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THE OXIDATION,  HYDRIDING AND AQUEOUS CORROSION 
OF U 3 S i  ALLOYS 

M.A. Feraday 
Fuel  M a t e r i a l s  Branch 

SYNOPSIS 

Specimens of U 3 S i  w e r e  hea ted  i n  a i r  and i n  hydrogen 
a t  t empera tures  up t o  55OOC and t h e  products  of r e a c t i o n  
s t u d i e d .  The phases  observed i n  t h e s e  tes ts  a r e  compared w i t h  
those  which form i n  U 3 S i  samples corroded i n  h igh  temperature  
water .  

The aqueous c o r r o s i o n  of U 3 S i  i s  mainly an o x i d a t i o n  
r e a c t i o n  al though l i m i t e d  hydr id ing  may a l s o  occur a s  a sec- 
ondary r e a c t i o n .  The o x i d a t i o n  of U 3 S i  e i t h e r  i n  a i r  or water  
appears  t o  be a m u l t i - s t e p  p rocess  i n  which most of t h e  phases  
of t he  uran ium-s i l icon  system form. Due t o  the  k i n e t i c s  of 
format ion  and s t a b i l i t y  of t h e  phases  a t  va r ious  tempera tures  
a l l  a r e  n o t  observed i n  an i n d i v i d u a l  t e s t .  

Although molecular  hydrogen w i l l  n o t  r e a c t  w i t h  U,Si 
d i r e c t l y ,  i n  some c a s e s  i t  w i l l  r e a c t  w i t h  f r e e  uranium t o  
form UH3. I f  t h e  UH3 i s  subsequent ly  oxidized,  nascen t  hydro- 
gen w i l l  be r e l e a s e d  which w i l l  r e a c t  w i th  t h e  U 3 S i .  
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Oxydation, hydru ra t ion  e t  c o r r o s i o n  aqueuse 

des  a l l i a e e s  de U,Si 
5- v 

M.A. Feraday 

On a chauffe  des  e c h a n t i l l o n s  de U3Si ,  dans l ' a i r  e t  

dans l 'hydrogkne,  ?I des temperatures  a l l a n t  j u squ 'h  55OoC e t  on 
a 6 t u d i e  l es  p r o d u i t s  de r e a c t i o n ,  Les phases observees  dans 

ces e s s a i s  s o n t  comparees 3 ce l les  des  g c h a n t i l l o n s  de U3Si 
c o r r o d e s  dans l ' e a u  h hau te  tempgrature .  

La c o r r o s i o n  aqueuse de U 3 S i  e s t  p r inc ipa lemen t  une 

r e a c t i o n  d 'oxydat ion  b i e n  qu 'une hydru ra t ion  l i m i t e e  p u i s s e  

Bgalement se  p r o d u i r e  sous  forme de r e a c t i o n  seconda i r e .  

L 'oxydat ion de U3Si, dans l ' a i r  ou dans l ' e a u ,  semble Btre un 
processus  3 echelons  d i v e r s  ob se  forment l a  p l u p a r t  des  phases 

du systkme uranium-si l ic ium. P a r  s u i t e  de l a  c i n e t i q u e  de 
format ion  e t  de l a  s t a b i l i t e  des  phases ,  h d i f f e r e n t e s  tempera tures ,  

il n ' e s t  pas  p o s s i b l e  de  l e s  observer  t o u t e s  dans un s imple e s s a i .  

Bien que l 'hydrogkne mol6cula i re  ne r g a g i s s e  pas 
d i rec tement  avec 1'U3Si,  il p e u t  dans c e r t a i n s  cas  r e a g i r  avec 

de l 'u ran ium l i b r e  pour fo rmer  de  1 ' U H 3 .  
pos t e r i eu remen t  oxyde, de l 'hydrog'ene n a i s s a n t  s e r a  l i b g r 6 ,  

l e q u e l  r e a g i r a  avec 1 ' U 3 S i .  

S i  c e t  UH3 e s t  

L 'Energie  Atomique du Canada, Limitee 

Labora to i r e s  Nuclga i res  de  Chalk River 

Chalk River ,  Ontar io  
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THE OXIDATION,  HYDRIDING AND AQUEOUS CORROSION 
OF U Si ALLOYS 3 

M.A. Feraday 

1. INTRODUCTION 

Uranium s i l i c o n  a l l o y s  ( con ta in ing  about 4 w t %  S i )  a r e  
be ing  developed f o r  use i n  CANDU-type powe?r r e a c t o r s ,  f u e l l e d  
wi th  n a t u r a l  uranium and cooled by p res su r i zed  water  or  b o i l i n g  
water ,  because of expected r e d u c t i o n s  i n  u n i t  energy  costs (1). 
An impor tan t  requirement  f o r  such f u e l  i s  t h a t  an element  con- 
t a i n i n g  a d e f e c t  ho le  i n  t h e  shea th  must opera te  f o r  some t i m e  
( p o s s i b l y  a few days ) ,  w i thou t  undergoing unacceptable  mechani- 
c a l  damage o r  r e l e a s e  of uranium t o  t h e  c o o l a n t  system. Th i s  
requirement  a r i s e s  from the  economic importance of main ta in ing  
t h e  r e a c t o r  a t  power u n t i l  t h e  f u e l l i n g  machine removes the  
d e f e c t i v e  element .  Thus the  behaviour  of U3Si when exposed t o  
water/steam a t  f u e l  ope ra t ing  temperature  i s  of importance t o  
i t s  a p p l i c a t i o n .  

P o s t - i r r a d i a t i o n  me ta l log raph ic  examinat ions of f u e l  
from U3Si e lements  t e s t e d  i n - r e a c t o r  w i th  a defect h o l e  i n  t h e  
Z i r ca loy  shea th  show t h a t  t h e  r e a c t i o n  between U 3 S i  and water  
o r  steam i s  a h i g h l y  complicated one i n  which s e v e r a l  phases  
a r e  formed ( 2 ) .  Development of p o s s i b l e  methods of reducing  
the corrosion ra tes  could be assis ted by a knowledge of these 
r e a c t i o n s  and the  phases which a r e  formed. I d e n t i f i c a t i o n  of 
t he  phases  formed dur ing  the  i n - r e a c t o r  tests by means of t h e  
e l e c t r o n . p r o b e  microanalyser  or b y  X-ray d i f f r a c t i o n  has  n o t  
been p o s s i b l e  because the  equipment a t  CRNL cannot  examine 
h i g h l y  r a d i o a c t i v e  samples. The work r e p o r t e d  he re  involved 
a t t empt s  t o  d u p l i c a t e ,  i n  t h e  l a b o r a t o r y ,  t he  s t r u c t u r e s  ob- 
served i n  t h e  i r r a d i a t e d  samples. These i n a c t i v e  samples w e r e  
t h e n  sub jec t ed  t o  e l e c t r o n  probe and X-ray d i f f r a c t i o n  a n a l y s i s .  

Poss ib l e  r e a c t i o n s  which could occur du r ing  an in -  
r e a c t o r  d e f e c t  t e s t  a r e :  

1) ox ida t ion  of the  U 3 S i  by  water/steam wi th  the  
r e l e a s e  of nascent  hydrogen, and 

2 )  hydr id iny  of t h e  U3Si. 
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An a t t empt  has  been made t o  determine the  r e l a t i v e  
importance of each i n  t h e  aqueous c o r r o s i o n  process .  The ex- 
per iments  involved a de t e rmina t ion  of t he  e f f e c t s  of a i r ,  hy- 
drogen and steam on sane U 3 S i  samples con ta in ing  r e s i d u a l  U 3 S i 2  
p a r t i c l e s  and on o t h e r s  con ta in ing  f r e e  uranium. 

2 .  BACKGROUND 

I n  t h e  uranium-si l icon a l l o y  system, t h e r e  i s  g e n e r a l  
agreement a s  t o  the e x i s t e n c e ,  s t r u c t u r e  and general-  composition 
of t h e  phases a t  e i t h e r  end of t he  phase diagram (Figure  l), 
i . e .  U3Si, U3Si2 and USi3 ( 3 , 4 , 5 , 6 ) .  

I n  the  10-20 w t %  S i  r eg ion  of the  diagram s o m e  d i s -  
c r epanc ie s  e x i s t  a s  t o  t h e  composition and l a t t i c e  parameters  
of t h e  phases (Table l), e.g.  t h r e e  d i f f e r e n t  c r y s t a l  s t r u c t u r e s  
have been r e p o r t e d  f o r  t h e  composition U-19 w t %  S i  ( 3 , 4 , 5 ) .  
M o r e  exper imenta l  w o r k  i s  r e q u i r e d  t o  r e s o l v e  these d i s c r e p a n c i e s .  
Although it i s  n o t  c e r t a i n  which phases  a c t u a l l y  e x i s t ,  i n  t h e  
fo l lowing  r e p o r t  it h a s  been assumed t h a t  Z a c h a r i a s e n ' s  ( 4 )  a U S i 2  
and f3USi2 ( s i l i c o n  d e f i c i e n t )  a r e  t h e  phases occur r ing  i n  t h e  
c e n t r a l  r eg ion ;  F igure  1 shows t h e  uranium-si l icon phase diagram 
publ i shed  by Kaufmann e t  a 1  ( 3 )  and modified s l i g h t l y  t o  inc lude  
Z a c h a r i a s e n ' s  a and f3USi2 ( 4 ) .  

