s  i n  a compact 
o x i d e  f i l m  [ 4 1  t h e  r e s u l t s  s u g g e s t  t h a t  t h e  c o h e r e n t  f i l m  s u p p o r t e d  by s t r a i n  
s u r f a c e s  was t h i c k e r  and /o r  l ess  pe rmeab le  t h a n  t h a t  on u n s t r a i n e d  s u r f a c e s .  

3 . 4  Temperature  E f f e c t s  

C o r r o s i o n  r a t e s  were 1 . 8  t imes f a s t e r  a t  4OoC t h a n  a t  25OC on p i c k l e d  
s u r f a c e s .  The r a t i o  on p o l i s h e d  s u r f a c e s  was 3 . 4 ,  which s u g g e s t s  t h a t  t h e  
a c t i v a t i o n  ene rgy  o f  t h e  r a t e - d e t e r m i n i n g  s t e p  on p o l i s h e d  s u r f a c e s  was g r e a t e r  
A a n  t h a t  on p i c k l e d  s u r f a c e s .  T h i s  t e m p e r a t u r e  dependence a g r e e s  s e m i q u a n t i -  
t a t i v e l y  w i t h  r e s u l t s  o b t a i n e d  from measur ing  t h e  growth o f  o x i d e  f i l m s  on 
uranium [ 51. 

3 . 5  Uranium-Hydrogen R e a c t i o n  

A d iamond-po l i shed  d i s c  o f  uranium was l e f t  i n  c o n t a c t  w i t h  1 . 4  c m  o f  
hydrogen and 62 cm o f  n i t r o g e n  i n  anhydrous c o n d i t i o n s  a t  4 O O C .  No d e t e c t a b l e  
changes o c c u r r e d  i n  300 h .  

c o r r o d i n g  hydrogen p r o d u c t i o n ,  t h e  r e s u l t  c o n f i r m s  t h a t  t h e  r e a c t i o n  between 
uranium and d r y  hydrogen a t  4OoC i s  many times s l o w e r  t h a n  t h e  r e a c t i o n  between 
uranium and w a t e r  vapour .  The r e a c t i o n  between uranium and m o l e c u l a r  hydrogen 
can t h e r e f o r e  be  d i s c o u n t e d  i n  c o n s i d e r i n g  t h e  o v e r a l l  r a t e s  and p r o d u c t s  o f  
aqueous c o r r o s i o n .  

S i n c e  t h e  d e t e c t i o n  l i m i t  was a b o u t  3 h f r e e l y  
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4. RESULTS - OXYGEN INHIBITION 

4 . 1  Summary o f  R e s u l t s  

Uranium was c o r r o d e d  s lowly  by m i x t u r e s  o f  w a t e r  vapour  ( 2 . 4  cm), 
n i t r o g e n  (-60 cm) and oxygen. Hydrogen was p roduced  i n  n e g l i g i b l y  s m a l l  amounts;  
t h e  oxygen was consumed approx ima te ly  40 t i m e s  more s l o w l y  t h a n  hydrogen would 
have been g e n e r a t e d  by w a t e r  vapour  i n  t h e  absence  o f  oxygen; when t h e  oxygen 
p r e s s u r e  had f a l l e n  below 0 . 5  m m ,  hydrogen began t o  appea r  a t  a f a s t ,  s t e a d y  
r a t e .  The graph o f  a t y p i c a l  expe r imen t  i s  shown i n  F i g u r e  4.  

Recha rg ing  t h e  system w i t h  oxygen immedia t e ly  h a l t e d  t h e  p r o d u c t i o n  o f  
hydrogen;  a r t i f i c i a l l y  removing t h e  oxygen r e s u l t e d  i n  renewed hydrogen 
p r o d u c t i o n .  

4 . 2  S u p p r e s s i o n  o f  Hydrogen P r o d u c t i o n  

V i r t u a l l y  no hydrogen was formed from uranium and w a t e r  vapour  i n  t h e  
p r e s e n c e  o f  oxygen. One expe r imen t  was d e s i g n e d  t o  show up t r a c e s  o f  hydrogen;  
930 cm' o f  uranium f o i l  a t  40' was exposed t o  2 . 4  cm o f  w a t e r  vapour and 7 2  cm 
o f  oxygen i n  a volume o f  300 m l .  A f t e r  2000 h ,  
remained,  hydrogen was d e t e c t a b l e  i n  q u a n t i t i e s  t o o  s m a l l  f o r  i t  t o  be c l e a r  
.whether t h e  r a t e  o f  f o r m a t i o n  was s t e a d y  o r  i n t e r m i t t e n t .  A f t e r  3600 h ,  0 . 5  mm 
o r 8  x mole o f  hydrogen was p r e s e n t ;  t h i s  was lo5 times s m a l l e r  t h a n  t h e  
q u a n t i t y  which would have been formed i n  t h e  same t i m e  unde r  f r e e l y  c o r r o d i n g  
c o n d i t i o n s .  

