
UNITED KINGDOM ATOMIC ENERGY AUTHORITY 

: * j  



. .. 

* . . ,  

i , 

This Document should be returned to the Group Reports C 
AWRE, Aldermaston, Berkshire, when the recipient has no furthe 

- f  

. \  

- 

' ,  . .  

. 



UNCLASSIFIED 

I l n i  trrl Kingdom :\tomi(- F,nergc \ i i L l l o r i  t \  

AI'OMIC WEAPONS RESE ARC11 ESTARLISIIMENT 

AWIiE REPORT No.  0 - 94/63 

Uranium Cornpati b i l i  t y  S t u d i e s  

P a r t  1. The I n t e r a c t i o n  o f  Uranium w i t h  Gas Free Water a n d  K a t e r  Vapoiir 

S. Orman 

Summary 

'The i n t e r a c t i o n  b e t u e e n  uranium a n d  b o t h  l i q u i d  w a t e r  a n d  w a t e r  vapour  h a s  been  
s t u d i e d  i n  t h e  a b s e n c e  of permaneriL g a s e s  i n  t h e  t empera t i i r e  r ange  35' - I O O O C , .  

'Ihe r e a c t i o n  h a s  been  shown t o  p r o c e e d  a t  a r iniform r a t e  tlepencltLnt 011 t h ?  
t e m p e r a t u r e  a n d  a v a i l a b l e  iiraniiim s u r f a c e  a r e a .  Tic r e a c t i o n  meclianisin . i p p ~ a r s  
t o  be unchanged i n  t h e  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d .  

Ilecomrnended f o r  issue by 
D. D e v e r e l l ,  S u p e r i n t e n d e n t  
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A c o n s i d e r a t i o n  of t h e  i a c t o r s  g o v e r n i n g  t h e  c o m p a t i l l i l i  t )  o f  riraniiin: w i t h  

p o l y m e r i c  o r g a n i c  m a t e r i a l s  r e v e a l e d  t h a t  t h e  cl iemical  a E f i n i  t y  o f  t h e  me ta l  
f o r  w a t e r  v a p o i i r  woiiltl have  a profor ind  e f f e c t  on t h e  r e s u l t s  o f  a n y  e x p e r i -  

men ta l  e v a l u a t i o n s .  A I i t e r a t i i r c  s i i r v e y  r e v e a i c d  t,hnt w h i  Le a i:oiisitft.rnI)ie 

amoiint o f  work h a s  been r e p o r t e d  on t h e  c o r r o s i o n  of uran ium a t  e l e v a t e d  t e n i -  

p e r a t u r e s  (400" - 1000°C;) r e l a t i v e l y  l i . t , t l e  q u a n t i t a t i v e  work h a s  been  c a r r i e d  
o u t  on the i i raniuni-water  r e a c t i o n  a t  t e m p e r a t u r e s  below IOO"C. ilowever i t  h a s  
been e s t a b l i s h e d  t h a t  g a s e s  a f f e c t  t h e  r a t e s  of t h e  u ran ium-wa te r  a n d  tlie 

u ran ium-wa te r  vapoi i r  r e a c t i o n s  and i . t  i s  c l a i m e d  t h a t  oxygen i n l i i b i  t s  t h e  
r e a c t i o n  w h i l e  hydrogen  c a u s e s  a c c e l e r a t i o n  [I, 2 1 .  
o f  a q u a n t i t a t i v e  s t u d y  o f  t h e  r e a c t i o n  be tween uranium and  g a s  f r e e  w a t e r  
v a p o u r  i n v o l v i n g  b o t h  p r o d u c t s  and r a t e s  of r e a c t i o n  o v e r  t h e  t e m p e r a t u r e  
r a n g e  Oo - 100°C. The r e s u l t s  of s1 ich .a  s t u d y  would form t h e  b a s i s  f o r  t h e  
d e t e r m i n a t i o n  of t h e  r e l a t i v e  c o m p a t i b i l i t y  of o t h e r  m a t e r i a l s  and h e n c e  i t  
was d e c i d e d  to  commence t h e  work by  an i n v e s t i g a t i o n  i n t o  t h e  iiraniiim- . : a t e r  
vapoiir  r e a c t i o n .  

No r e p o r t  c o u l d  be found 

2. EXPERIMENTAL 

2 . 1  h l a t e r i a l s  

Tie uranium used  was a l -  magnesuim reduced  i i n a d j u s t e d  n a t u r a l  me ta l  i n  
t h e  form o f  r o d s  hav ing  a s u r f a c e  a r e a  of  0 . 3 3 7 2  cm2/cm o f  l e n g t h .  
was s u p p l i e d  i n  t h e  form of wire  which had been h o t  e x t r u d e d  i n  t h e  ' y  pliase .  
The ma jo r  i m p u r i t i e s  p r e s e n t  i n  t h e  m e t a l  a r e  o u t l i n e d  i n  T a b l e  1. 