Oxidat ion tes ts  on U - S i  a l l o y s  (9 ,10 ,11 ,12 )  have pro- 
v ided  l i t t l e  evidence r ega rd ing  i d e n t i f i c a t i o n  of t he  phases  
which form o r  t h e  r e a c t i o n s  which occur .  Although no d e l i b e r a t e  
hydr id ing  tes ts  have been done, s e v e r a l  a u t h o r s  (on t h e  b a s i s  
of aqueous c o r r o s i o n  t es t s )  found no evidence t o  show t h a t  U 3 S i  
r e a c t s  w i t h  hydrogen (11 ,13 ,14 ,15 ) ,  or t h a t  hydrogen w i l l  in -  
c r e a s e  the  aqueous c o r r o s i o n  r a t e  of U 3 S i  ( 1 3 ) .  

3 .  EXPERIMENTAL 

Table 2 shows t h e  composition of t he  two uranium- 
s i l i c o n  a l l o y s  ( h e a t s  458 and 466) which w e r e  s t u d i e d  i n  d e t a i l  
i n  t he  o x i d a t i o n  and hydr id ing  tes ts .  During p re l imina ry  t r i a l s ,  
another  a l l o y  ( h e a t  257) gave an i n t e r e s t i n g  r e s u l t  so  i t s  com- 
p o s i t i o n  i s  a l s o  inc luded  i n  Table 2 .  
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Various b a t c h e s  of uranium-si l icon a l l o y s  ranging i n  
V 

composition from 3.6 t o  4.5 w t %  S i  w e r e  used i n  t h e  aqueous 
c o r r o s i o n  t es t s .  The spec t rog raph ic  ana lyses  of t hese  a l l o y s  
w e r e  s i m i l a r  t o  those  of h e a t s  458 and 466 i n  Table 2 .  

The a l l o y s  w e r e  suppl ied  b y  Eldorado Nuclear Limited 
( P o r t  Hope) i n  the  form of c a s t  rods  which w e r e  h e a t - t r e a t e d  
i n  vacuum f o r  3 days a t  8 O O O C  t o  t ransform t h e  a s -cas t  s t r u c t u r e  
of U3Si2 and uranium t o  U 3 S i  and some r e s i d u a l  U3Si2 f o r  a l l o y s  
con ta in ing  3 .8  t o  4 .5  wt% S i  (F igure  2 )  o r  U3Si w i t h  some 
r e s i d u a l  uranium f o r  a l l o y s  con ta in ing  less than  about  3 . 8  w t %  
S i  (F igure  3 ) .  The rods  w e r e  t hen  machined t o  about 14.6 mm 
diameter  t o  remove the  c a s t  s u r f a c e .  S o l i d  r o d s  f o r  t he  oxida- 
t i o n  and hydr id ing  tes ts  w e r e  c u t  i n t o  s l u g s  about  1 3  mm long  
(30 grams) ,  whi le  hollow rods  f o r  t h e  aqueous c o r r o s i o n  tes ts  

w e r e  c u t  i n t o  s l u g s  ranging  i n  l e n g t h  from 6 t o  1 2  mm. 

For phase i d e n t i f i c a t i o n ,  t he  specimens w e r e  mechanic- 
a l l y  po l i shed  down t o  1/4 p m  diamond us ing  a Varsol  l u b r i c a n t ,  
a t t a c k  po l i shed  using i g n i t e d  ammonium dichromate and 30% 
hydrogen peroxide f o r  about two minutes ,  then e t ched  i n  Mura- 
k a m i ' s  r eagen t  f o r  v a r i o u s  t i m e s .  I n  some i n s t a n c e s  t h e  samples 
w e r e  h e a t - t r e a t e d  i n  a i r  a t  1 2 O O C  f o r  LO minutes  t o  improve the  
c o n t r a s t  between the  U3Si and U3Si2 phases.  The specimens w e r e  
then  examined on an o p t i c a l  microscope and on an e l e c t r o n  micro- 
probe ana lyze r .  

The samples w e r e  ox id ized  i n  a i r  a t  temperatures  ranging  
from 350 t o  550°C i n  a Lindberg box type  fu rnace  which pe rmi t t ed  
free access of a i r .  Exposure t i m e s  ranged f r o m  45 m i n u t e s  t o  
about  2 8  hours .  The samples w e r e  weighed b e f o r e  t h e  t e s t  and 
a f t e r  t h e  loose  oxide (which formed dur ing  t h e  o x i d a t i o n  run )  
was brushed o f f .  One sample was ox id ized  i n  oxygen and examined 
t o  see whether t h e  r e a c t i o n s  and c o r r o s i o n  p roduc t s  w e r e  t he  
same a s  i n  a i r .  

Hydriding of t h e  U3Si was done i n  a s t a t i c  atmosphere 
of hydrogen i n s i d e  a q u a r t z  tube  a t  p r e s s u r e s  of about  10  and 
100 Torr  a t  temperatures  from about  200 t o  500OC. I n  each  tes t ,  
t h e  tube was evacuated t o  2 x Torr  b e f o r e  the  hydrogen 
was added. The drop i n  hydrogen p res su re  and change i n  sample 
weight  dur ing  each run  w e r e  noted.  
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Environments f o r  aqueous c o r r o s i o n  tes ts  on U 3 S i  w e r e  
e i t h e r  p r e s s u r i z e d  (86 b a r s )  water  a t  3OOOC o r  atmospheric 
p re s su re  steam a t  temperatures  between 350 and 550OC. I n  t h e  
l a t t e r  tes ts  an argon atmosphere was used f o r  t h e  pre-hea t ing  
pe r iod  be fo re  the  r u n  and t h e  coo l ing  down per iod  a f t e r  t h e  
run: t h e  temperature  of t h e  U3Si p e l l e t  was recorded cont in-  
uously i n  t h e  steam tes ts .  The d e t a i l s  of the  appara tus ,  t h e  
run  cond i t ions ,  and the  c o r r o s i o n  r a t e s  have been (15a)  or w i l l  
be (15b) r e p o r t e d  s e p a r a t e l y .  

I n  a d d i t i o n  t o  t h e  unclad samples, a 50 mm long co- 
ex t ruded  specimen of h e a t - t r e a t e d  U-4 w t %  S i  c l a d  i n  Z i r c a l o y  
and con ta in ing  a c e n t r a l  void was t e s t e d .  This  sample, which 
was s e a l e d  a t  one end and open a t  t he  o the r  t o  a supply of 
wa te r ,  was hea ted  i n  a furnace  a t  62OOC f o r  4 hours  t o  s imula t e  
the  c o n d i t i o n s  i n s i d e  an element  a t  h igh  temperature .  A second 
specimen c o n s i s t i n g  of a s l i p - f i t t e d  c a s t  U 3 S i  rod s e a l e d  in-  
side a defected Z i r c a l o y  shea th  was tested i n  3OOOC water  f o r  
2340 hours .  

4. RESULTS AND D I S C U S S I O N  

4 . 1  Reac t ions  w i t h  A i r  and Oxyqen 

The r e s u l t s  of t h e  r e a c t i o n s  of U3Si a l l o y s  w i t h  a i r  
and oxygen a t  t empera tures  of 350, 450 and 55OOC a r e  summarized 
i n  Table 3. 

I n  g e n e r a l ,  t he  r e s u l t s  show t h a t  t h e  samples formed a 
b l a c k  coa t ing  which s p a l l e d  o f f  a s  a b l a c k  powder ( i d e n t i f i e d  
a s  U308, see below) du r ing  the  t es t .  Under t h i s  l a y e r  and ad- 
h e r i n g  t o  the  specimen was a t h i n  b l a c k  l a y e r ,  a g rey  l a y e r  
( i n  some c a s e s )  and a whi te  l a y e r  a d j a c e n t  t o  the  U 3 S i .  A l -  
though t h e  t h i n  adherent  b l a c k  l a y e r  ( i d e n t i f i e d  a s  U 0 2 ,  Table 
4 )  i s  p r e s e n t  on a l l  samples, t h e  s p a l l i n g  showed t h a t  it i s  
n o t  p r o t e c t i v e .  This  U 0 2  l a y e r  was approximately the  same 
t h i c k n e s s  i n  a l l  tests. 

X-ray a n a l y s i s  of t h e  powder from sample No. 5 (oxid ized  
26.2 h a t  350OC) and t h a t  from N o .  6 ( 2 1 . 8  h a t  350OC) showed 



- 5 -  

t h a t  U 0 
d i f f r a c t i o n  p a t t e r n  ( 1 9 ) .  Since S i02  h a s  a l s o  been suggested 
a s  a product  of t he  r e a c t i o n  of uranium s i l i c i d e s  wi th  a i r  and 
water  (ll), it was looked f o r ,  b u t  w i t h i n  the  s e n s i t i v i t y  of 
t h e  a n a l y s i s  no Si02 was observed. S ince  t h e  S i 0 2  could be i n  
an amorphous s t a t e ,  i t s  presence may be d i f f i c u l t  t o  d e t e c t .  
N o  t r a c e  of e l emen ta l  s i l i c o n  was observed i n  t h e  d i f f r a c t i o n  
p a t t e r n  of e i t h e r  of t h e s e  two powder samples ( 1 9 ) .  

was p r e s e n t ,  b u t  no U 0 2  l i n e s  w e r e  observed i n  t h e  3 0  
WI 

Chemical ana lyses  of t h e  powder which s p a l l e d  off  
s e v e r a l  samples gave an average value of 15.2 wt% oxygen and 
330 ppm n i t r o g e n  (Table 5 ) .  F a i r l y  l a r g e  v a r i a t i o n s  ( a s  h igh  
a s  k 2 wt%)  w e r e  observed i n  t h e  oxygen ana lyses  f o r  d u p l i c a t e  
samples i n d i c a t i n g  t h a t  t he  loose  b l a c k  powder may n o t  be homo- 
geneous. A s i l i c o n  a n a l y s i s  on the powder sample from t h e  
sample oxid ized  i n  a i r  gave a value of 3.2 wt% Si (Table 5 ) ;  on 
sample d i s s o l u t i o n  i n  a c i d  some of t h e  r e s i d u a l  p a r t i c l e s  w e r e  
b l a c k ,  n o t  whi te  a s  f o r  SiO2, sugges t ing  t h a t  a t  l e a s t  some of 
t h e  s i l i c o n  was i n  some o t h e r  form, p o s s i b l y  e l emen ta l  s i l i c o n  
(16). 
t h e o r e t i c a l  oxygen value would be 17 .7  wt%; tf!e value would be 
15.2 wt% i f  t h e  products  w e r e  U308 and S i  and 14.7 w t %  if U02  
and S i 0 2 .  

