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ABSTRACT 

The recovery and r e c r y s t a l l i z a t i o n  temperatures  
of U3Si w e r e  determined f o r  an a l l o y  of uranium-3.98 w t %  
s i l i c o n  con ta in ing  600 ppm carbon. Small specimens, 
deformed by compression, w e r e  i s o t h e r m a l l y  and i s o c h r o n a l l y  
annealed a t  temperatures  between 350 and 700°C and t h e i r  
recovery  and r e c r y s t a l l i z a t i o n  temperatures  determined 
us ing  hardness ,  g r a i n  s i z e  and X-ray measurements. For 
small  amounts of s t r a i n  and an annea l ing  t i m e  of 6 hours  
bo th  recovery  and r e c r y s t a l l i z a t i o n  beg in  a t  400-450°C. 
Complete r e c r y s t a l l i z a t i o n  i s  achieved a t  650-7OO0C. 

The e f f e c t  of small  changes i n  s i l i c o n  and carbon 
concen t r a t ion  w e r e  determined by examining t w o  f u r t h e r  
a l l o y s  con ta in ing  3.27 w t %  s i l i c o n  and 600 ppm carbon, 
and 4.02 wt% s i l i c o n  and 140 ppm carbon r e s p e c t i v e l y .  A 
small  change i n  s i l i c o n  concen t r a t ion  does no t  a f f e c t  
recovery  and r e c r y s t a l l i z a t i o n  b u t  dec reas ing  t h e  carbon 
c o n c e n t r a t i o n  from 600 t o  140 ppm dec reases  t h e  recovery  
and r e c r y s t a l l i z a t i o n  temperatures .  
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Les temperatures de recuperation et de recristallisation 
de l'U3Si ont et6 determinees pour un alliage d'uranium-silicium 
(3.98% en poids) contenant 600 pprn de carbone. De petits echantillon: 
deformes par compression, ont et6 isothermiquement et isochroniquemenl 
recuits h des temperatures se situant entre 350 et 7OO0C et leurs 
temperatures de recuperation et de recristallisation d6terminGes 
au moyen de mesures basees sur la durete, la dimension des grains 
ou au moyen de rayons X. Pour de petites contraintes et pour  
une duree de recuit de 6 heures, la recup6ration et la recristallisat: 
commencent 3 400-450°C.  Une recristallisation compl\ete est 
obtenue 3 650-7OO0C. 

L'effet de petits changements dans la concentration du 
silicium et du carbone a et6 d.6termin6 en examinant deux autres 
alliages contenant l'un 3.27% en poids de silicium et 600 pprn de 
carbone et l'autre 4.02% en poids de silicium et 140 ppm de 
carbone. Une petite modification dans la concentration du silicium 
ne nuit pas B la r6cuperation et la recristallisation mais si l'on 
fait passer la concentration de carbone de 600 'a 140 ppm on reduit 
les temperatures de recuperation et de recristallisation. 
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1. INTRODUCTION 

The amount of publ ished informat ion  on t h e  
phys ica l ,  mechanical and thermal  p r o p e r t i e s  of U3Si i s  
very  l i m i t e d  when compared wi th  o t h e r  nuc lea r  f u e l s  such 
a s  uranium metal .  A s  f a r  a s  i s  known t h e r e  h a s  been no 
p rev ious  a t tempt  t o  s t u d y  t h e  e f f e c t  of deformation 
followed by exposure t o  temperatures  s i m i l a r  t o  those  
U3Si w i l l  exper ience  when used a s  a nuc lea r  f u e l ,  i . e .  
400-650OC. 
a t  t hese  temperatures  may h e l p  i n  determining the  
mechanism( s )  r e s p o n s i b l e  f o r  t h e  i r r a d i a t i o n  swe l l ing  
t h a t  occurs  a t  low burnup( l ,  2 ,  3, 4 ) .  

A knowledge of whether U3Si w i l l  r e c r y s t a l l i z e  

Th i s  r e p o r t  d e s c r i b e s  measurements of recovery  
and r e c r y s t a l l i z a t i o n  tempera tures  of U3Si and the  e f f e c t s  
of smal l  changes i n  s i l i c o n  and carbon concen t r a t ions  on 
t h e s e  temperatures .  The amount of room temperature  
deformation t h a t  t he  U3Si could wi ths tand  under compression, 
w i thou t  f r a c t u r e ,  was only  s u f f i c i e n t  t o  produce a 10% 
r educ t ion  i n  h e i g h t .  The recovery  and r e c r y s t a l l i z a t i o n  
tempera tures  a r e  determined, t h e r e f o r e ,  f o r  smal l  amounts 
of  s t r a i n .  