The m a t e r i a l  

TABLE 1 

hletal Used 
I..- "I__.. ...- 

Material 

S i l i c o n  
A lumi n i i i m  

Carbon 

2 . 2  Exper imen ta l  P r o c e d u r e  

p.p.rn. 

98 
1 7  
1 5  

150 

As o u t l i n e d  i n  t h e  T n t r o d u c t i o n  i t  was d e s i r e d  t o  i n v e s t i g a t e  t b c  
r e a c t i o n  of uran ium w i t h  g a s  f r e e  water  v a p o u r ,  a l i t e r a t u r e  s u r v e y  i n d i c a t i n g  
t h a t  oxygen was t h e  most i m p o r t a n t  g a s  t o  e x c l u d e .  T t  h a s  been  s u g g e s t e d  t h a t  
the s t a n d a r d  f r e e z e - m e l t  t e c h n i q u e  f o r  t h e  d e - a e r a t i o n  of aqueous  s o l u t i o n s  
may l e a v e  some r e s i d u a l  oxygen i n  t h e  s y s t e m  [31 and  hence  an a t t e m p t  
t o  remove most  o f  the oxygen u s i n g  t h e  f o l l o \ v i n g  method, b e f o r e  e v a c u a t i o n .  

was made 



A sample  of  d i s t i l l e d  w a t e r  25 m l )  was i i i t ,rot ir ic ,et l  i n t o  a sma l  i 
s t a n d a r d  d i s t i l l a t i o n  a p p a r a t i ~ s  and  n i t r o g e n  gas  (1.K. w h i t e  s p o t )  was b u l ~ h t e i i  

throi lgh the w a t e r  f o r  a p e r i o d  o f  aborlt, 30 min.  The ,water  was  tlien d i s t i l . 1 r d  
r l i i i i e r  rr3JiJced p r e s s u r e  ( w a t e r  piimp) w i t h  a n i t r o g e n  l e a k  and t h e  g a s  p a s s e d  
th rough  t h e  a p p a r a t u s  lint:; 1 t h e  w a t e r  \vas reqii i rei1 f w i t l i i n  1 h F : : t . i  11 :it.? r l i i  ) .  

For r e a c t i o n s  i n v o l v i n g  w a t e r  v a p o u r ,  100 p 1  o f  t h e  n i  t r o e e n  d i s t i l l e d  
w a t e r  toget t ier  w i t h  a uran ium r o d  were p l a c e d  i n  a s p e c i a l l y  a d a p t e d  b reak -  
s e a l  ampoule ( F i g u r e  1)  and  t h e  w a t e r  was d e g a s s e d  a t  

f r e e z e - m e l t  t e c h n i q u e .  
d i s t i l l e d  water  were i n t r o d u c e d  i n t o  a no rma l  b r e a k - s e a l  ampoule c o n t a i n i n g  a 
uran ium rod  and d e g a s s e d  i n  t h e  same manner .  
s e a l e d  w i t h  a n  oxygen gas  f lame and  e x p o s e d  f o r  a p r e d e t e r m i n e d  t ime,  i n  a 
t h e r m o s t a t e d  o i l  b a t h  m a i n t a i n e d  a t  % 0.5"Cs o f  t h e  r e q u i r e d  t e m p e r a t u r e .  ?he 
exposed  ampoules  were removed, i n  t r i p l i c a t e ,  f rom t h e  o i l  b a t h  a t  r e g u l a r  
time i n t e r v a l s ,  opened  on a vacuum l i n e  t o  remove g a s e o u s  p r o d u c t s  and  t h e  
c o r r o d e d  uranium r o d  t r e a t e d  w i t h  n i t r i c  a c i d  t o  remove 711ant.j t a t j  v e l \ .  the 
r e a c t i o n  p r o d u c t s .  

t o r r  b y  t h e  s t a n d a r d  
For w a t e r  immers ion  e x p e r i m e n t s  3 m l  of t h e  n i t r o g e n  

The e v a c u a t e d  ampoules  were 

I'efore e x p o s i n g  t o  w a t e r  o r  w a t e r  vapoiir  tile iiraniiirii r o d s  wcrc immersed 
i n  n i t r i c  a c i d  ( d e n s i t y  1 .420  f: c ~ n - ~ )  i i n t i 1  c l e a n ,  t h e n  s u c c e s s i v e l y  waslied 
i n  w a t e r  and  a c e t o n e ,  d r i e d  and f i n a l l y  weighed .  A t  t h e  c o m p l e t i o n  of  t h e  
e x p e r i m e n t  t h e  c o r r o d e d  r o d s  were s i m i l a r l y  immersed i n  n i t r i c  a c i d  f o r  1 min 
o n l y ,  t h e n  washed,  d r i e d  and weighed  a s  p r e v i o u s l y  d e s c r i b e d .  The a p p a r e n t  
w e i g h t  l o s s  d u r i n g  e x p o s u r e  t h u s  r e c o r d e d  was i n  e x c e s s  o f  t h e  a c t u a l  v a l u e  by 
t h e  q u a n t i t y  o f  uran ium m e t a l  consumed d u r i n g  t h e  1 min immers ion  i n  t h e  n i t r i c  
a c i d .  To c o r r e c t  f o r  t h i s  t h e  c l e a n e d  weighed  r o d  was re immersed  f o r  a f u r t h e r  
minu te  i n  t h e  a c i d  b a t h  and t h e  w e i g h t  l o s s  d u r i n g  t h e  second  immers ion  s u b -  
t r a c t e d  from t h e  a p p a r e n t  w e i g h t  l o s s  d u r i n g  e x p o s u r e .  For t h e  l e n g t h  of rod 
u s e d  i n  t h e s e  e x p e r i m e n t s  ( 2  cm) t h e  c o r r e c t i o n  f a c t o r  was v e r y  s m a l l  