when abou t  60 cm o f  oxygen 

4 . 3  R a t e  o f  Oxygen Consumption 

The r a t e  o f  r e a c t i o n  o f  oxygen w i t h  uranium i n  t h e  p r e s e n c e  o f  wa te r  
vapour v a r i e d  w i t h i n  wide l i m i t s  ( see  Tab le  4 ) .  The a v e r a g e  r a t e  o f  consumpt 
o f  oxygen was approx ima te ly  40 t imes  s lower  t h a n  t h e  r a t e  o f  f o r m a t i o n  o f  

hydrogen from uranium and o x y g e n - f r e e  wa te r  vapour .  I n  Exper imen t s  48 - 50,  

on 

t h e  course  o f  t h e  oxygen r e a c t i o n  w a s  f o l l o w e d ,  
chroma t o  g raph .  

u s i n g  he l ium c a r r i e r  gas i n  t h e  

The r a t e  o f  consumption o f  oxygen was a p p r o x i m a t e l y  c o n s t a n t  d u r i n g  
each r u n ,  e x c e p t  f o r  an a p p a r e n t  i n c r e a s e  i n  r a t e s  a t  low oxygen p r e s s u r e s  ( see  

F i g u r e  4 ) .  T h i s  i n c r e a s e  appea red  t o  o c c u r  i n  o n l y  two o u t  o f  t h e  t h r e e  r u n s ;  
i t  may, t h e r e f o r e ,  be mere ly  caused  by e r r o r s  i n  t h e  measurement o f  low 
oxygen p r e s s u r e s .  
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Experiment, No. 

28 
35 

32 
37 
38 
44 
45 
47 
48 

49 
50 

TABLE 4 

Oxygen Inhibition 
Rate of Oxygen Consumption under Various Conditions 

Temperature, OC 

40 
I 1  

40 
I 1  

I 1  

I 1  

II 

I 1  

I1  

Surface 
Finish 

D 
I 1  

P 
P 
I 1  

I 1  

II 

11 

II 

P 
I 1  

U Surface 
Area, c m ,  

1 2 . 1  
1 2 . 0  

1 2 . 1  
1 2 . 1  
1 2 . 1  

114 
120 
120 
930 ' 

9 30 
9 47 

Initial 0, 
Pressure, 

cmIIg 

0 . 3  
0 . 7  

0 . 1  
0 . 1  
0 . 3  
1 . 0  
0 . 5  
1 . 5  

D : diamond p o l i s h e d  
P : p i c k l e d  

Inhibition 
Time, h 

850 
2750 

300 
37 0 
5 40 
370 
90 

600 

Rate, 
mole x 10-'/cm '/h 

0 . 4 9  ) 
0 . 3 4  ) 

Mean : 0 . 4 2  

0 . 3 9  ) 
0 .37  1 
0 . 6 9  ) 
0 . 3 9  ) Mean : 0 . 4 6  
0 . 7 6  ) 

0 . 3 5  
0 . 2 7  ) 

o ' 2 1  Mean : 0.18 
0 . 1 5  ) 