I f  t h e  c o r r o s i o n  product  was only U 3 0  and S i 0 2  t h e  

The r e s u l t s  of t h e  chemical ana lyses  do n o t  permit  
p o s i t i v e  i d e n t i f i c a t i o n  of phases  b u t  U 0 was p o s i t i v e l y  
i d e n t i f i e d  by X-ray d i f f r a c t i o n .  Other p o s s i b l e  c o r r o s i o n  
p roduc t s  could be S i02 ,  S i ,  minor c o n c e n t r a t i o n s  of U 0 2  and/or 
t e r n a r y  phases .  

3 8  

The l o w  n i t r o g e n  a n a l y s i s  i n d i c a t e s  t h a t  l i t t l e  n i t r i d i n g  
occurred  du r ing  t h e  h e a t i n g  i n  a i r .  

The adherent  o u t e r  b l a c k  l a y e r  observed on sample N o .  5 
(F igure  8 )  was i d e n t i f i e d  by microprobe (Table 4 )  a s  U 0 2 .  Ad- 
h e r e n t  b l a c k  l a y e r s  observed on o the r  uranium s i l i c i d e  a l l o y s  
a f t e r  ox ida t ion  and aqueous c o r r o s i o n  tests w e r e  i d e n t i f i e d  a s  
U 0 2  by X-ray a n a l y s i s  (10,14). I d e n t i f i c a t i o n  of t h e  g r e y  l a y e r  
i s  less c e r t a i n .  I f  it i s  assumed t h a t  oxygen makes up t h e  d i f -  
f e r ence  i n  t h e  probe a n a l y s i s  f o r  sample N o .  5 i n  Table 4, t h e  
composition of t h e  grey  l a y e r  would be U-3 wt% S i  - 2 0  wt% 02. 
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One t e r n a r y  U-Si-0 phase i s  USi04 (20)  which has  about  t he  
r i g h t  oxygen con ten t  (19.4 wt%)  b u t  has  a s i l i c o n  c o n t e n t  of 
8 .5  w t % .  
a t  t empera tures  between 400-500°C (20)  . Another phase r e c e n t l y  
i d e n t i f i e d  ( 2 1 )  i s  U 6 S i l 1 0 ;  it has  n e i t h e r  the  s i l i c o n  nor 
oxygen c o n t e n t  of t he  g rey  l a y e r .  

USi04 decomposes t o  U 0 2  and amorphous s i l i c a  (S i02)  

The whi te  l a y e r s  w e r e  i d e n t i f i e d  a s  e i t h e r  a o r  f3 USi2 
by microprobe examination (Table 4 ) .  A t h i n  in t e rmed ia t e  l a y e r  
between t h e  U3Si and USi2 i n  the  sample ( N o .  1 2 )  hea ted  i n  
oxygen was i d e n t i f i e d  a t  U S i  . 

3 2  

4 . 2  React ions w i t h  Hydrogen 

The r e s u l t s  of exposing U3Si a l l o y s  t o  hydrogen a t  
t empera tures  ranging  from 200 t o  5OOOC a r e  summarized i n  Table 
6 .  

I n  g e n e r a l ,  no change i n  weight  or  m i c r o s t r u c t u r e  of 
t h e  U S i  p e l l e t s ,  nor any drop i n  hydrogen p res su re  was observed 
dur ing  the  tes ts  a t  9 .8  Torr  a t  any temperature  between 2 O O O C  
and 500°C. This  i n d i c a t e s  t h a t  no s i g n i f i c a n t  amount of hydro- 
gen was picked up by t h e  samples r e g a r d l e s s  of whether they  con- 
t a i n e d  f r e e  uranium o r  f r e e  U3Si2. 
2250Cr no change i n  hydrogen p res su re  or i n  sample c o n d i t i o n  
was noted du r ing  t h e  t e s t  on sample N o .  15 ( f r e e  U S i  ) .  

3 

S i m i l a r l y  a t  1 0 1  Torr and 

3 2  

I n  c o n t r a s t ,  a smal l  b u t  s i g n i f i c a n t  decrease  i n  hydrogen 
p r e s s u r e  was recorded du r ing  the  102 T o r r r  225OC run  w i t h  sample 
N o .  14 ( f r e e  uranium). Examination of t h i s  sample a f t e r  t h e  run  
showed t h a t  some of t h e  uranium near  t he  s u r f a c e  had t ransformed 
t o  a phase which appeared m e t a l l o g r a p h i c a l l y  ( 2 2 )  l i k e  UH3 
(F igure  1 2 )  and has  been assumed t o  be UH3. N o  s i g n i f i c a n t  d i s -  
c o l o r a t i o n  of t h e  U3Si around any of t h e  uranium p a r t i c l e s  was 
observed. Subsequently,  t h i s  sample was oxid ized  i n  a i r  (120- 
1 5 O O C )  and me ta l log raph ic  examinat ion showed t h a t  t h e  brown 
UH3 p a r t i c l e s  had oxid ized  t o  U 0 2  (F igure  1 3 ) .  
t he  oxid ized  uranium p a r t i c l e s  was darker  than  the  U3Si ma t r ix  
a f t e r  p o l i s h i n g  and a f t e r  p o l i s h i n g  and e t c h i n g  (F igure  1 3 ) ,  
b u t  n o t  a s  dark  a s  t he  UH p a r t i c l e s .  

The U 3 S i  around 

3 
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During t h e  127  Torr ,  460°C run w i t h  specimen N o .  20, 
a small  p r e s s u r e  drop  occurred du r ing  t h e  run, b u t  t h e r e  was 
no s i g n i f i c a n t  change i n  sample weight .  Some of t h e  uranium 
p a r t i c l e s  touching t h e  o u t e r  su r f ace  had been a t t a c k e d  b u t  
t h e r e  was no darkening of t h e  surrounding U S i .  3 

N o  dimensional  changes w e r e  observed i n  any of t he  
d e l t i z e d  uranium s i l i c i d e  samples du r ing  hydr id ing  runs .  

Thus it appears  t h a t  molecular  hydrogen does n o t  r e a c t  
w i t h  U 3 S i  o r  U 3 S i 2  b u t  does r e a c t  w i t h  some of t h e  f r e e  uranium 
p a r t i c l e s  i n  t h e  a l l o y  t o  form UH3. Subsequent ly  dur ing  t h e  
ox ida t ion  of t h e  UH3, t h e  nascen t  hydrogen r e l e a s e d  d i f f u s e s  
i n t o  t h e  a d j a c e n t  U 3 S i  forming t h e  darkened r e g i o n  which i s  
thought  t o  be e i t h e r  a t e r n a r y  U-Si-H phase o r  a s o l u t i o n  of 
hydrogen i n  the  compound U S i .  Analysis  of t h i s  dark  r eg ion  
on t h e  e l e c t r o n  probe h a s  n o t  been p o s s i b l e  i n  t h e s e  samples. 
Probe a n a l y s i s  of a s i m i l a r  dark r eg ion  around corroded o u t  
uranium p a r t i c l e s  i n  an aqueous c o r r o s i o n  sample ( s e c t i o n  4.3) 
i n d i c a t e s  t h a t  t h e r e  i s  no d i f f e r e n c e  i n  e i t h e r  uranium o r  
s i l i c o n  composition between t h i s  a r e a  and t h e  a d j a c e n t  U 3 S i  ( 1 7 ) ,  
t h u s  r u l i n g  o u t  UH3 and t h e  UH1 02 phase suggested by Burkar t  
and Lustman ( 2 3 ) .  For convenie ice  t h i s  darkened U 3 S i  w i l l  be 
c a l l e d  U3Si(H) i n  t h i s  r e p o r t .  There a r e  no known t e r n a r y  com- 
pounds of s i l i c o n ,  uranium and hydrogen. 

3 

I t  has  been observed p r e v i o u s l y  (24)  t h a t  nascen t  hy- 
drogen ( e .g .  produced by e l e c t r o l y s i s )  w i l l  e n t e r  i n  and move 
through me ta l  much f a s t e r  than  molecular  hydrogen. A s  an ex- 
ample, B a r r e r  ( 2 4 )  h a s  shown t h a t  t h e  permeation of nascen t  
hydrogen i n  pal ladium i s  e q u i v a l e n t  t o  the  r a t e  t h a t  would be 
expec ted  i f  t h e  p re s su re  of t h e  molecular  hydrogen was r a i s e d  
t o  10 ,000  atmospheres a t  t h e  s u r f a c e  of t h e  me ta l .  