( 3  - 5 x lo-' g )  and was u s u a l l y  less t h a n  1% of  t h e  c o r r e c t e d  c o r r o s i o n  w e i g h t  
l o s s .  A p e r i o d  o f  1 min was o r i g i n a l l y  chosen  a s  t h e  s t a n d a r d  a c i d  immersion 
t ime s i n c e  p r e l i m i n a r y  e x p e r i m e n t s  had r e v e a l e d  t h a t  t h e  o x i d a t i o n  p r o d u c t s  
c o u l d  b e  removed from a c o r r o d e d  uranium spec imen i n  10 t o  30 s o f  a c i d  immer- 
s i o n .  The s t a n d a r d  time t h e r e f o r e  e n s u r e d  c o m p l e t e  removal  o f  t h e  c o r r o s i o n  
p r o d u c t s  d u r i n g  t h e  f i r s t  a c i d  t r e a t m e n t .  P r e l i m i n a r y  e x p e r i m e n t s  a l s o  r e v e a l e d  
t h a t  t h e  c o r r e c t i o n  f a c t o r  remained  t h e  same w h e t h e r  d e t e r m i n e d  b e f o r e  or a f t e r  
e x p o s u r e  p r o v i d e d  t h a t  t h e  geometric a r e a  o f  t h e  uran ium spec imen remained  
s e n s i b l y  u n a l t e r e d  d u r i n g  t h e  e x p e r i m e n t .  

3. RESULTS 

3.1 R e s u l t s  i n  t h e  P r e s e n c e  o f  Water  Vapour 

'Ihe r e s u l t s  o b t a i n e d  froin e x p o s u r e  of  uran ium t o  gas  f r e e  vapour  a t  

t e m p e r a t u r e s  of  35", 50", 6 S 0 ,  80' and 100°C, and t h e  c o r r o s i o n  r a t e s  o b t a i n e d  
from g r a p h i c a l  i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  a r e  g i v e n  i n  T a b l e  2 .  
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TABLE 2 