2 .  EXPERIMENTAL 

2 . 1  P r e p a r a t i o n  of Mate r i a l  ------ 

M a t e r i a l  w a s  ob ta ined  f r o m  E ldorado  Nuclear 
Limited i n  t h e  form of c a s t  b a r s  16 mm diameter  x 150  mm 
long.  The b a r s  w e r e  h e a t  t r e a t e d ,  under a vacuum of 
5 x 10-6 Torr ,  f o r  72  hours  a t  800°C t o  t ransform the  
a s -cas t  s t r u c t u r e  t o  t h e  6-phase (U3Si) .  Most of t h e  
i n v e s t i g a t i o n  was c a r r i e d  out on a s i n g l e  a l l o y  ( h e a t  319) 
con ta in ing  3.98 w t %  s i l i c o n  and 600 pprn carbon. The 
e f f e c t s  of small  changes i n  s i l i c o n  and carbon concentra-  
t i o n s  w e r e  s t u d i e d  by  c a r r y i n g  o u t  a number of tests on 
two f u r t h e r  a l l o y s :  

1) Heat 313 con ta in ing  3.27 w t %  s i l i c o n  and 
600 ppm carbon. 

2 )  Heat 300 con ta in ing  4.02 wt% s i l i c o n  and 
14 ppm carbon. 
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A t y p i c a l  a s -cas t  s t r u c t u r e  i s  shown i n  Figure 1. The 
s t r u c t u r e s  of t h e  t h r e e  a l l o y s  a f t e r  h e a t  t rea tment ,  

a )  e t ched  i n  Murakami's r e a g e n t  t o  show the  
phases p re  s e n t  and 

e t ched  i n  a g r a i n  boundary e t c h  ( 5 )  t o  r e v e a l  
t h e  g r a i n  s t r u c t u r e  of the  U 3 S i  

b) 

a r e  shown i n  F igu res  2-7. The average g r a i n  s i z e  of t h e  
U3Si and hardness  of t h e  t h r e e  a l l o y s  w e r e :  

H?at 319 - 9.6 &m - 263 VPN 

Heat 313 - 8 .0  um - 2 5 1  VPN 

Heat 300 -8.25pm - 267 VPN 

2 . 2  Compression T e s t s  - 

Attempts t o  co ld  work t h e  a l l o y s  i n  t e n s i o n  
w e r e  n o t  s u c c e s s f u l  so  smal l  p a r a l l e l e p i p e d s  about 11 mm 
long and w i t h  a square c ros s - sec t ion ,  of about  30 mm2, 
w e r e  c u t  f r o m  t h e  U3Si rods and c o l d  worked by compression 
i n  a 1 0  t o n s  p r e s s .  

A stress s t r a i n  curve was p l o t t e d  us ing  t h e  t r u e  
compressive s t r e s s ( 6 1 7 )  and t h e  r e d u c t i o n  i n  h e i g h t  of 
t h e  specimens (F igure  8 ) .  The t r u e  ~ t r a i n ( ~ 8 ~ )  was a l s o  
c a l c u l a t e d  and i s  inc luded  f o r  reference. 

2.3 Annealinq of Cold Worked Samples 

The co ld  worked specimens w e r e  s e c t i o n e d  through 
t h e  c e n t r e  and s e a l e d  i n  q u a r t z  capsu le s  under a vacuum 
of 5 x Tor r .  Specimens from h e a t  319 w e r e  annealed 
i s o t h e r m a l l y  a t  400, 500 and 6 O O O C  f o r  p e r i o d s  of t i m e  
up t o  50 hours .  I n  view of the  r e s u l t s  ob ta ined  it was 
decided t o  i s o c h r o n a l l y  annea l  specimens of a l l  t h r e e  
a l l o y s  f o r  6 hour s  a t  t empera tures  between 350 and 700OC. 
Af t e r  annea l ing ,  a l l  specimens w e r e  quenched i n t o  co ld  
wa te r .  
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2 . 4  Determinat ion of Grain S ize  - --_--- 
The average g r a i n  diameter  (d pm) of t h e  U3Si 

was determined on a l l  t h e  i s o c h r o n a l l y  annealed specimens 
from the  formula: 

d = [. x --- 1 108 (lO:-P)] ' 
( l o o o ) 2  

where A = Area examined ( i n  sq c m s )  a t  a magn i f i ca t ion  of 
looox,  

N = Number of g r a i n s  i n  a rea  A, 

P = Percentage of U02, U3Si2, f r e e  uranium and 
vo ids  i n  a r e a  A (determined by an i n t e r c e p t  
method).  