I n  cons ide r ing  t h e  movement of hydrogen through t h e  
U3Si it appears  t h a t  a t  t he  tempera tures  and p r e s s u r e s  used i n  
these  t e s t s ,  su r f ace  e f f e c t s  and l a c k  of chemisorpt ion (25)  
p reven t  molecular  hydrogen from p e n e t r a t i n g  i n t o  U3Si and U S i 2 .  

i n t o  the  f r e e  uranium p r e s e n t .  On t h e  o t h e r  hand, d i s s o c i a t e d  
hydrogen (from t h e  decomposed UH3 p a r t i c l e s )  can p e n e t r a t e  i n t o  
the  U 3 S i  much more f r e e l y  t o  form e i t h e r  a t e r n a r y  phase or  an 
i n t e r s t i t i a l  s o l u t i o n .  

Under c e r t a i n  c o n d i t i o n s  molecular  hydrogen can be chemisor 2 ed  
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L...-..--..l 
Since  the  d i f f u s i o n  t i m e s  i n  t h e  hydr id ing  tests w e r e  

ve ry  s h o r t ,  i . e .  about 18 minutes  ( s e c t i o n  3 ) ,  i t  would appear 
(Figure 1 3 )  t h a t  the d i f f u s i o n  r a t e  of hydrogen i o n s  i n  U3Si 
i s  f a i r l y  r a p i d .  

4.3 Aqueous Corrosion of U-Si Alloys 

I t  i s  no t  proposed t o  r e p o r t  a l l  t h e  aqueous c o r r o s i o n  
t es t s  done on U 3 S i  a t  CRNL; only those  provid ing  d a t a  r e l e v a n t  
t o  t h e  i n t e r p r e t a t i o n  of t he  c o r r o s i o n  mechanism occur r ing  i n  
h e a t - t r e a t e d  b i n a r y  U S i  a l l o y s  a r e  d i scussed  i n  t h i s  r e p o r t .  
A summary of t he  r e s u ? t s  of t he  me ta l log raph ic  and microprobe 
examinat ion of t h e  samples is  r epor t ed  i n  Table 7 .  

A l a y e r  of b l a c k  oxide formed on the  s u r f a c e  of samples 
tested a t  350-550°C and e v e n t u a l l y  s p a l l e d  o f f  a s  a b l a c k  pow- 
der :  t h e  t h i c k n e s s e s  of t h e  loose  l a y e r  v a r i e d  wi th  t i m e  and 
temperature  and was much t h i c k e r  a t  5 5 0 ° C  ( 1 5 a ) .  Under t h i s  
l a y e r  and a d j a c e n t  t o  t h e  U3Si was a whi te  l a y e r  or  l a y e r s  
(U3Si2, USi2 - see Table 7 and F i g u r e s  15, 18 and 1 9 ) .  

Chemical a n a l y s i s  (16) of t h e  loose  oxide from a sample 
c o r r o s i o n  t e s t e d  i n  550°C steam showed it t o  c o n t a i n  16 .1  wt% 
oxygen and 3 . 1  wt% s i l i c o n .  This r e s u l t  s u g g e s t s  t h a t  t h e  cor- 
r o s i o n  p roduc t  i n  water  i s  s i m i l a r  t o  t h a t  produced on samples 
oxid ized  i n  a i r  ( s e c t i o n  4 .1)  i . e .  mainly U308. 

The composition of the  whi te  l a y e r  appears  t o  depend 
on t h e  t e s t  temperature  and t h e  exposure t i m e .  A t  temperatures  
of 300-350°C and t i m e s  of f i v e  hours  or less, the  l a y e r  formed 
was f3USi2; du r ing  one longer  run  (115 hour s )  a t  t h e s e  tempera- 
t u r e s  t h e  l a y e r  formed was aUSi2 ( N o .  2 8 ) .  During tes ts  i n  t h e  
450-550°C range ,  a t h i n  l a y e r  of U 3 S i 2  was formed along w i t h  the 
f3USi2 l a y e r .  
ones i d e n t i f i e d  i n  the  a l l o y  from element  N o .  2 7 .  

A t  620°C t h e  phases  USi3 and aUSi2 w e r e  t h e  on ly  

Microprobe examinat ion of t h e  phase which i s  c a l l e d  
f3USi2 i n  t h i s  r e p o r t  shows composi t ions ranging  from 14.6 t o  
16.0 wt% S i .  I n  some c a s e s  t h i s  phase appeared laminated under 
p o l a r i z e d  l i g h t  ( N o .  26, Table  7 )  while  i n  o t h e r  c a s e s  it d i d  
n o t  p o l a r i z e  ( N o .  2 2 ) .  N o  c o r r e l a t i o n  of s t r u c t u r e  w i t h  s i l i c o n  
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concen t r a t ion  was found. The v a r i a t i o n  i n  s i l i c o n  l e v e l  could 
be due t o  t h e  a n a l y t i c a l  t o l e r a n c e  of t he  probe or  t o  the  va r i a -  
t i o n  i n  s i l i c o n  thought  t o  e x i s t  i n  pUSi ( 4 ) .  2 

I n  a d d i t i o n  t o  the  d i f f e r e n t  s t r u c t u r e s  observed i n  
pUSi2 under p o l a r i z e d  l i g h t ,  t h i s  phase which i s  whi te  i n  the  
as -pol i shed  c o n d i t i o n  may remain white  (F igure  15)  or t u r n  
darker  (brown) (F igure  1 9 )  when e t ched  i n  Murakami's r e a g e n t .  
S i m i l a r l y  a U S i 2  remained whi te  a f t e r  e t c h i n g  i n  one sample 
( N o .  2 8 )  and tu rned  darker  (brown) i n  another  ( N o .  2 7 ) .  

I n  g e n e r a l ,  U3Si2 p a r t i c l e s  d i d  no t  appear t o  change i n  
composition i n  advance of t h e  c o r r o s i o n  f r o n t ,  s ince  U3Si2 par- 
t i c l e s  have been i d e n t i f i e d  by t h e  probe i n  t h e  U3Si ma t r ix  a t  
t h e  c o r r o s i o n  f r o n t  (F igure  19), i n  t h e  f3USi2 (F igure  19)  and 
i n  the  aUSi2 (F igure  2 2 ) .  However, i n  t h e  l a t t e r  h ighe r  temp- 
e r a t u r e  sample N o .  27 s e v e r a l  U 3 S i 2  p a r t i c l e s  near  t h e  c o r r o s i o n  
f r o n t  had changed t o  a dark  ( t a n  c o l o r e d )  phase which appeared 
m e t a l l o g r a p h i c a l l y  s i m i l a r  t o  t h e  aUSi2 nearby. I n  t h e  same 
sample a whi te  f i l a m e n t  phase was observed i n  a U3Si2 p a r t i c l e  
(F igure  2 3 )  near  t h e  c o r r o s i o n  f r o n t  where t h e  whi te  USi was 
observed (F igure  2 0 ) .  

3 

Probe a n a l y s i s  of t he  darkened a r e a s  around t h e  U S i  
3 .  2 p a r t i c l e s  and corroded uranium p a r t i c l e s  i n  sample N o .  2 1  in-  

d i c a t e s  t h a t  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  e i t h e r  uran- 
ium o r  s i l i c o n  composition between t h e s e  r e g i o n s  and t h e  a d j a c e n t  
U3Si ( 1 7 ) .  An e l e c t r o n  microscopy examinat ion of r e p l i c a s  
(po l i shed  s u r f a c e )  of t h e s e  darkened a r e a s  show t h a t  t hey  have 
a rougher t e x t u r e  than  t h a t  of t h e  ma t r ix  U , S i  (261, however, 
no d i s t i n c t  phase boundaries  w e r e  observed. 

Since s i m i l a r  dark  r e g i o n s  have been observed i n  t h e  
hydr id ing  tests,  it i s  b e l i e v e d  t h a t  t hose  observed i n  F igu re  
14 a r e  formed by t h e  r e a c t i o n  of c o r r o s i o n  product  hydrogen w i t h  
U3Si. 
(Figure 16 )  and a t  U3Si g r a i n  boundar ies  (F igure  1 7 )  has  been 
observed i n  o t h e r  samples. 

What i s  b e l i e v e d  t o  be. hydr id ing  around U3Si2 p a r t i c l e s  

I t  i s  n o t  f u l l y  understood why t h e  U3Si p r e f e r e n t i a l l y  

This  r e a c  $ i o n  may be r e l a t e d  t o  the  s u r f a c e  e n e r g i e s  
hydr ides  around U S i 2  and uranium p a r t i c l e s  and a t  g r a i n  bound- 
a r i e s .  
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a s s o c i a t e d  wi th  t h e  i n t e r p h a s e  and i n t e r g r a n u l a r  boundar ies ,  
o r  w i th  a h i g h e r  d i f f u s i o n  ra te  of hydrogen along t h e  
boundaries  r a t h e r  t han  i n  t h e  U3Si mat r ix .  

5 .  SUMMARY 

Examination of t h e  aqueous co r ros ion  r e s u l t s  i n  l i g h t  
of t h e  r e s u l t s  i n  s e c t i o n s  4 . 1  and 4 . 2  sugges ts  t h a t  two 
s e p a r a t e  r e a c t i o n s ,  o x i d a t i o n  and hydr id ing ,  a r e  o c c u r r i n g  i n  
t h e  aqueous c o r r o s i o n  of U3Si. Although o x i d a t i o n  i s  t h e  m o s t  
prominent r e a c t i o n ,  l i m i t e d  hydr id ing  of t h e  U3Si may occur  as 
a secondary r e a c t i o n .  I n  t h e  ox ida t ion  tes ts  i n  a d d i t i o n  t o  
t h e  o u t e r  uranium oxide  l a y e r ,  t h e  U - S i  phases U3Si2, B U S i 2 ,  
and W S i 2  w e r e  observed a t  v a r i o u s  tempera tures ;  i n  a d d i t i o n  
t o  t h e s e  phases ,  USi3 was noted i n  an aqueous co r ros ion  t e s t  
sample. Only one compound ( U S i )  of t h o s e  normally r e p o r t e d  i n  
t h e  b i n a r y  U - S i  system has not  been seen .  Thus t h e  o x i d a t i o n  
of U3Si i s  a compl i ca t ed -p rocess  w i t h  t h e  formation of an o u t e r  
oxide s k i n  and an i n n e r  "pseudo" b ina ry  system where many of t h e  
phases  i n  t h e  U - S i  s y s t e m  m a y  form. 