remperature, O C Exposure Period, h Uranium Reacted, m g  

35 

observed a 

non 

50 

1 1 5 . 2  

1 2 0  
23 5 
360 

693 
720 
8 40 

dation Rate 0.060 m g  c 

48 0 

65  r 22 I 22 

1 . 6 
10 
11 
18 
28 
30 
36 

2 h-I 

29 

3 .  0 
3 9 . 2  
4 6 . 0  
5'1.8 
6 2 . 2  
h 3 . 5 
7 7 . 6  
on. 3 

i n  i 

7 4  
152 n '1 
235 \J L 
320 10: 
40 0 147 
480 183 
t i  45 2-13 
716 238 

48 
96 

144 
190 
261 
290 
338 
384 

480 
40 8 

1. 0 - -  
( . I  

12 
18 
28 
32 
3 7 

45 
96 

138 
18 5 
231  
245 
273 
28 1 

3 07 
287 

:!. Q 
3 9 . 0  
50 .2  
5 4 . 3 
60. I 
h -1 . 8 
7 8 . 2  
9 9 . 0  

1 1 5 . 5  

100 4 
8 

17 
2 4  
28 
4 1  
48 
56 

3 . 0 
8 . 0  

11 
20 
28 
31 
36 

7 . 6  
23  
66 
8 0  
99 

132 
157 
172 

80 

8 3  
9 4  

116 
170  
176 

46 
99 

139 
18 4 
2 3 1  
244  
273 
28 1 
289 
311 

9 . 1  
23 
53  
8 4  

148 
1 4 1  
182 

a 2  

5 

95 
07  

159 
1 6 2  
2 12 
2 In 

46 
9 3  

1 3 7  
18 3 
2 31 
2 45 
277 
28 1 
288 

10 
2 4  
46 
8 8  

1 5 6  



A g r a p h i c a l  i n t e r p r e t a t i o n  o f  these  resu l t s  i s  i l l u s t r a t e d  i n  F i g u r e  2 ,  
r e f e r e n c e  t o  t h e  f i g u r e  r evea l s  t h a t  w h i l e  s t r a i g h t  l i n e  p l o t s  have been  
o b t a i n e d  f o r  f o u r  of  t h e  t e m p e r a t u r e s  i n v e s t i g a t e d ,  one (80°C) y i e l d e d  a s t r a i g h t  
p o r t i o n  succeeded  by a c u r v e .  
such  t h a t  a t  480 h exposure  96 - 98% o i  the u r a n i u m  had been o x i d i s e d  and t h u s  
a r a t e  e x p r e s s e d  i n  t h e  u n i t s  mg cm-' h- '  would 
\ w i l d  change  a p p r e c i a b l y .  The i n i t i a l  r a d i u s  o f  t h e  u r a n i u m  rod was 0 . 0 5 2 3  crn 
and t h e  mean r a d i u s  o f  two r o d s  a f t e r  480 h exposure  was 0 . 0 1 0  cm ( v a r i a t i o n  
a l o n g  t h e  r o d s  between 0 .008  t o  0 . 0 1 1  c m ) .  I t  h a s  been c a l c u l a t e d  from t h e  
assumpt ion  of un i form a t t a c k  on  t h e  whole uran ium s u r f a c e  (Appendix)  t h a t  t h e  
f i n a l  r a d i u s  a f t e r  480 h exposure  would h e  0 . 0 1 1  cm w h i c h  compares most  f a v o u r -  
a b l y  w i t h  t h e  o b s e r v e d  r e s u l t  ( 0 . 0 1 0  cm) .  S t r a i g h t  l i n e  p l o t s  were o b t a i n e d  fo r  
r e a c t i o n s  a t  t h e  o t h e r  t e m p e r a t u r e s  because  c o n s i d e r a b l y  l e s s  uranium was 
o x i J i s e d  d u r i n g  t h e  c o u r s e  v f  t h p  e x p e r i m e n t s .  

The c o n d i t i o n s  o f  t h e  e x p e r i m e n t  a t  80°C were 

n o t  be c o n s t a n t  s i n c e  t h e  a r e a  

2 . 8  
6 . 1  

11 
16 
17  
32 
33 
40 
4 1  

- 2  h-1 

3 . 2  R e s u l t s  o f  h a t e r  Tmnersion b.uperirnen t s  

3 . 1  1 . 0  
6 . 2  5 . 7  

11 12 
1 4  1 5  
1 8  1 8  
31 28  
3 4  3 2  
38 4 1  
42 42 

72iese e x p e r i m e n t s  were per formed a t  t e m p e r a t u r e s  of 35" ,  65" and 80°C 
and t h e  resu l t s  a r e  g i v e n - i n  Tab le  3. 

96 
16 7 
236 
314  
410 
480 
552 

TABLE 3 

39 
49 
8 9  

117 
144 
157  
187 

I Observed Oxi, 

Exposure Period, h 

138 
2 40 
36 0 
48 3 
60 5 
720 
955 

1076 
1200 

rtion Rate 0.071 m g  c m '  

43 
5 3  
90  

126  
1 4 9  
16 1 
1 9 3  

43  
5 4  
86 

1 2 5  
138 
1 5 6  
195 

24 
48 
72  
96  

120  
144 
160 
185 
216 

ttion Rate 1.75 mg cm-' h-' 
I 

19 
38 
75  
8 8  

1 0 1  
1 3 4  
159  
172 
194  

27 
38 
8 4  
8 1  

117 
127  
157 
172 
1 9 3  

19  

5 9  
108  

140 
1 5 1  
1 7 4  
1 9 3  

- 



A g r a p h i c a l  i n t e r p r e t a t i o n  of t h e s e  res i i l ts  i s  i l l u s t r a t e d  i n  f i g u r e  3 ,  
s t r a i g h t  l i n e  p l o t s  have  been o b t a i n e d  for  e a c h  o €  t h e  t h r e e  t p m p e r a t r i r e s .  

4. DISCUSSION 

From t h e  r e s u l t s  g i v e n  i n  t he  p r e v i o u s  s e c t i o n  i t  is  appa ren t .  t h a t  u n d e r  t h e  
c o n d i t i o n s  of  t h e  e x p e r i m e n t s  l i n e a r  c o r r o s i o n  r a t e s  are  e x h i . h i  t e d  o v e r  the 

t e m p e r a t u r e  range  examined .  It, i s  w e l l  documented t h a t  the  rna,ior p r o d u c t s  o f  

t h e  r e a c t i o n  hetween iiraniiirn and w a t e r  vapoiir  a r e  hydrogen and iiraniurn o x i d e s  
[4 - 61.  S ince  no at,ternpt was made t o  remove t h e s e  r e a c t i o n  p r o d i i c t , ~  il, may 
be assiimed from t h e  r a t e  s t i i d i e s  t h a t  t h e  r e a c t i o n  i s  n o t  antocatnlvt i c .  

Tt, l i a s  been ~ )hse rv r :d  t,tiat, t,!ie react. i  o r 1  r a t e  ;it va r io i i s  tcrriperatiires f o r  

w h e r r  I{ = ot,sc.rvc:~l i : ~ ; i c ~ i ~ : i ~  ra t ( : .  