2 . 5  Hardness Determinat ions 

The Vickers hardness  numbers (VPN) w e r e  determined 
on a l l  of t h e  i s o c h r o n a l l y  and i s o t h e r m a l l y  annealed 
specimens. The hardnesses  w e r e  determined on a po l i shed  
and e t ched  f a c e  us ing  a 30 kg load .  Determinat ions w e r e  
done i n  t r i p l i c a t e  on a l l  specimens. 

2.6 X-Ray Measurements 

Back r e f l e c t i o n  X-ray photographs w e r e  t aken  
on a l l  specimens from h e a t  319 t h a t  had been i s o c h r o n a l l y  
annealed. The width of t h e  peak f o r  t h e  ( 2 0 2 )  Bragg 
X-ray r e f l e c t i o n  was measured a t  h a l f  t h e  peak h e i g h t  i n  
o rde r  t o  fo l low  recrystallization(*^ '1. However only t he  
r ead ings  f r o m  the' specimens c o l d  worked 10% w e r e  used 
because the  small  amount of s t r a i n  i n  t h e  o t h e r  specimens 
made d i f f e r e n c e  i n  peak width d l f f i c u l t  t o  measure. 
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3. RESULTS 

3.1 I so thermal  Anneals 

The hardness  of specimens of h e a t  319 c o l d  
worked t o  a r e d u c t i o n  i n  h e i g h t  of 7% and i s o t h e r m a l l y  
annealed a t  400, 500 and 6OOOC a r e  p l o t t e d  a g a i n s t  
annea l ing  t i m e  i n  F igure  9. The specimens annealed a t  
400 and 5OOOC had n o t  r e t u r n e d  t o  the  f u l l y  annealed 
hardness  a f t e r  50 hours  a t  t empera ture ,  whereas the  
specimens annealed a t  6OOOC had ve ry  n e a r l y  r e tu rned  
t o  t h e i r  f u l l y  annealed hardness  i n  about 6 hours .  
Owing t o  t h i s  1 0 ~  l e v e l  of c o l d  work, which had n o t  
obviously deformed t h e  o r i g i n a l  g r a i n s ,  t h e  i d e n t i f i c a t i o n  
of new r e c r y s t a l l i z e d  g r a i n s  by  me ta l log raph ic  i n s p e c t i o n  
was u n c e r t a i n .  Very small  g r a i n s  w e r e  v i s i b l e ,  mainly 
i n  t h e  v i c i n i t y  of r e s i d u a l  U3Si2 p a r t i c l e s ,  b u t  t h e s e  
w e r e  a l s o  seen  i n  t h e  s t r u c t u r e  b e f o r e  t h e  specimens w e r e  
cold worked. 

3.2 I sochrona l  Anneals 

The hardness  of specimens of h e a t  319 cold worked 
3, 7 and 10% and i s o c h r o n a l l y  annealed f o r  6 hour s  a t  
t empera tures  between 400 and 7 O O O C  a r e  p l o t t e d  a g a i n s t  
temperature  i n  F igu re  10 .  A l l  t he  specimens annealed a t  
temperatures  >6OO0C appear t o  have f u l l y  recovered  
i r r e s p e c t i v e  of t h e  degree of c o l d  work. 

The g r a i n  s i z e s  of t h e  same specimens a r e  p l o t t e d  
a g a i n s t  temperature  i n  F igure  11. A drop i n  g r a i n  s i z e  
occur s  a s  t h e  annea l ing  temperature  i s  r a i s e d ,  t h e  minimum 
g r a i n  s i z e  occur r ing  a t  d i f f e r e n t  tempera tures  depending 
on t h e  amount of p r i o r  c o l d  w o r k .  Even tua l ly  g r a i n  growth 
beg ins  and t h e  g r a i n  s i z e  i n c r e a s e s  t o  a s i z e  g r e a t e r  t han  
the  i n i t i a l  va lue  of 9.6 pm, (F igure  1 2 ) .  