5 . 1  Oxidat ion React ion 

Consider now t h e  i n i t i a l  r e a c t i o n  which occurs  between 
t h e  U3Si and t h e  oxygen (from t h e  a i r  o r  s t e a m ) .  The oxygen 
i o n s  react wi th  t h e  uranium atoms a t  t h e  U3Si s u r f a c e  t o  form 
a t h i n  adherent  l a y e r  o f  U 0 2 .  Although some of  t h e  s i l i c o n  
r e l e a s e d  by t h e  o x i d a t i o n  of t h e  uranium i s  l e f t  behind i n  t h e  
oxide  c o r r o s i o n  p roduc t ,  some d i f f u s e s  i n t o  t h e  U3Si. As . the  
s i l i c o n  atoms concen t r a t e  a t  t h e  U3Si/UO2 i n t e r f a c e ,  t h e  t o t a l  
free energy of t h e  system changes due t o  t h e  changes i n  t h e  
en t ropy  and t h e  e n t h a l p l y  of mixing and due t o  l a t t i c e  s t r a i n .  
A t  some p o i n t ,  t h e  c o n c e n t r a t i o n  of s i l i c o n  atoms i n  t h e  i n t e r -  
f a c e  r eg ion  i s  such t h a t  t h e  t o t a l  f r e e  energy of  t h e  system 
can be minimized by a l a t t i c e  and composition change from U 3 S i  
t o  U S i x  and from U S i x  t o  USix+l e tc .  

During t h e  next  and subsequent  s t e p s  i n  t h e  o x i d a t i o n  
p r o c e s s ,  t h e  oxygen moves through t h e  U 0 2  l a y e r  t o  t h e  USix/U02 
i n t e r f a c e  where it r e a c t s  wi th  t h e  uranium i n  t h e  U S i x  phase.  
The excess  s i l i c o n  from t h i s  r e a c t i o n  then  e i t h e r  r e s u l t s  i n  
t h e  formation of t h e  nex t  U - S i  phase which i s  k i n e t i c a l l y  
favourable  o r  d i f f u s e s  i n t o  t h e  U S i x  phase ( t o  t h e  U 3 S i / U S i x  
i n t e r f a c e )  t o  th i cken  up t h e  U S i x  l a y e r .  The t h i n  adherent  
l a y e r  of U 0 2  a l s o  o x i d i z e s  t o  form a t h i c k e r  more f r i a b l e  l a y e r  
Of u308. 
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I t  i s  u n c e r t a i n  whether t h e  oxygen moves through t h e  
t h i n  adherent  U 0 2  l a y e r  by d i f f u s i o n  i n  t h e  l a t t i c e  o r  by mass 
movement through pores  and microcracks.  I n  e i t h e r  case t h e  
oxygen probably moves inwards through t h e  U 0 2  l a y e r  t o  t h e  
U-Si alloy/U02 i n t e r f a c e  r a t h e r  t han  t h e  U4+ i o n s  o r  atoms 
d i f f u s i n g  o u t  s i n c e  it has  been shown t h a t  t h e  m o b i l i t y  of  
oxygen i n  U 0 2  i s  much g r e a t e r  t han  t h a t  of uranium a t  a l l  
temperatures  ( 2 7 ) .  S ince  t h e  U308 does no t  form a coherent  
oxide and t h e  porous cracked m a t e r i a l  o f f e r s  l i t t l e  p r o t e c t i o n  
t o  t h e  under ly ing  oxide  ( U 0 2 ) ,  l a t t i c e  d i f f u s i o n  need n o t  be 
cons idered  because r a p i d  movement of oxygen would probably 
occur  a long t h e  c racks  i n  t h e  u308. 

A s i m p l i f i e d  schematic  drawing of t h e  p o s s i b l e  s t a g e s  
of o x i d a t i o n  of  U3Si i s  shown i n  Figure 2 4 ;  i n  t h i s  f i g u r e  i t  
has been assumed t h a t  on ly  U S i 2 ,  U 0 2  and U308 are formed a s  
c o r r o s i o n  products  of U3Si, and t h a t  oxygen moves through t h e  
U 0 2  l a y e r  by d i f f u s i o n .  

5.2 Transformations Within t h e  U 3 S i - U S i x S y s t e m  

U-Si phase diagram should have formed s i n c e  they  are a l l  
thermodynamically s t a b l e .  However a s  Kidson and M i l l e r  p o i n t  
o u t  (28) a l though t h e  equ i l ib r ium diagram i n d i c a t e s  t h a t  a l l  
phases  w i l l  form i n  a d i f f u s i o n  zone, t h e  k i n e t i c s  of  nuclea-  
t i o n  and growth of  ce r t a in  phases  may be so slow t h a t  t h e s e  
phases w i l l  no t  form i n  d e t e c t a b l e  amounts du r ing  s h o r t  
p e r i o d s .  

Within t h e  b ina ry  system, a l l  phases  p r e s e n t  i n  t h e  

Some of t h e  reasons  why c e r t a i n  U - S i  phases  form 
p r e f e r e n t i a l l y  whi le  o t h e r s  a r e  no t  observed may be a t t r i b u t e d  
t o  t h e  fo l lowing  f a c t o r s .  A phase r eg ion  may be van i sh ing ly  
t h i n  i . e .  i t  i s  p r e s e n t  b u t  n o t  observable  under normal 
procedures .  A l t e r n a t e l y  i f  t h e  process  i s  n o t  a s imple bulk 
d i f f u s i o n  c o n t r o l l e d  r e a c t i o n  t h e  n u c l e a t i o n  of t h e  new phase 
may be t h e  c o n t r o l l i n g  s t e p .  

A s tudy  of l a y e r  growth du r ing  i n t e r d i f f u s i o n  i n  
t h e  Ni-A1 system showed t h a t  wh i l e  f o u r  phases  occur  i n  t h e  
equ i l ib r ium diagram, a l l  of t h e s e  w e r e  no t  observable  i n  t h e  
d i f f u s i o n  couples  under a l l  t i m e  and temperature  cond i t ions  ( 2 9 ) .  
From t h e s e  r e s u l t s  Castleman and S e i g l e  concluded t h a t  t h e  
growth of a l l  f o u r  phases  i n  t h e  N i - A 1  system i s  c o n t r o l l e d  by 
volume d i f f u s i o n .  I n  s i m i l a r  s t u d i e s  on t h e  A l - Z r  system Kidson 
and M i l l e r ,  ( 2 8 )  observed only  one of t h e  n ine  phases  which 
occur  on t h e  phase diagram. They concluded t h a t  t h e  formation 
of t h i s  compound (Zr ~ 1 3 )  i n  p re fe rence  t o  o t h e r s  could be 
expla ined  i n  terms of t h e  phase s t r u c t u r e .  
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Assuming t h a t  a phase does form, Kidson and M i l l e r  ( 2 8 )  
g i v e  t h e  fo l lowing  expres s ion  f o r  t h e  width of any phase B 
as  a f u n c t i o n  of t i m e  ( t )  and temperature  ( T )  : 

where A B ~ ( T )  and A,B(T)  are ra te  c o n s t a n t s  which are independent 
of t i m e  b u t  depend on t h e  d i f f u s i o n  c o e f f i c i e n t s ,  t h e  m i s c i b i l i t y  
gap and t h e  s o l u b i l i t y  range .  An i n c r e a s e  i n  t i m e  should cause  
a l l  phases t o  th i cken  b u t  i t  should no t  a f f e c t  t h e  r a t e s  of 
growth. I n  g e n e r a l  it i s  assumed t h a t  a process  i s  governed 
by volume d i f f u s i o n  i f  a p a r a b o l i c  r e l a t i o n s h i p  i s  observed 
between t h e  width of  t h e  d i f f u s i o n  zone and t h e  annea l ing  t i m e .  
A d e p a r t u r e  from t h i s  p a r a b o l i c  behaviour  i n d i c a t e s  t h a t  some 
o t h e r  e f f e c t  (e .g .  ra te  of n u c l e a t i o n  of new phases ,  t h e  presence  
of a n  oxide f i l m )  which w a s  no t  considered i n  t h e  simple d i f f u -  
s i o n  case  i s  i n  ope ra t ion .  A l s o  s i n c e  both of t h e  ' A '  terms 
have a complicated temperature  dependence, t h e  width of a phase 
w i l l  n o t  va ry  wi th  temperature  i n  a s imple Arrhenius  manner. 

I n  t h e  q u a l i t a t i v e  r e s u l t s  r e p o r t e d  he re  t h e  U - S i  system i s  
reasonably  w e l l  behaved s i n c e  most of t h e  phases  were observed.  
Although th i cken ing  up of some of t h e  phase l a y e r s  w i th  t i m e  i s  
known t o  occur  (Samples 3 , 4 , 8  and 1 0 )  t h e r e  are n o t  enough 
r e s u l t s  t o  tes t  f o r  p a r a b o l i c  growth r a t e  dependence. 