,A = t l ie  frequency l'cic t.o r ir I '  t l ie ret1ct.i o r i  ~ 

IS = t.he criergy o. f  a(: t i  vat,i o n ,  

R = t h e  molar g a s  c o n s t a n t  = l . c ) p ,  ca l  mol- '  , 
and T = t h e  t e m p e r a t u r e  i n  d e g r e e s  K e l v i n ,  

T h i s  e q u a t i o n  may be r e w r i t t e n  i n  t h e  form 

E 
2.303RT l o g , , K  = l o g , , A  - 

1 E 
T 2 .  303R 

Thus a p l o t  o f  log , ,K a g a i n s t -  s h o u l d  y i e l d  a s t r a i g h t  l i n e  o f  g r a d i e n t  . I - _ .  , 

F i g u r e  4 shows an A r r h e n i u s  p l o t  o f  t h i s  form f o r  t h e  r e s u l t s  g i v e n  i n  T a b l e  2 .  

A good s t r a i g h t  l i n e  h a s  been o b t a i n e d  and t h e  a c t i v a t i o n  e n e r g y ,  d e t e r m i n e d  

from t h e  g r a d i e n t , h a s  t h e  v a l u e  16 .1  k c a l  m o l - ' .  

The u s u a l  form of  t h e  A r r h e n i u s  e q u a t i o n  u s e d  fo r  s u r f a c e  r e a c t i o n s  i s  
E 

RT 
- _  

K = kC = Ae C, 

where K = o b s e r v e d  r e a c t i o n  r a t e ,  as  a b o v e ,  
E 

RT 
-- 

k 6 t h e  r e a c t i o n  r a t e  c o n s t a n t  = Ae , 
C = t h e  c o n c e n t r a t i o n  o f  a d s o r b e d  w a t e r .  

I n  t h i s  form the  l o g  o f  t h e  r a t e  c o n s t a n t  i s  p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  
of t h e  t e m p e r a t u r e .  The r a t e  c o n s t a n t  i s  d e t e r m i n e d  by d i v i d i n g  the  o b s e r v e d  
r e a c t i o n  r a t e  by t h e  c o n c e n t r a t i o n  term. The c o n c e n t r a t i o n  of a d s o r b e d  w a t e r  

7 



will be dependent ,  o1i t h e  vapour  p r e s s u r e  a t  t h e  r e a c t i o n  t e m p e r a t u r e ,  

i . e . ,  C = I) P,  

where b = 

and P = 

Thus k = 

a combina t ion  of c o n s t a n t s  r e l a t e d  t o  t h e  e n t r o p y  and s u r f a c e  
ene rgy  o f  a d s o r p t i o n ,  
t h e  vapour  p r e s s u r e  o f  t h e  wa te r  a t  the r e a c t i o n  r e m p e r a t u r e .  

h e n c e  -= Ab e 
P 

Thus i t  may he c o n s i d e r e d  t h a t  i f  t h e  r e a c t i o l )  I R  f i r s t ,  o rde r  w i t h  r e s p e c t  
K 1 
P T 

t o  w a t e r  vapour  a p l o t  of  l o g l O - a g a i n s t . - s s h o ~ ~ l J  y i e l d  n s t r a i g h t  l i n e .  

p l o t  i s  i l l u s t r a t e d  i n  F i g u r e  5 and a s t r a i g h t  l i n e  has  !wen o b t a i n e d .  

T h i s  

However f u r t h e r  c o n s i d e r a t i o n  r e v e a l s  t h a t  t h e  v a r i a t i o n  of  water  vapour  
p r e s s u r e  w i t h  t e m p e r a t u r e  h a s  t h e  same e x p o n e n t i a l  form a s  t h e  v a r i a t i o n  of  
r a t e  c o n s t a n t  w i t h  t e m p e r a t u r e  and t h i s  i s  c o n f i r m e d  ove r  t h e  t e m p e r a t u r e  r ange  
unde r  i n v e s t i g a t i o n  by t h e  g raph  i l l u s t r a t e d  i n  F i g u r e  6 .  From these c o n s i d e r a -  
t i o n s  i t  may be s e e n  t h a t  t h e  s t r a i g h t  l i n e  o b t a i n e d  IJY p l o t t i n g  

] o g , , , F a g a i n s t  - h a s  no s i g n i f i c a n c e  s i n c e  P i s  an e x p o n e n t i a l  f i i n c t i o n  of  T 

( i . e . ,  P = Po e - T ) .  T h u s  f u r t h e r  work i s  n e c e s s a r y  t o  d e t e r m i n e  whe the r  or 
n o t  t h e  r e a c t i o n  r a t e  i s  dependen t  on the vapour  p r e s s u r e  of t h e  w a t e r .  U n t i l  
such r e s u l t s  a r e  a v a i l a b l e  i t  may be assumed t h a t  t h e  r e a c t i o n  i s  of z e r o  

1 .  o r d e r  and t h e  p l o t  o f  l o g , , K  a g a i n s t  - i s  t h e r e f o r e  a d m i s s a h l e .  Some s u p p o r t  T 
i s  l e n t  t o  t h i s  p r o p o s a l  by t h e  f a c t  t h a t  obse rved  r e a c t i o n  ra tes  i n  water  
immersion c o n d i t i o n s  a r e  i d e n t i c a l  t o  t h o s e  o b t a i n e d  unde r  s a t u r a t e d  vapoiir 
c o n d i t i o n s  a t  t h e  same t e m p e r a t u r e .  