F igu re  13 shows a p l o t  of t he  (202) Bragg X-ray 
r e f l e c t i o n  peak width ve r sus  annea l ing  temperature  f o r  
specimens of h e a t  319 c o l d  worked 10%. Complete removal 
of t h e  e f f e c t s  of co ld  work does n o t  appear t o  have been 
achieved a t  t empera tures  up t o  700OC. 

c 
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3.3 E f f e c t  of S i l i c o n  Concentrat ion -I__ 

6d 
The hardnesses  of specimens f r o m  h e a t  313 

(3.27 wt% S i ,  600 ppm C ) ,  co ld  worked 3, 7 and 10% 
and i s o c h r o n a l l y  annealed 6 hours  a t  t empera tures  
between 400 and 7 O O O C  a r e  p l o t t e d  a g a i n s t  temperature  
i n  F igure  14. The specimens co ld  worked 3 and 10% 
appear t o  have recovered f u l l y  a f t e r  6 hours  a t  7 O O O C  
b u t  t h e  specimens c o l d  worked 7% a r e  s t i l l  somewhat 
ha rde r  (265 VPN) t han  t h e  f u l l y  annealed va lue  ( 2 5 1  V P N ) .  

F igu re  15  shows a p l o t  of t h e  g r a i n  s i z e  of 
specimens from h e a t  313 ve r sus  annea l ing  tempera ture .  
The r e l a t i o n s h i p  between g r a i n  s i z e  and annea l ing  
temperature i s  ve ry  s i m i l a r  t o  t h a t  observed f o r  h e a t  319; 
an i n i t i a l  drop i n  g r a i n  s i z e  fol lowed by g r a i n  growth 
a s  t h e  annea l ing  temperature  i s  inc reased .  

3 - 4  E f f e c t  of Carbon Concentrat ion 

The hardness  ve r sus  annea l ing  temperature  
curves  f o r  h e a t  300 (4.02 w t %  S i ,  140 ppm C )  co ld  
worked 3 ,  7 and 10% a r e  shown i n  F igure  16. The specimens 
c o l d  worked 3 and 7% appear t o  have f u l l y  recovered t o  
t h e i r  o r i g i n a l  hardness  a t  t empera tures  j u s t  b e l o w  6OO0C, 
whi le  those  c o l d  worked 10% have f u l l y  recovered a t  a 
s l i g h t l y  h ighe r  temperature .  

The g r a i n  s i z e s  f o r  t hese  specimens a r e  p l o t t e d  
a g a i n s t  a n n e a l i n g  t empera tu re  i n  F i g u r e  1 7  - Gra in  growth 
appears  t o  have begun even  a t  400OC. There i s  no s i g n  of 
an i n i t i a l  f a l l  i n  g r a i n  s i z e  a s  i n  t h e  prev ious  two 
a l l o y s .  

4.  DISCUSSION 

4 . 1  Recoverxand R e c r y s t a l l i z a t i o n  of Heat 319 

The curves i n  F igure  9 f o r  specimens i s o t h e r m a l l y  
annealed a t  500 and 6 O O O C  a r e  c h a r a c t e r i s t i c  of those  
showing recovery of mechanical p r o p e r t i e s .  The r a t e  of 
decrease  of hardness  s t a r t s  r a p i d l y  and then  proceeds a t  
a s l o w e r  and slower r a t e  a s  t he  d r i v i n g  f o r c e  i s  expended. 
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I n i t i a t i o n  of hardness  recovery i s  delayed i n  the  specimens 
annealed a t  4OOOC b u t  t he  same e f f e c t  a s  above i s  apparent  
a f t e r  about 5-10 hours  a t  temperature .  The d r i v i n g  f o r c e  
f o r  the r e a c t i o n  does n o t  appear t o  be s u f f i c i e n t ,  however, 
t o  produce complete hardness  recovery  a t  400 and 500OC. 
The curves  i n  F igure  1 0  show t h a t  hardness  recovery  commences 
b e l o w  4OOOC i n  specimens co ld  worked 10% b u t  complete 
recovery  i s  n o t  ob ta ined  below about 600OC. 