The temperature  dependence of t h e  format ion  and growth of t h e  
phases  i s  a s  fo l lows:  

USi3 - on ly  observed a f t e r  t h e  62OoC t e s t .  T h i s  r e s u l t  
sugges t s  t h a t  f a c t o r s  o t h e r  t han  t h o s e  cons idered  i n  
t h e  s imple d i f f u s i o n  model may be o p e r a t i v e  

aUSi2 - p r e s e n t  a f t e r  s h o r t  t e r m  t e s t s  a t  450, 550 and 
620OC.  This  phase was a l s o  p r e s e n t  i n  one longer  
t e s t  (#28)  a t  295OC which sugges t s  t h a t  a n  incuba- 
t i o n  pe r iod  may e x i s t  f o r  t h e  formation of t h i s  
phase a t  lower tempera tures ;  t h i s  i s  no t  allowed 
f o r  i n  Kidson 's  s imple t r ea tmen t  

B U S i 2  - t h i s  i s  normally t h e  phase t h a t  was observed i n  
t h e  range 300-350°C, b u t  it was a l s o  observed a t  
450 and 55OoC 

U3Si2 - only  observed a s  a t h i n  l a y e r  i n  two tes ts  (#12&#25) 
a t  550OC. This  r e s u l t  i s  i n c o n s i s t e n t  w i t h  Kidson ' s  
simple d i f f u s i o n  model. 

n 
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Some of t h e  i n c o n s i s t e n c i e s  i n  phase format ion  may 
a l s o  be exp la ined  by t h e  non-ideal  c o n d i t i o n s  which e x i s t e d  i n  
t h e  tes ts .  The t e s t  tempera tures  r e p o r t e d  are t h o s e  of t h e  
fu rnace  and do  n o t  t a k e  i n t o  c o n s i d e r a t i o n  t h e  r ise  i n  
tempera ture  which i s  thought  t o  have occurred  i n  some samples 
due t o  t h e  exothermic h e a t  of r e a c t i o n .  Other  f a c t o r s  such as  
oxide  b u i l d u p ,  s u r f a c e  c racks  and slow n u c l e a t i o n  rates may a l s o  
l i m i t  phase format ion  even i n  i d e a l  i so the rma l  c o n d i t i o n s .  

d3 

Thus wh i l e  Kidson ' s  s imple d i f f u s i o n  model i s  u s e f u l  
i n  ana lyz ing  t h e  r e s u l t s ,  i t  appears  t h a t  e f f e c t s  which w e r e  
neg lec t ed  i n  t h e  s imple  model are o p e r a t i v e  i n  t h e  complicated 
U - S i  system. The concepts  employed by Kidson and M i l l e r  (28) 
and Castleman and S e i g l e  ( 2 9 )  could  be used i n  a m o r e  d e t a i l e d  
s t u d y  of t h e  t i m e  and tempera ture  dependence of  phase format ion  
i n  t h e  U - S i  system t o  de te rmine  t h e  ra te  c o n t r o l l i n g  p rocesses  
i n  t h e  o x i d a t i o n  of U3Si. 

5.3 Hydriding 

U3Si c o n t a i n i n g  on ly  excess  U3Si2 i s  n o t  hydr ided  by 
molecular  hydrogen a t  tempera tures  up t o  500OC and p r e s s u r e s  
up t o  1 2 0  T o r r .  Under c e r t a i n  c o n d i t i o n s ,  molecular  hydrogen 
w i l l  react  w i t h  some of  t h e  free uranium p r e s e n t  i n  U3Si t o  
form UH3. Subsequent exposure t o  a i r  a t  t empera tu res  as low 
as 120% w i l l  o x i d i z e  t h e  UH3 and release nascen t  hydrogen, 
which may react wi th  t h e  sur rounding  U3Si t o  form a new phase 
o r  an  i n t e r s t i t i a l  s o l u t i o n .  The a f f e c t e d  r e g i o n  i s  d a r k e r  i n  
c o l o r  t h a n  t h e  sur rounding  U3Si and has  uranium and s i l i c o n  
l e v e l s  which are comparable t o  t h o s e  of U3Si. 

During aqueous c o r r o s i o n  of U3Si, nascen t  hydrogen 
from t h e  c o r r o s i o n  r e a c t i o n  i s  a v a i l a b l e  t o  react w i t h  U3Si. 
Such r e a c t i o n s  have been observed around U 3 S i 2  and uranium 
p a r t i c l e s ,  and a t  g r a i n  boundar ies .  
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FIGURE 2 

Heat 466 (4  wt% S i )  

FIGURE 3 

Heat 458 (3.45 wt% S i )  

X2OO (ETCHED) TYPICAL STRUCTURE OF THE HEATS USED I N  THE OXIDA- 
T I O N  AND HYDRIDING TESTS - SHOWING CLEAN OUTER EDGE AFTER MACHINING 

Grey ma t r ix  - U3Si 
White p a r t i c l e s  - U S i  3 2  

Dark g rey  p a r t i c l e s  - Uranium 
Black s p o t s  - UO + P o r o s i t y  2 

FIGURE 4 (X200) Etched FIGURE 5 (X200) Etched 

Layer of whi te  phase on sample 
N o .  4. (350OC - 25.5 h i n  a i r ) *  N o .  3. Note t h a t  t h e  f r e e  

Layer of whi te  phase on sample 

uranium (dark  g r e y )  p ro t rudes  
through t h e  white  l a y e r  t o  the  
s u r f a c e  ( 3 5 0 O C  - 25.5 h i n  a i r ) .  

* * A t h i n  l a y e r  of U 0 2  was ob- 
served o u t s i d e  of t h e  whi te  
l a y e r  b u t  it i s  n o t  shown i n  
t h e s e  f i g u r e s  . 



c 
P e l l e t  and Oxide 

Sample N o .  4 
3 5 O O C  - 2 5 . 5  hours  

Sample N o .  8 
4 5 O O C  - 53 min. 

Sample No. 1 0  
55OOC - 48 min. 

FIGURE 6 MACROPHOTOS OF THE SPECIMENS O X I D I Z E D  IN AIR 

Brushed Pellet Pellet and Oxide 

Sample N o .  8 
45OOC - 5 3  min. 

Sample N o .  1 0  
5 5 O o C  - 48 min. 

c 
Brushed P e l l e t  

Sample NO. 3 
35OOC - 2 5 . 5  hours  

Sample N o .  7 
45OOC - 53 min. 

Sample N o .  9 
5 5 O O C  - 48 min. 

Sample No. 7 
4 5 O O C  - 53 min. 

Sample N o .  9 
5 5 0 ° C  - 48 min. 
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U S i  
3 matr ix  + 

White phase 
( P i 2  * 1- 

G r e y  phase+ * 
* - 

u02 

F I G U R E  7 ( X 7 , 5 )  

Massive yhite l aye r  
is p U S i 2  

SAMPLE NO. 5 

F I G U R E  8 ( X 2 0 0 )  

SHOWING PHASES PRODUCED AFTER 26 .2  
HOURS I N  35OOC A I R  (ETCHED) 

F I G U R E  9 ( X 2 0 0 )  Etched F I G U R E  1 0  ( X 5 0 0 )  E tched  

Typica l  porous w h i t e  phase 
( p U S i 2 ) *  on samples N o .  6 
and 10.  

Sample N o .  7 s h o w i n g  un- 
corroded uranium ( d a r k  
g r e y )  i n  the w h i t e  l a y e r .  

* i d e n t i f i e d  by microprobe ( T a b l e  4 )  
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FIGURE 11 ( X 5 0 0 )  
A s  po l i shed  

Sample N o .  11 showing 
white  l a y e r  which had 
a laminated s t r u c t u r e  
under p o l a r i z e d  l i g h t .  
(a-USi2) * 

P o l a r i z e d  B r i g h t  F i e  I d  

FIGURE 1 2  (XlOOO) 
A s  po l i shed  

Sample N o .  14 showing 
f r e e  uranium p a r t i c l e s  
( l i g h t )  and medium brown 

UH p a r t i c l e s  (dark  g rey )  
i n  t h e  U3Si ma t r ix .  3 

FIGURE 13 (XlOOO) 

Sample N o .  14  showing 
uranium oxide ( b l a c k )  
formed from uranium 
p a r t i c l e s .  A darkening 
of the  U3Si m a t r i x  around 
t h e s e  p a r t i c l e s  i s  seen .  

Etched 

* i d e n t i f i e d  by  microprobe (Table 4 )  



FIGURE 14  

XlOOO 
(e tched  ) 

FIGURE 15 

X500 
(e tched ) 

Sample * N o . 2 1  (320OC wate r )  *showing darkening of 
U3Si ma t r ix  a r o y d  U S i  p a r t i c l e s  (wh i t e )  and (pus i , )*  on sur-ace. mite p a r t i c l e s  i n  u 3 s i  
corroded uranium p a r t i c l e s  (b l ack )  . mat r ix  a re  U3Si2 . L-239-D4 

Sample N o .  23 (450OC steam) showing whi te  l a y e r  

3 .  2 * 

I 

N 
N 

I 

FIGURE 16 ( X 5 0 0 )  Etched (L-2 39-Dl ) FIGURE 1 7  (X500) Etched (L- 22  7-B2 ) 

Sample N o .  23 showing darkening of U S i  
around TJ S i  * p a r t i c l e s .  

* i d e n t i f i e d  by microprobe (Table 7 )  

Sample N o .  24 (51OOC) showing what i s  
thought t o  be hydr id ing  a t  U3Si g r a i n  
boundaries  and around U3Si2 p a r t i c l e s .  

