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INTRODUCTION AND SUMMARY 

T h i s  r e p o r t  c o v e r s  work p e r f o r m e d  
i n  t h e  P h y s i c s  o f  S o l i d s  I n s t i t u t e  
o f  t h e  M e t a l l u r g y  D i v i s i o n  f o r  t h e  
p e r i o d  May 1 t o  J u l y  31 ,  1951. . 

BUILDING STATUS 

Hot C e l l s .  H a n d l i n g  o f  a c t i v e  
m a t e r i a l s  was begun i n  t h e  h o t  c e l l s  
d u r i n g  t h e  q u a r t e r ,  a l t h o u g h  a l l  
d e t a i l s  and equipment  c o n v e r s i o n  and 
i n s t a l l a t i o n  a r e  n o t  y e t  comple te .  

SOLID-STATE REACTIONS 

Bom bardmen t o f  P -  Type German i urn. 
P - t y p e  germanium h a s  b e e n  bombarded 
and measurements have  been made show- 
i n g  a g r e e m e n t  w i t h  t h e  Lehman-James 
model which p r e d i c t s  t h a t  bombardment 
w i l l  c a u s e  t h e  Fermi l e v e l  5 t o  ap-  
proach  a l i m i t i n g  o r  s a t u r a t i o n  v a l u e .  
For m a t e r i a l s  i n  which  t h e  o r i g i n a l  
v a l u e  o f  5 w a s  a b o v e  c l i m i  t ,  bom- 
b a r d m e n t  c a u s e d  a d e p r e s s i o n  t o w a r d  
C l i m i t !  and f o r  m a t e r i a l s  i n  which 5 
was o r i g i n a l l y  below S l i m i t  bombard- 
ment produced a r i s e  o f  5 toward G i m i  t ;  

The s a t u r a t i o n  v a l u e  f o r  t h e  F e r m i  
l e v e l  h a s  b e e n  d e t e r m i n e d  t o  be  b e -  
t w e e n  0 . 1 6 8  a n d  0 . 1 0 5  e v  w i t h  work 
c o n t i n u i n g  t o w a r d  a more  a c c u r a t e  
value. 

S i l i c o n  Bombardment Experiments. 
Methods were worked o u t  f o r  a t t a c h i n g  
t e s t  l e a d s  t o  s i l i c o n  s a m p l e s  t o  
p e r m i t  t a k i n g  H a l l  e f f e c t  a n d  r e -  
s i s t i v i t y  m e a s u r e m e n t s .  Two N - t y p e  
samples  were bombarded w i t h  f a s t  neu - 
t r o n s  and v a l u e s  were d e t e r m i n e d  a t  
53 and 42OC r e s p e c t i v e l y  f o r  e l e c t r o n  
c o n c e n t r a t i o n  a n d  i n i t i a l  r a t e  o f  
c a r r i e r  removal  p e r  i n c i d e n t  n e u t r o n .  
C o n d u c t i v i t y  d e c r e a s e d  under  bombard- 
ment t o  a p p r o x i m a t e l y  t h e  c a l c u l a t e d  
c o n d u c t i v i t y  o f  i n t r i n s i c  s i l i c o n  a t  
t h e  t e m p e r a t u r e  o f  e x p o s u r e .  

C o n d u c t i v i t y  d a t a  t a k e n  a s  t h e  
s a m p l e s  c h a n g e d  t e m p e r a t u r e  d u r i n g  
p i l e  s h u t d o w n s  a n d  s t a r t u p s  i s  i n  
a g r e e m e n t  w i t h  t h e  f a c t  t h a t  t h e  
s a t u r a t i o n  c o n d u c t i v i t y  o c c u r s  a t  
a p p r o x i m a t e l y  t h e  i n t r i n s i c  conduc-  
t i v i  t y .  