There i s  no d i r e c t  meta l lographic  evidence f o r  
new r e c r y s t a l l i z e d  g r a i n s  having formed dur ing  annea l ing .  
F igu re  11, however, sugges t s  t h a t  new g r a i n s  m u s t  have 
nuc lea ted  because t h e r e  i s  a s i g n i f i c a n t  drop i n  g r a i n  
s i z e  a s  t he  annea l ing  temperature  i s  inc reased .  From t h i s  
evidence,  it appears  t h a t  r e c r y s t a l l i z a t i o n  beg ins  a t  
400-450°C f o r  a 6 hour annea l  i n  specimens c o l d  worked 10%. 
For t h e  same specimens, recovery  and/or r e c r y s t a l l i z a t i o n ,  
a s  measured by  decrease  i n  l i n e  broadening due t o  co ld  
w o r k ( 8 , 9 ) ,  beg ins  a t  about  4 5 O O C  (F igure  1 3 ) .  The curves  
i n  F i g u r e s  1 0  and 11 sugges t  t h a t  recovery  and r e c r y s t a l l i -  
z a t i o n  a r e  complete a f t e r  a 6 hour annea l  a t  t empera tures  
between 650 and 700OC. 

For specimens c o l d  worked 3 and 10% t h e  e f f e c t  of 
co ld  work on t h e  recovery  and r e c r y s t a l l i z a t i o n  i s  t h a t  
observed i n  m o s t  m a t e r i a l s ,  i . e .  an i n c r e a s e  i n  co ld  w o r k  
dec reases  t h e  tempera tures  a t  which recovery  and r e c r y s t a l -  
l i z a t i o n  occurs .  The specimens c o l d  worked 7% a r e  however 
s l i g h t l y  anomalous i n  t h a t  the  tempera tures  a t  which the  
g r a i n  s i z e  dec reases  appear t o  be lower than  those  f o r  
t h e  specimens c o l d  worked 10%. Recovery of hardness  i n  
the  7% co ld  worked specimens, however, c l o s e l y  fo l lows  
t h a t  i n  t h e  3% c o l d  worked specimens. 

4.2 E f f e c t  of S i l i c o n  Concent ra t ion  

F i g u r e s  14 and 15  g ive  tempera tures  of 400-450°C 
f o r  commencement of recovery  and r e c r y s t a l l i z a t i o n ,  and 
650-700°C f o r  t h e i r  completion, i n  m a t e r i a l  of h e a t  313 
(3.27 w t %  S i )  co ld  worked 10%. These tempera tures  a r e  t h e  
same a s  those  found for  h e a t  319, having a s i l i c o n  con ten t  
of 3.98 w t %  s i l i c o n .  The cu rves  r e l a t i n g  hardness  and 
g r a i n  s i z e  w i t h  annea l ing  temperature  (F igu res  18 and 19)  
a r e  very  s i m i l a r  f o r  b o t h  a l l o y s ;  t he  h ighe r  o v e r a l l  

~ . ... . .. . . . 
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hardness  of h e a t  319 can be a t t r i b u t e d  t o  i t s  h i g h e r  
s i l i c o n  concen t r a t ion .  I t  does n o t  appear t h e r e f o r e  
t h a t  smal l  v a r i a t i o n s  i n  s i l i c o n  concen t r a t ion  s i g n i f i -  
c a n t l y  a f f e c t  t h e  recovery  and r e c r y s t a l l i z a t i o n  
tempera tures  of U3Si. 

4.3 E f f e c t  of Carbon -- Concent ra t ion  - 

Examination of F i g u r e s  9 and 16 shows t h a t  
recovery  occurs  a t  a much lower temperature  i n  specimens 
from h e a t  300 (4.02 wt% S i ,  140 ppm C )  t han  f o r  specimens 
from h e a t  319. W e  e s t i m a t e  from Figure  16 t h a t  recovery  
beg ins  a t  a temperature  below 35OOC f o r  a l l  c o l d  worked 
specimens from h e a t  300, and i s  completed between 550 
and 600OC. The curves  r e l a t i n g  annea l ing  temperature  t o  
g r a i n  s i z e  f o r  specimens from h e a t  300 (F igure  1 7 )  sugges t  
t h a t  e i t h e r  r e c r y s t a l l i z a t i o n  does n o t  occur or i t  occurs  
below 350°C, t h e  minimum temperature  s t u d i e d .  N o  decrease  
i n  average g r a i n  s i z e  w i t h  i n c r e a s i n g  annea l ing  temperature  
was seen i n  t h i s  a l l o y  such a s  was seen i n  t h e  t w o  a l l o y s  
c o n t a i n i n g  g r e a t e r  amounts of carbon. Corresponding 
hardness  recovery  and g r a i n  s i z e  curves  f o r  a l l  t h r e e  
a l l o y s  a r e  compared i n  F i g u r e s  18 and 19. 