3 
3 2  
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FIGURE 20 X 2 5 0  ( e t ched)  
Sample N o . 2 7  showing i s l a n d s  of USi3* (wh i t e )  and a USi2* 
(g rey )  i n  t h e  b l a c k  c o r r o s i o n  product .  On the  l e f t  i s  
the  main U S i  (g rey )  w i th  r e s i d u a l  U S i  p a r t i c l e s  ( w h i t e ) .  

3 3 2  

FIGURE 21 X 5 0 0  ( e t ched)  

Sample No.27 showing i s l a n d s  of a USi2* surrounded by a 
r i m  of USi * (whi te )  i n  t h e  b l a c k  co r ros ion  product .  

* i d e n t i f i e d  by microprobe - see t a b l e  7 .  
3 



* 
M i d  aUSi 2 

+ Black c o r r o s i o n  
product  

* 
2 

3 2  

Porous aUSi 
c o n t a i n i n g  par- ,+ 
titles of U S i  * 

. . . . . . . . . . _. . . . . . . 

- 25 - 

FIGURE 2 2  X 2 5 0  
( e t c h e d )  

Sample 27 showing 
t h e  ciUSi2 i n  t h e  
c e n t r a l  vo id  

U S i  r i th  r e s i d u a  / u 3 s i 2  3 p a r t i c l e s  

(white  ) 

FIGURE 23 XlOOO ( e t ched)  
Showing a wh i t e  f i l a m e n t  phase i n  a U S i  
c o r r o s i o n  f r o n t .  

p a r t i c l e  nea r  t h e  3 2  
The ma t r ix  i s  U si.  3 

* i d e n t i f i e d  by  microprobe - see t a b l e  7.  
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c. 

Phase 

U S i  3 

u S i 2  3 

USi 

USi2 ( a )  

1.88 US i 

USi2 

USi2(B)* 

U S i 2  u3si5@ 

** 

St ruc tu re  

TABLE 1 

DATA ON PHASES I D E N T I F I E D  I N  THE U-Si ALLOY SYSTEM 

B . c . t .  

Tetragonal  

O r  t h  o r  h omb i c 

B . c . t .  

He  xa g ona 1 

Tetragonal  

Hexagonal 

Hexagonal 

C u b i c  

C u b i c  

S i l i c o n  
( w t % )  

3.8 

7.3 

10.5 

19 

16.4 

17.9 

19.1 

15-19 

NR 

26.1 

X-ray 
Density 
( g / a 3  1 
15.58 

12.20 

10.40 

8 -98 

NR 

NR 

NR 

9.25 

7.8 

8.15 

L a t t i c e  Parameters (ii) 

a = 6.020 f 0.002 c = 8.696 f 0.003 

a = 7.3298 f 0.0004 c = 3.9003 +_ 0.0005 

a = 5.66 k 0.01 b = 7.66 f 0.01 
c = 3.91 +_ 0.01 

a = 3.98 f 0.03 b = 13.74 f 0.08 

a = 3.843 f 0.001 c = 4.069 f 0.001 

a = 3.948 f 0.002 c = 13.67 f 0.001 

a = 4.028 t 0.001 c = 3.852 f 0.001 

a = 3.86 k 0.01 c = 4.07 f 0.01 

a = 4.053 

a = 4.0353 

R e  f e rence 

1 

h, 
4 

1 

* a l s o  i d e n t i f i e d  a s  U S i  2 3  
** phases i n  the reg ion  of the  phase diagram where u n c e r t a i n t i e s  e x i s t  

NR N o t  recorded 
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TABLE 2 

CHEMICAL AND SPECTROGRAPHIC ANALYSIS* OF u s i  USED 
IN THE OXIDATION AND HYDRIDING S T U D I ~ S  

1. C h e m i c a l  Analysis 
H e a t  458 H e a t  466 H e a t  257 

S i l i c o n  (wt%) 3.45 4.03 3 . 6 1  

C a r b o n  (ppm) 65 60  8 0  

2 .  Spectroqraphic A n a l y s i s  i n  ppm 

A 1  
B 
B i  
C a  
C d  
C r  
cu 
Fe 
Mg 

H e a t s  H e a t  
257 - 458 and 466 

5 0  
0.5 
<5 
<10 
0.3 

25 
10  

-100 
<5  

1200  Mn 
- M o  
- Nb 
- N i  
- Sn 
- T i  

- Z n  
- Z r  

V 

H e a t s  
458 and 466 

4 
<2  

< l o  
110 

10  
<5 

-10 
<10 

> 100 

H e a t  
257 

- 
130  
- 
- 

100 
1200 

( 1 6 )  * done a t  CRNL 



c 

Sample 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2 * *  

TABLE 3 

CRNL 

NO. 
te f erence 

458-1-4 

466-1-4 

458-2-2 

466-2-2 

458-2-5 

466-2-5 

458-2-3 

466-2-3 

458-2-4 

466-2-4 

257 

458-3-2 

- 

Temp 
( " C )  

350 

350 

350 

350 

350 

350 

450 

450 

550 

550 

450 

550 

SUMMARY OF RESULTS OF A I R  OXIDATION OF U 3 S i  SAMPLES (14.6 mm d ia .  x 13  mm long)  

Time 

l h  

l h  

4 + 2 1 . 5  h 

4 + 2 1 . 5 h  

26.2 h 

21.8 h 

2 5 t 2 8  m 

25 + 28 m 

2 0  + 2 8  m 

2 0 + 2 8  m 

45 m 

20  m 

~ 

Weight of Sample 
( 

Before 
tes t  

33.8 

30.4 

31.6 

30.2 

32.4 

29.9 

31.7 

31.4 

31.0 

30.4 

NR 

32.4 

After 
t e s t  

(brushed 

33.7 

30.3 

30.4 

28.4 

17.9 

11.3 

28.9 

28.4 

28.6 

28.3 

NR 

NR 

Avg. t h i ckness  
White l aye r  

(w) 

N i l  

8 

20 

15 

See F igs .  7.8 

See Fig .  9 

70 

50 

50 

50 

NR 

20 

Remarks 

Thin adherent  oxide fi lm*. No white o r  grey l aye r  observed. 

Thin adherent oxide f i lm.  Thin white layer  observed. 

After 4 h r s .  - a t i g h t  adherent  oxide* and a t h i n  l aye r  (10 pm 
max.) of whi te  phase over 5% of su r face .  After 25.5 h r s .  - 
small  quan t i ty  of oxide s p a l l e d  of f  ( see  F ig .  6). Adherent 
oxide l aye r  under loose oxide. Continuous l aye r  of white phase 
except  i n  No. 3 where f r e e  uranium broke the  sur face  (F igs .  4 & 
5 ) .  Samples completely oxid ized  a f t e r  a t o t a l  of 2 8 . 2  hrs .  

Massive white l aye r  (F ig .  7 )  d id  no t  po la r i ze .  When the  t h i n  
white l aye r  (F ig .  8) was viewed under polar ized  l i g h t  it showed 
a laminated s t r u c t u r e  s i m i l a r  t o  F ig .  11. A grey layer  observed 
ad jacent  t o  white phase (F ig .  8). 

Porous white l aye r  vary ing  from 50 pm to 300 pm (Fig. 9 ) .  
Small amount of grey  phase i n  a crack. 

After 53 min. sample badly  corroded (F ig .  6 ) .  Uncorroded 
uranium seen i n  a dense white l aye r  (Fig.  10). When viewed 
under polar ized  l i g h t  t h i s  white l aye r  showed a laminated 
s t r u c t u r e  s imi l a r  t o  F ig .  11. 

After 25 min. a t h i n  (<5 pm) white l aye r  over 5% of sur face .  
Af te r  53 min. sample badly  corroded (F ig .  6 ) .  About 50% of 
white phase i s  dense ( a s  i n  F ig .  10) and 50% porous (F ig .  9 ) .  

After 2 0  min. t h i n  (<5 pm) white l aye r  over 75% of sur face .  
Af te r  48 min. white phase over e n t i r e  sur face  - about 50% porous. 
Thin (10 p m )  l aye r  of grey phase between white and oxide 
( s i m i l a r  t o  F ig .  8 ) .  

After 20  min. t h i n  (<5 pm) white l aye r  over 75% of sur face .  
Af te r  48 min. porous white phase over e n t i r e  sur face  ( s i m i l a r  
t o  F ig .  9 ) .  

Massive white l aye r  formed ( s imi l a r  t o  F ig .  7 ) .  a l s o  t h i n  
white l aye r  which showed a laminated s t r u c t u r e  (F ig .  11). 

A t h i n  l aye r  i d e n t i f i e d  a s  U 3 S i 2  observed between U 3 S i  and 
USi2 (Table 4 ) .  

I 

h) 
W 

I 

* In  each case descr ibed  i n  t h i s  t a b l e ,  an adherent b l ack  l aye r  was p re sen t  on the  ou t s ide  sur face .  This l aye r  was i d e n t i f i e d  
as  U 0 2  on sample No. 5 (Table 4 ) .  