K 1 

T 
X 

5. CONCLUSIONS 

From t h e  r e s u l t s  p r e s e n t e d  h e r e i n  i t  may be conc luded  t h a t  i n  t h e  absence  o f  
permanent  g a s e s  t h e  r e a c t i o n  between uranium m e t a l  and w a t e r  vapoiir i s  n o t  
a u t o c a t a l y t i c  and no  change  i n  r a t e  i s  o b s e r v e d  on p a s s i n g  from s a t u r a t e d  vapour 
t o  w a t e r  immers ion  c o n d i t i o n s .  The r e a c t i o n  has  been shown t o  be f a i r l y  u n i -  
form o v e r  t h e  whole uran ium s u r f a c e  and w h i l e  a s u r f a c e  roughen ing  undoub ted ly  
o c c u r s  no deep  p i t t i n g  h a s  been o b s e r v e d .  The A r r h e n i u s  p l o t  f o r  t h e  tempera-  
t u r e  r ange  35" - 100°C i s  a good s t r a i g h t  l i n e  and t h u s  i t  may be  conc luded  
t h a t  t h e  r e a c t i o n  m e c h n n i  s i n  i s  unchanged up t o  100"C, hence  a c c e l e r a t e d  t es t s  
a r e  j u s t i f i e d  and may l i t .  i i i  t , e r p o l a t e d  f o r  l ower  t e m p e r a t u r e  c o n d i t i o n s .  

F 



6 .  FI'RTHER WORK 

\ b r k  i s  n o w  i n  hand t o  ( lecr~rmir ie  t , t i t  5 1  t c c t  of  vapoi i r  p r e s s u r e  on t h e  r a t e  
of  r e a c t i o n  between riraniuin a n d  w n t c ~ r  vapoi i r  i n  the a b s e n c e  of permanent  g a s e s  
and t h e  e f f e c t  of permanent  g a s e s  on 
g a t e d .  
formed both  i n  t h e  p r e s e n c e  and a b s e n c e  of permanent  g a s e s .  
t h e s e  s t u d i e s  w i l l  be  p r e s e n t e d  i n  due c o u r s e .  

t h e  r e a c t i o n  r a t e  L S  a l s o  b e i n g  i n v e s t i -  
A f u r t h e r  s t u d y  i s  d i r e c t e d  a t  the e l u c i d a t i o n  n f  t h e  r e a c t i o n  p r o d u c t s  

The r e s u l t s  of  
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THE E F F E C T  O F  THE AREA O F  A URANlIJM ROD ON ITS CORROSION RATL 

I n  t h e  f o l l o w i n g  c a l c u l a t i o n s  t h r e e  b a s i c  a s s u m p t i o n s  h a r e  bepn m a d e . -  

( a )  Tne r a t e  o f  r e a c t i o n  i s  i n t i a l l y  l i n e a r .  
( 1 ) )  The c o r r o s i o n  i s  un i fo rm o v e r - t h e  w l i o l e  c y l i n d r i c a l  s u r f a c e  o f  t h e  rot1 
( c )  The s u r f a c e  a r e a  o €  t h e  roll r ema ins  srnsihlb i i na l t e r ec l  h i r i n g  t h e  t ime  
i n t e r v a l s  c o n s i d e r e d  (% 48 1 1 )  

h 
C o n s i d e r i n g  a r o d  o f  u ran ium a s  shown  a b o v e ,  
where 1 is  t h e  l e n g t h  of the rod i n  crn. ( ' r l i i  3 rrliiiaineli 

e x p o s u r e ) ,  

t h e  i n i t i a l  r a d i u s  of  t h e  roll i n  r m ,  ro 
A t h e  i n i t i a l  a r e a  I1 C d  , 
p t h e  d e n s i t y  o f  u c m - ' ,  

r t  
R t h e  i n i t i a l  r a t e  o f  c o r r o s i b n  i n  mg cm-* 1 1 - '  . 

t h e  r a d i u s  i n  cm a f t e r  t h e x p o s u r e ,  

7he i n t i t a l  r a t e  of u ran ium consumpt ion  

Hence a f t e r  t h q u a n t i t y  consumed 

Thus volume of m e t a l  consumed 

= RA mg 11-' . 
= H A t  m g .  

R A t  
- - a n 3 . .  . . . . . 