A smal l  i n c r e a s e  i n  t h e  carbon l e v e l  (140 p p m  - 
600 ppm) does n o t  appear  t o  have a s i g n i f i c a n t  e f f e c t  
on hardness  recovery  of U3Si when de fo rma t ions  a r e  
r e l a t i v e l y  h igh  (10% CW), b u t  f o r  l o w  deformations (3  and 
7% CW) t he  i n c r e a s e  d e f i n i t e l y  r e t a r d s  recovery  (compare 
Figures 10  and 16). A possible e x p l a n a t i o n  i s  t h a t  
carbon f i n e l y  d i spe r sed  in the  U3Si a s  a c a r b i d e ( l O )  h a s  
a p inning  e f f e c t  on t h e  d i s l o c a t i o n  network, reducing  the  
r a t e  of recovery  a t  l o w e r  t empera tures .  This  appears  t o  
be borne o u t  by  t h e  r e s u l t s  of i s o t h e r m a l l y  anneal ing 
an  a l l o y  wi th  600 ppm a t  4 O O O C  (F igure  9 ) .  The more co ld  
work t h e  a l l o y  r e c e i v e s ,  t h e  g r e a t e r  t h e  amount of s t o r e d  
energy a v a i l a b l e  t o  -overcome t h e  p inning  e f f e c t ,  so t h a t  
a t  t h e  10% co ld  w o r k  l e v e l  it i s ' p o s s i b l e  t o  compensate 
f o r  t h e  r e l a t i v e l y  s m a l l  amount o f '  a d d i t i o n a l  carbon. 
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4.4 Grain Growth 

The presence of a uniform d i s t r i b u t i o n  of a 
coarse  second phase,  e i t h e r  U3Si2, uranium or U 0 2  
i n c l u s i o n s ,  i n  m o s t  U3Si a l l o y s ,  presumably r e s t r a i n s  
g r a i n  growth. Most of t h e s e  d i s p e r s e d  p a r t i c l e s  a r e  
a t  t h e  U3Si g r a i n  boundaries  (F igu res  3, 5 and 7 ) .  

I n c r e a s i n g  the  carbon l e v e l  from 140 t o  600 ppm 
appears  t o  r e s t r a i n  g r a i n  growth i r r e s p e c t i v e  of  t h e  
amount of deformation or annea l ing  temperature .  I n  
F igu re  19 i t  can be seen  t h a t  i n  h e a t  300, con ta in ing  
only 140 ppm carbon, g r a i n  growth occurs  a t  35OOC whereas 
i n  the h ighe r  (600 ppm) carbon a l l o y ,  h e a t  319, g r a i n  
growth does n o t  b e g i n  u n t i l  t empera tures  a s  h igh  a s  
5 0 0- 5 5 0 O C have been re ached . 

Carbon, be ing  l e s s  s o l u b l e  i n  U3Si than  U3Si2, 
i s  p r e c i p i t a t e d  a s  uranium ca rb ide  i n  the U 3 S i  m a t r i x  
surrounding r e s i d u a l  U3Si2 p a r t i c l e s  when t h e  a s - c a s t  
a l l o y  i s  i n i t i a l l y  t ransformed.  Such a d i s p e r s i o n  of 
ca rb ide  might  p i n  g r a i n  boundar ies  sweeping through t h e  
U3Si ma t r ix .  A t  h ighe r  tempera tures ,  b o t h  t h e  m o b i l i t y  
of t h e  carbon atoms i n  t h e  m a t r i x  and the  a b i l i t y  of the  
g r a i n  boundar ies  t o  unpin themselves  i n c r e a s e s ,  p e r m i t t i n g  
g r a i n  growth t o  proceed. 

The proposed e f f e c t  of carbon on g r a i n  growth i s  
c o n s i s t e n t  w i th  t h e  obse rva t ion  t h a t  smal l  U3Si g r a i n s  
a r e  seg rega ted  a d j a c e n t  t o  U3Si p a r t i c l e s  i n  t h e  mat r ix ,  
where t h e  maximum c o n c e n t r a t i o n  of carbon i s  expec ted  
t o  occur.  