** Oxidized i n  pure oxygen. NR - N o t  Recorded. 
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TABLE 4 

( 1 7 , 1 8 )  MICROPROBE EXAMINATION OF SAMPLES O X I D I Z E D  I N  A I R  

S a m p l e  Probable 
N o .  Layer wt% S i *  w t %  u* Phase 

5 ( F i g s . 7 6 ~ 8 )  Massive w h i t e  

Thin  w h i t e  

Grey  

O u t e r  black 

6 ( F i g .  9 )  Porous w h i t e  

S o l i d  w h i t e  

11 ( F i g .  11) Massive w h i t e  

Thin w h i t e  

1 2 +  ( S i m i l a r  t o  Thick w h i t e  
F i g .  1 8 )  

In te rmedia te  

16 .3  

15.5 

-3.0 

- 

14.7"" 

16 .1  

18.9 

18.7 

* A c c u r a c y  21% 

** Probably l o w  because of poros i ty  

- N o t  m e a s u r e d  

+ O x i d i z e d  i n  oxygen 

18.95 

7.60  

76.9 

87 

- 

g U S i 2  

2 P U S i  

u02 

2 p U S i  

g U S i 2  

a U S i 2  

2 a U S i  

2 a U S i  

U Si 
3 2  
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ND 

77.5 

ND 

78.9 

TABLE 5 

CHEMICAL DATA ON CORROSION PCIWDER SAMPLES 

540 

ND 

120 

ND 

1 I 

5 

6 

9 

13 

Temperature 
( " C )  

A i r  

A i r  

A i r  

S t e a m  

5 

6 

9 

13 

A i r  

A i r  

A i r  

S t e a m  

350 

350 

550 

550 

350 

350 

550 

550 

Chemical A n a l y s e s  

15.6* 

13.7* 

16.4 

16.1 

S i  ( w t % )  

ND 

3.2 

ND 

3 . 1  

* A v e r a g e  of t w o  va lues  - d u p l i c a t e  samples showed 
v a r i a t i o n s  of ? 2 wt% ( N o .  6) and k 1 w t %  ( N o .  5). 
O t h e r  r e s u l t s  are f o r  a s ing le  sample. 

ND - N o t  done. 



TABLE 6 

SUMMARY OF RESULTS OF KYDRIDING RUNS ON U,Si SAMPLES 

Sample 
No. 

14 

15 

16 

17  

18 

19 

20 

CRNL 
Reference 

No. 

458-1-5 

466-1-5 

458- 1- 2 

466-1-2 

458-1-3 

466-1-3 

458-3-4 

Temp. 
("C) 

240 

2 00 

225 

240 

2 00 

225 

350 

350 

500 

500 

46 0 

T ime  
(hours )  

2 .o 
2.0 

4.0 

2 .o 
2 .o 
4 .1  

2 - 0  

2 .o 

3.5 

3.5 

4.0 

Pressure (Torr )  

S t a r t  

9.80 

9.80 

103.20 

9.80 

9.80 

101.00 

9.80 

9 -80 

9 -80 

9.80 

128.4 

F in i sh  

9 -80 

9 -80 

100 -30 

9.80 

9.80 

101.00 

9.80 

9 -80 

9.80 

9.80 

125.6 

% Weight 
Change 

N i  1 

N i  1 

NR 

N i l  

N i l  

N i l  

N i l  

N i l  

N i l  

N i l  

co.001 

3 

Remarks 

Af te r  the  h igh  pressure  run specimen 
was l i g h t  s t raw co lo r ,  some of the  
uranium near the  su r faces  was p a r t i a l -  
l y  hydrided and some e n t i r e l y  hydridec 
(Figure 12). After  subsequent oxida- 
t i o n  the  U3Si around a l l  of the  hy- 
dr ided  uranium p a r t i c l e s  exh ib i t ed  a 
darkened phase (Figure 13). 

Specimen was a l i g h t  s t raw co lo r ;  no 
metal lographic  evidence of hydriding 
of u3Si matr ix  or U3Si2 p a r t i c l e s .  

Specimen was l i g h t  s t raw c o l o r ;  no 
metal lographic  evidence of hydriding 
of U or U S i  mat r ix .  3 
A s  f o r  No. 15.  

A s  f o r  No. 16. 

AS f o r  NO.  15. 

Specimen b a r e l y  t a rn i shed ;  some of the 
uranium p a r t i c l e s  touching the  outer  
sur f  ace had been p a r t i a l l y  corroded 
away probably due t o  hydride a t t a c k .  
No darkening of U S i .  3 

I 

w 
N 

I 

NR - Not Recorded. 



Sample 
NO. 

a )  U 3 S i 2  p a r t i c l e s  i n  the  mat r ix  
b) An in t e rmi t t en t  whi te  l a y e r  on OD which d id  not  po la r i ze  (Fig.  1 5 ) .  Darken- 

ing  of U3Si around p a r t i c l e s  i d e n t i f i e d  a s  U 3 S i 2  (Fig.  1 6 ) .  

2 1  

22  

23 

24 

25 

7.6 - 
15.40 - 

26 

27 

28 

29 

3 0  

Poss ib le  hydriding around U3Si2 p a r t i c l e s  and a t  U 3 S i  g r a i n  boundaries (F ig .17 )  

a )  white po lyc rys t a l l i ne  l a y e r  on OD (F ig .  18) 16.04 
b) t h i n  l aye r  of U3Si2 observed between U3Si and white l aye r  7.29 
c )  U3Sf2 p a r t i c l e s  observed i n  U3Si mat r ix  and across  the  l aye r  of U3Si2 ( F i g . 1 9 )  7.3 
d )  U3S12 p a r t i c l e s  i n  white l a y e r  (F ig .  19) 7.15 
e )  white l aye r  of pUSi., s t a i n e d  dark  by Murakami's e t c h  (Fig.  19) 

(F igs .  18 & 19)  

TABLE 7 

- 
- 
- 
- 

SUMMARY OF PHASE IDENTIFICATION ON SPECIMENS TESTED I N  HIGH TEMPERATURE WATER OR STEAM 

b )  t h i n  l aye r  between U 3 S i  and ou te r  white l a y e r  - probably U3Si2 
d )  U 3 S i 2  p a r t i c l e s  i n  mat r ix  near pUSiz l aye r  

a )  l i g h t  t an  phase surrounded b y  a white phase observed i n  the  cor ros ion  product  

b )  porous tan  phase ( ad jacen t  t o  U3Si) which contained many p a r t i c l e s  (F ig .  2 2 )  

d )  a s o l i d  t a n  phase 

e )  breakdown of U Si2  p a r t i c l e s  i n t o  a t a n  co lored  phase i n  advance of t h e  

f )  un iden t i f i ed  white f i l amen t  phase i n  some U3Si2 p a r t i c l e s  (F ig .  2 3 ) :  be l i eved  

(Figs.  20 & 2 1 )  

c )  p a r t i c l e s  i n  the porous t a n  phase 
( ad jacen t  t o  porous t a n  phase) which conta ined  few U3Si2 

p a r t i c l e s  (Fig. 2 2 )  

cor ros ion  f rons  

t o  be USi3 

white phase (<lo  pm th ick)  a t  oxide/metal i n t e r f a c e  

CRNL Reference 
Specimen No. 

( S i  - wt%)  

5006 
(3.65) 

7 . 2  

=18 .3 ( t an )  - 
26.5 (whi te ) -  
19.5 - 
7.3 - 

19.0 - 
- - 
- - 

22 t 2  80 

M-183 
(4.0) 

M-184 
(4.0) 

M-90 
(4.0) 

M-64 
(4.0) 

white phase ( 4  v m  t h i c k )  on <<5% of sur face  a rea  

M-185 
(4.0) 

s - 1* 
(4.0) 

14.6 - 

M-59 
(4 .0)  

M-35 
(4.50) 

M-21*, 
(3.90) 

oolan t  an< 
Exposure 

Time 

320°C 
water 
3 h  

350'C 
steam 
5 h  
45OoC 
steam 
l h  

510°C 
steam 
0.2 h 
550°C 
steam 
0.2 h 

550°C 
steam 
0.2 h 

620°C 
steam 

4 4  h 

295OC 
water 
115 h 
30OoC 
water 
4.5 h 
30OoC 
water 

2340 h 

- no t  analyzed 

Microprobe 
(wt%) 

S i  I U Metallographic Resul t s+  

One area which was incompletely d e l t i z e d  corroded badly .  Micros t ruc ture  a f t e r  
cor ros ion  shaved 
a )  darkening of U3Si around U3Si2 and U p a r t i c l e s :  be l i eved  t o  be hydr id ing  

(Fig.  14)  
b )  badly cracked U3Si2 p a r t i c l e s  

a )  i n t e r m i t t e n t  w h i t e  l aye r  on OD which d id  no t  po la r i ze  ( s i m i l a r  t o  F ig .  15)  
b) U 3 S i 2  p a r t i c l e s  i n  the  ma t r ix  near  white l aye r  

15.90 
7.3 

Darkening of U 3 S i  observed around scme U3Si2 p a r t i c l e s :  white needle- l ike  phase 
(be l ieved  t o  be USi3) seen i n  U3Si & U3SI2 
the  sur face  - could be aUSi2 (see No. 28 ) .  

- 

I I -  . Thin i n t e r m i t t e n t  white l aye r  on 

+ i n  each case a l a y e r  of oxide was formed on the  ou t s ide  su r face  of t he  sample i n  add i t ion  
t o  the  white sub-layers descr ibed  i n  the t a b l e .  

Probable 
Phase 

U3Si (H)  

U3Si2 

pUSi2 
U3Si2 

"3'f2 
PUS12 

pUSi, 
U3Si2 
U S i  
uisi:  

pUSi2 

U3Si2 

aUSi2 
USi3 
aUSi2 
U S i  ausl, 3 . 2  

- 
- 

aUSi2 

pUSi, 

I 

w 
w 

I 

* a minia ture  element with a small  d e f e c t  i n  the  shea th .  All other  samples bare  
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