The i n i t i a l v o l u m e  o f  t h e  rod = 711- ] 
0 

The volume o f  t h e  rod a f t e r  t 11 e x p o s u r e  = n r t Z  1 

1 - 7 r r  ] = 7 r O 1  t Hence volume o f  me ta l  consumed 

10 

. .  . . . . . . . .  ( 1 )  

r 

. . . . . . . ( 2 )  



Combining (1) and ( 2 )  

i . e . ,  l n p ( r o 2  - r t 2 )  = R A t ,  

wt 
1 n P  

hence r t 2  = ro2 - - 

U s i n g  t h e  d e r i v e d  f o r m u l a ,  r t  and h e n c e  4, may be c a l c u l a t e d  for  each Lime 

i n t e r v a l ,  where  A, i s  t h e  a rea  of  t h e  rod a f t e r  t ti e x p o s u r e .  

t hen  be c o n s i d e r e d  a s  t h e  i n i t i a l  a r e a  fo r  t he  n e x t  t ime i n t e r v a l  t hours .  
Us ing  t h i s  t e c h n i q u e ,  f o r  time i n t e r v a l s  o f  a p p r o x i m a t e l y  48 h ,  the  r a d i u s  o f  
t h e  rod  a f t e r  480 h may be c a l c u l a t e d  and compared w i t h  the e x p e r i m e n t a l l y  
d e r i v e d  v a l u e .  These  c a l c u l a t i o n s  a r e  o u t l i n e d  i n  T a b l e  41.  

‘The v a l u e  A t  may 

TABLE A 1  

Exposurr 

Time, T 

48 
96 

144 
190 
26 1 
290 
333 
38 4 
408 
480 

Time 

lritrrval, t 

4 8 
48 
48 
46 
71 
29 
48 
46 
24 
72 

tR I tRA 

6 9 . 7 9 2  
6 9 . 7 9 2  
69 .  792 
6 6 . 8 8 4  

103 .234  
42 .166  
6 9 . 7 9 2  
6 6 . 8 8 4  
3 4 . 8 9 6  

1 0 4 . 6 8 8  

47 .0398  
43.4034 
39 .7479 
34 .5924  
48 .2412  
1 6 . 3 4 6 5  

~ 24 .9018  
20.  3461 

9 . 1 9 5 1  
23 .7537 

tRA 

~ 

0.0004004 
0 .  0003694 
0 .0003383 
0 .0002944 
0 .0004106 
n . o o o i 3 9 i  
0 .0002119 
0 .0001732 
0 .0000783 
0 .0002022 

;he i n i t i a l  v a l u e s  u sed  i n  t h e  

l = 2 c m  

calci i  1 a t  i o n s  were  

A = 0 . 6 7 4 4  om2 

0 . 0 0 2 3 3 5  
0 .001966  
0 .001628  
0 .001334  
0 . 0 0 0 9 2 3  
0 .0007839 
0 .0005720  
0 .0003988  
0 .0003205  
0 .0001183  

‘t 

0 .04832  
0 . 0 4 4 3 4  
0 . 0 4 0 3 5  
0 . 0 3 6 5 2  
0 . 0 3 0 3 9  
0 . 0 2 8 0 0  
0 .02392  
0 . 0 1 9 9 7  
0 . 0 1 7 8 9  
0 . 0 1 0 8 8  

0 .6219  
0 . 5 6 9 5  
0 .5172  
0 . 4 6 7 3  
0 . 3 8 7 7  
0 .3568  
0 .  3042 
0 . 2 6 3 5  
0 . 2 2 6 9  
0 . 1 3 6 8  

P = 18700 mg 
R = 1 . 4 2  mg cm-2h-1 (From f i r s t  11.8 h d e t e r m i n a t i o n )  
ro= 0 . 0 5 2 3  cm. 

The measured  r a d i u s  a f t e r  480 h e x p o s u r e  was 0 . 0 1 0  cm. 
C a l c u l a t e d  v a l u e  from T a b l e  A l ,  0 . 0 1 1  cm. 

The resul ts  g i v e n  i n  T a b l e  2 f o r  t h e  o b s e r v e d  o x i d a t i o n  o f  u r a n i u m  a t  80°C 
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may l ip  r o r r e c t e d ,  by m a k i n g  tiiie a 1  I o a q n r e  f o r  t h t .  a r e a  change o c c u r i n g  d u r i n g  
t h e  o x i t l a t i o n  r e a t i o n .  The a r e a  of rod  c l i i r i n ~  each time i n t e r v a l  was t a k e n  t 6  
be t h e  a v e r a g e  o f  t h e  c a l c u l a t e d  v a l u e s  f o r  Lhat  a r e a  a t  t h e  h e g i n n i n g  and end 
of t h e  i n t e r v a l .  The c o r r e c t e d  v a l u e s  o f  c o r r o s i o n  a g a i n s t  t i m e  of exposure  

7 3 . 0  
8 1 . 5  
7 7 . 5  
9 2 . 9  

1 1 0 . 0  
3 7 . 6  
8 9 . 3  
2 3 . 3  
2 9 . 4  

~ 116 

a r e  g i v e n  i n  T a b l e  A2. 