5. CONCLUSIONS 

- Recovery, a s  measured by hardness  and by X-ray 
l i n e  broadening measurements, beg ins  a t  400-450°C 
i s  i s  complete a f t e r  6 hours  a t  650-700°C i n  
an a l l o y  c o n t a i n i n g  3.98 wt% S i  and 600 ppm 
carbon, co ld  worked 10%. 
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- Although r e c r y s t a l l i s a t i o n  was n o t  d i r e c t l y  
observed me ta l log raph ica l ly ,  measurements of 
average g r a i n  s i z e  i n  the  same a l l o y  a r e  
c o n s i s t e n t  w i th  concurren t  p rocesses  of recovery  
and r e c r y s t a l l i z a t i o n .  

- No e f f e c t  on recovery  or r e c r y s t a l l i z a t i o n  was 
produced by a change i n  s i l i c o n  c o n c e n t r a t i o n  
from 3.98 t o  3.27 wt%. 

- A decrease  i n  carbon concen t r a t ion  from 600 t o  
140 ppm decreased t h e  recovery temperature  and 
inc reased  t h e  r a t e  of g r a i n  growth a t  lower 
tempera tures .  The e f f e c t  of carbon i s  a t t r i b u t e d  
t o  the  p inning  of g r a i n  boundar ies  by uranium 
ca rb ide  i n c l u s i o n s  i n  t h e  U3Si. 
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M e t  J151 C2 X 5 0 0  

F igure  1 Typica 1 As-  Cas t  S t r u c t u r e  

Primary U3Si2 (whi te )  surrounded by a r i m  
of U3Si ( g r e y ) .  Dark ma t r ix  i s  uranium 
con ta in ing  small g r e y  p a r t i c l e s  of U3Si 
formed from t h e  o r i g i n a l  e u t e c t i c  du r ing  
cool ing .  
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M e t  5151 F1 X 5 0 0  

F igu re  2 Sample 319, Uranium-3.98 wt% S i l i c o n  

Grey m a t r i x  - U3Si, white  p a r t i c l e s  - U3Si2, 
b l a c k  p a r t i c l e s  - p o r o s i t y  or U 0 2  e t ched  i n  
Murakami's r eagen t .  (10  g m s  potassium 
f e r r i c y a n i d e ,  1 0  g m s  potassium hydroxide,  100 ccs H 2 0 )  

Heat Trea ted  a t  8 O O O C  f o r  72  Hours 

M e t  J151 F2 X 5 0 0  

F igu re  3 Same Alloy a s  i n  F igure  2 

Etched t o  show g r a i n  boundar ies  (3.4 gms c i t r i c  
ac id ,  72  ccs n i t r i c  ac id ,  1 cc 48% h y d r o f l u o r i c  
ac id ,  170 ccs H3O). 
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M e t  J151 G 1  X500 

Figure  4 Sample 313, Uranium-3.27 wt% S i l i c o n ,  
Heat Trea ted  a t  8 0 0 ° C  f o r  72  Hours 

Grey m a t r i x  - U3Si, dark  phase - uranium, e t ched  
i n  Murakami's r eagen t .  

M e t  J151 G 2  X 5 0 0  

F igu re  5 

Etched t o  show g r a i n  boundar ies .  

Same Alloy a s  i n  F igure  4 
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MET 5151 E l  X 5 0 0  
F igu re  6 

Grey m a t r i x  - U3Si, whi te  p a r t i c l e s  - U3Si2, 
b l a c k  p a r t i c l e s  - p o r o s i t y  o r  U 0 2  e t ched  i n  
Murakami's r eagen t .  

Sample 300, Uranium 4.02 w t %  S i l i c o n  
Heat Trea ted  a t  8 O O O C  f o r  72 Hours 

MET J151 E2 X 5 0 0  
F igure  7 

Etched t o  show g r a i n  boundaries .  

Same Alloy a s  i n  F igure  6 

. .  . . . . ~ . .  
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MET J190 D 1  A X 5 0 0  MET J190 B 1  B x5g0 

MET J190 C 1  C X 5 0 0  X 5 0 0  D MET J190 A 1  

MET ,J190 E l  E X500 

Figure  1 2  Sample 319, C o l d  Worked 
lo%, Annealed 6 Hours a t :  

A - 5OOOC 

B - 55OOC 

C - 6OOOC 

D - 65OOC 

E - 7OOOC 

Etched t o  show g r a i n  boundar ies .  
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Change i n  hardness  w i t h  annea l ing  temperature  f o r  t h r e e  samples cold worked 7%- 
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