4 . 4  Renewal o f  Hydrogen P r o d u c t i o n  

When t h e  oxygen p r e s s u r e  had f a l l e n  below about  0 . 5  m m ,  o r  i f  t h e  
oxygen /n i t rogen  atmosphere was pumped away a f t e r  a t i m e  and r e p l a c e d  by 
n i t r o g e n ,  hydrogen was produced  a t  a s t e a d y  r a t e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
from t h e  r a t e s  obse rved  on uranium which had n o t  been t r e a t e d  w i t h  oxygen ( s e e  
F i g u r e  4 and T a b l e  5). The i n h i b i t i n g  e f f e c t  o f  oxygen was caused  by i t s  
p r e s e n c e  i n  t h e  g a s  phase ;  t h e  o x i d e  f i l m  was n o t  permanent ly  p r o t e c t i v e .  How- 
e v e r ,  i t  appea red ,  from e x t r a p o l a t i o n  o f  t h e  g raphs  o f  hydrogen produced  a g a i n s t  
t ime i n  expe r imen t s  i n  which t h e  oxygen was pumped away ( s e e  F i g u r e  5 ) ,  t h a t  
t h e  o n s e t  o f  hydrogen p r o d u c t i o n  o c c u r r e d  up t o  50 h a f t e r  t h e  oxygen had 
been removed. S i n c e  i n  t h e s e  expe r imen t s  t h e  t i m e  o f  r e - e x p o s u r e  o f  t h e  uranium 
t o  w a t e r  vapour  cou ld  n o t  be s p e c i f i e d  e x a c t l y ,  and some oxygen cou ld  have 
remained d i s s o l v e d  i n  t h e  w a t e r ,  i t  i s  n o t  c e r t a i n  whether  t h e  o b s e r v e d  d e l a y  
i n  f a c t  r e p r e s e n t s  t h e  s low breakdown o f  a semi-permanent  o x i d e  f i l m  produced 
by t h e  oxygen. F u r t h e r  expe r imen t s  a r e  i n  p r o g r e s s  t o  s t u d y  t h e  r e a c t i o n  more 
c l o s e l y  d u r i n g  t h e  f i r s t  few h o u r s  a f t e r  t h e  removal o f  oxygen. 
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TABLE 5 

Renewal of Hydrogen Production from Uranium/Water Vapour 
after a Period of Oxygen Inhibition 

Temperature, 01: 

40 
40 
40 

40 
40 
40 
40 
40 
40 
40 
40 

Surface Finish  

D 
D 
D 

D : Diamond p o l i s h e d  
P : P i c k l e d  

I Rate, mole x 10-8/cm2/h 

2 0 . 5  1 
23 .0  ) Mean : 1 7 . 6  

9 . 4  ) 

2 1 . 3  ) 
2 8 . 5  ) 

2 5 . 0  ) 
2 3 . 0  ) 

3 2 . 1  ) 
Mean : 22 .8  

2 4 . 5  ) 

2 1 . 2  ) 
6 . 7  ) 

5 . 9  ) 

6 . 8  ) 
Mean : 6 . 4  

4 . 5  Renewal o f  I n h i b i t i o n  

t 

When oxygen was added t o  a ves se l  i n  which uranium had been c o r r o d i n g  
f r e e l y  i n  water  vapour /n i  t r o g e n ,  whe the r  t h e  accumulated hydrogen was removed 
o r  n o t ,  hydrogen p r o d u c t i o n  immedia t e ly  c e a s e d .  The oxygen was consumed a t  a 

v a r i a b l e  r a t e  d i f f e r e n t  from t h e  r a t e  o f  consumption on c l e a n  uranium (see  
F i g u r e  6 ) .  The i n i t i a l  r a p i d  consumpt ion  of  oxygen m u s t  be a s c r i b e d  t o  t h e  
f u r t h e r  o x i d a t i o n  o f  t h e  UO, p r e v i o u s l y  formed by aqueous c o r r o s i o n  [ 6 ,  7 1 .  
?he q u a n t i t y  o f  oxygen used  up i n  t h i s  i n i t i a l ,  r a p i d  s t a g e  was approx ima te ly  
t h e  amount r e q u i r e d  t o  c o n v e r t  t h e  o x i d e  p r e s e n t  ( c a l c u l a t e d  from t h e  hydrogen 
produced d u r i n g  i t s  f o r m a t i o n )  from UO, t o  UO, ., . 

5. RESULTS - EFFECT O F  COATINGS 

5 . 1  S u l p h i d e  C o a t i n g s  

P i c k l e d  uranium f o i l  was h e a t e d  a t  7 O O O C  f o r  2 h i n  hydrogen s u l p h i d e  
a t  a few cm p r e s s u r e .  The g r e y  s u l p h i d e  c o a t i n g  
h a n d l i n g ,  b u t  was e a s i l y  s c r a t c h e d  by metal  t o o l s .  

was u n a f f e c t e d  by normal 
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UNCLASSIFIED 