TABLE A 2  

Change,  W ,  mg 

48 
96 

144 
190 
261 
2 90 
3 38 
384 
408 
480 

4 5 . 9  
9 6 . 1  

1 3 8 . 1  
1 8 3 . 8  
230 .8  
244 .8  
2 j 4 . 3  
2 8 0 . 9  
288 .1  
3 0 9 . 3  

Weight Difference 

AM', mg 

A w  
Av 

AW E-- 
Av 

4 5 . 9  
5 0 . 2  
4 2 . 0  
4 5 . 7  
4 7 . 0  
1 4 . 0  
2 9 . 5  

6 . 6  
7 . 2  

2 1 . 2  

0 .6479  
0 . 6 1 5 7  
0 .  5431 
0 . 4 9 2 2  
0. 4275 
0 . 3 7 2 2  
0 .  3305 
0.  2838 
0 . 2 4 5 2  
0 .  1818 

7 3'. 0 
1 5 4 . 5  
2 3 2 . 0  
3 2 4 . 9  
434.  ? 
4 7 2 . 5  
5 6 2 . 8  
5 8 6 . 1  
6 1 5 . 5  
7 3 1 . 5  

,A \v 
A V  

The v a l u e ?  i n  t h e  f i n a l  c o l u m n  (E-)ot T;.hle .A'? r e p r e s e n t  t h e  q u a n t i t y  o f  

uran ium which would he  o x i d i s e d  i f  a rod  of 1 cm' s u r f a c e  a r e a  were exposed  t o  

gas  f r e e  water vapour  a t  80°C and t h e  s u r f a c e  a r e a  remained  unchanged a s  t h e  
r e a c t i o n  p r o c e e d e d .  
i n  F i g u r e  7 ,  a l i n e a r  p l o t  was o b t a i n e d  and t h e  o x i d a t i o n  r a t e  d e t e r m i n e d  %as 

1 . 6 5  mg cm-' h-' , t h i s  v a l u e  a g r e e s  e x t r e m e l y  w e l l  w i t h  t h a t  o b t a i n e d  by con- 

s i d e r i n g  o n l y  t h e  e a r l y  v a l u e s  of  t h e  u n c o r r e c t e d  r e s i i l t s  ( 1 . 7 4  mg cm-' h - ' ) .  

A g r a p h i c a l  i n t e r p r e t a t i o n  of  t h e s e  r e s u l t s  i s  i l l u s t r a t e d  

These  r e s u l t s  i n d i c a t e  t h a t  t h e  a s s u m p t i o n s  made c o n c e r n i n g  t h e  r a t e  and 
u n i f o r m i t y  o f  t h e  r e a c t i o n  were v a l i d  and t h a t  a p i t t i n g - t y p e  a t t a c k  does  n o t  
o c c u r .  However s i n c e  t h e  r e a c t i o n  r a t e  was l i n e a r  f o r  a p p r o x i m a t e l y  200 h ,  on 

t h e  u n c o r r e c t e d  v a l u e s  and t h a t  d u r i n g  t h i s  t ime t h e  p e r c e n t a g e  a rea  d e c r e a s e  
was o f  t h e  o r d e r  o f  30% i t  n e c e s s a r i l y  f o l l o w s  t h a t  a n  i n c r e a s e  i n  s u r f a c e  
roughness  r e s u l t e d  from t h e  c o r r o s i o n .  
roughen ing  b u t  no deep  p i t t i n g  o c c u r s  d u r i n g  t h e  r e a c t i o n  u n d e r  t h e  c o n d i t i o n s  
o f  e x p e r i m e n t a t i o n .  The two p h o t o g r a p h s  i n  F i g u r e  8 i l l u s t r a t e  t he  l a c k  o f  
p i t t i n g  even  a f t e r  e x t e n s i v e  c o r r o s i o n  h a s  o c c u r r e d .  The u n i f o r m i t y  of  a t t a c k  
ove r  t h e  w h o l e  s u r f a c e  i s  i l l u s t r a t e d  by t h e  p h o t o g r a p h s  i n  F i g u r e  9 ,  t h e  rods  
were s u p p l i e d  wi th  a t w i s t  a s  shown,  and t h e  g e o m e t r i c a l  s h a p e  remained  
unchanged a f t e r  exposure  a t  80°C. 

n u s  i t  may be conc luded  t h a t  a s u r f a c e  

12 
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0-94/63 

I 100 

T e m p e r a t u r e ,  
O K  

308 
323 
338 
353 
373 

R a t e ,  
mg cm-2 ki-' 

0,060 
0.21 
0.68 
1.74 
4.75 

Y? -- 
3,247 
3,096 
2,959 
2,833 
2,681 

LOG I o 
R a t e  

-1.22 
-0.68 
-0.17 

0.24 
-0.68 

FIGURE 4, ARRHENIUS --- PLOT FOR ZERO ORDER REACTION 
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VP 
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FIGURE 5 
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-___ FIGURE 6. SHOWING EXPONENTIAL - RELATIONSHIP BETWEEN WATER 
W O U R  PRESSURE AND TEMPERATURE 
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