A sample o f  s u l p h i d e  c o a t e d  f o i l  a t  40°C was exposed t o  2 . 4  c m  w a t e r  
vapour and abou t  40 cm n i t r o g e n .  No hydrogen was d e t e c t e d  f o r  700 h .  Then 
hydrogen was produced a t  an a c c e l e r a t i n g  r a t e  ( s e e  F i g u r e  7 ) ,  whi le  v i s i b l e  
c o r r o s i o n  p a t c h e s  s p r e a d  o v e r  t h e  s u r f a c e .  A f t e r  2000 h o n l y  a sma l l  p r o p o r t i o n  
o f  t h e  s u r f a c e  was v i s i b l y  c o r r o d e d  and t h e  r a t e  o f  hydrogen p r o d u c t i o n  ( 0 . 5  
x l o - '  mole/cm, /h )  was s t i l l  c o n s i d e r a b l y  s l o w e r  t h a n  t h e  o b s e r v e d  r a n g e  ( 1 0 . 6  
- 2 4 . 8  x l o - '  mole/cm'/h) o f  f r e e l y  c o r r o d i n g  r a t e s .  A f u r t h e r  sample of  
s u l p h i d e d  f o i l  was s c r a t c h e d  s e v e r a l  t i m e s  w i t h  a s c r i b e r  b e f o r e  i t  was exposed 
t o  m o i s t  n i t r o g e n .  Hydrogen p r o d u c t i o n  began s o o n e r  t h a n  from t h e  u n s c r a t c h e d  

f o i l  (see F i g u r e  7 ) ;  t h e  v i s i b l e  c o r r o s i o n  a r e a s  s p r e a d  from t h e  s c r a t c h e s .  

The o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  uranium was p r o t e c t e d  m e c h a n i c a l l y  
by t h e  s u l p h i d e  c o a t i n g ,  
s lowly  a t  f i r s t  t h e n  more f r e e l y  a s  t h e  c o a t i n g  b roke  down. 

th rough  which aqueous c o r r o s i o n  e v e n t u a l l y  o c c u r r e d ,  

A sample o f  p i c k l e d  uranium f o i l ,  exposed a t  4OoC t o  2 . 4  cm wa te r  vapour  
and 50 c m  hydrogen s u l p h i d e ,  p roduced  hydrogen s t e a d i l y  a t  1 . 9  x l o - '  mole / cmZ/h ;  
t h i s  was c o n s i d e r a b l y  s l o w e r  t h a n  t h e  f r e e  c o r r o s i o n  r a t e s ,  p e r h a p s  because  
o f  a s u r f a c e  p o i s o n i n g  e f f e c t .  I t  was c l e a r ,  however,  t h a t  t h e  o b s e r v e d  
e f f e c t  o f  s u l p h i d e  c o a t i n g s  was n o t  caused  by t h e  p r e s e n c e  o f  f r e e  hydrogen 
s u l p h i d e .  

5 . 2  A r s e n i c  C o a t i n g s  

P i c k l e d  uranium r o d s ,  6 . 3  cm l o n g  and 1 cm i n  d i a m e t e r ,  were k e p t  a t  
5QOOC by r a d i o  f r equency  h e a t i n g  f o r  s e v e r a l  h o u r s  i n  an atmosphere o f  a rgon  
c o n t a i n i n g  a few p .p .m.  o f  a r s i n e .  The a r s e n i c - c o a t e d  r o d s ,  s c r a t c h e d  and 
u n s c r a t c h e d ,  were exposed t o  m o i s t  n i t r o g e n  unde r  c o n d i t i o n s  s i m i l a r  t o  t h e  
s u l p h i d e  c o a t e d  f o i l s  ( S e c t i o n  5 . 1 ) .  The p a t t e r n  o f  c o r r o s i o n  was s i m i l a r ,  b u t  
t h e  o n s e t  o f  hydrogen p r o d u c t i o n  was e a r l i e r  t h a n  on t h e  s u l p h i d e  c o a t e d  samples  
( s e e  F i g u r e  7 ) .  The e f f e c t  o f  a r s e n i c  c o a t i n g  i n  r e d u c i n g  c o r r o s i o n  was 
a p p a r e n t l y  s i m i l a r  t o ,  b u t  l e s s  e f f i c i e n t  t h a n ,  s u l p h i d i n g .  

UNCLASSIFIED 
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FIGURE I. REACTION V E S S E L  
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FIGURE 2. SAMPLE INJECTION SYSTEM 
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F O L L O W E D  BY HYDROGEN PRODUCTION 
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I N  A SINGLE EXPERIMENT. 
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