An Automatic Multirange Recording 
Device f o r  Measuring Varying Poten- 
t i a l s .  An a u t o m a t i c  r e c o r d i n g  d e v i c e  
h a s  been d e s i g n e d  and b u i l t  f o r  meas- 
u r i n g  t h e  c h a n g i n g  e l e c t r i c a l  p r o p e r -  
t i e s  o f  s e m i c o n d u c t o r s  d u r i n g  bom- 
bardment .  Some o f  t h e  c o n s t r u c t i o n  
d e t a i l s  and c a p a b i l i t i e s  o f  t h e  d e v i c e  
a re  d i s c u s s e d .  

Cryos ta t  f o r  P i l e  I r r a d i a t i o n s .  
The c o o l i n g  j a c k e t  h a s  been i n s t a l l e d  
i n  h o l e  5 2  a n d  a l l  a u x i l i a r y  e q u i p -  
ment i s  i n  t h e  shops.  S l i g h t  m o d i f i -  
c a t i o n  o f  t h e  c r y o s t a t  i s  e x p e c t e d  t o  
be  comple ted  s h o r t l y  so t h a t  o p e r a t i o n  
should  b e g i n  w i t h i n  a few months.  

L i t h i u m -  Iron Cyclotron Bombard- 
ment. Three  i r o n  c a p s u l e s  c o n t a i n i n g  
l i t h i u m  were i r r a d i a t e d  i n  the B e r k e l e y  
6 0 - i n .  c y c l o t r o n  u s i n g  a 36-Mev a l p h a -  
p a r t i c l e  beam. Two c o n t r o l  s a m p l e s  
e x p e r i e n c e d  s i m i l a r  t e m p e r a t u r e  t r e a t -  
m e n t s  w i t h o u t  r a d i a t i o n  e x p o s u r e .  
None o f  t h e  f i v e  c a p s u l e s  h a v e  b e e n  
opened f o r  p o s t - r u n  examinat ion .  

A c o m p l e t e  a n a l y s i s  o f  t h e  f i r s t  
t h r e e  c a p s u l e s  i r r a d i a t e d  d u r i n g  t h e  
q u a r t e r  e n d i n g  A p r i l  31 i s  g iven .  

RADIATION METALLURGY 

Neutron Irradiation of  Age Harden- 
ing  A l l o y s .  H a r d n e s s ,  r e s i s t a n c e ,  
and  X - r a y - d i f f r a c t i o n  s t u d i e s  were 
made of b o t h  s i n g l e  c r y s t a l  and po ly -  
c r y s t a l l i n e  Cu-Be s p e c i m e n s  and com- 
p a r i s o n s  were made between “ i r r a d i a -  
t i o n  a g i n g ”  and normal  t h e r m a l  a g i n g .  

1 
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E v i d e n c e  i s  p r e s e n t e d  w h i c h  l e n d s  
s u p p o r t  t o  t h e  h y p o t h e s i s  t h a t  i r -  
r a d i a t i o n  a g i n g  i s  a p r e - p r e c i p i t a t i o n  
p r o c e s s  s i m i l a r  t o  t h e  e a r l y  s t a g e s  o f  
low- t e m p e r a t u r e  the rma l  ag ing .  

I r r a d i a t i o n  o f  Cu-Ti a l l o y s  c a u s e  
a d e c r e a s e  i n  t h e  s p e e d  of  a g i n g  a t  
300 a n d  3 5 O o C  a s  c o m p a r e d  t o  n o n -  
i r r a d i a t e d  s p e c i m e n s .  F u r t h e r  i n -  
v e s t i g a t i o n s  w i l l  be conducted .  

Ag-Cu s p e c i m e n s  were i r r a d i a t e d  
and then  aged a t  75'C. No r e s i s t a n c e  
c h a n g e s  were  n o t e d  i n  e i t h e r  t h e  e x -  
posed or c o n t r o l  s amples .  

I t  was f o u n d  t h a t  N i -Be  d o e s  n o t  
i r r a d i a t i o n  age ,  t h e r e f o r e  t h e  e f f e c t  
of i r r a d i a t i o n  i n  Cu-be isnot c h a r a c -  
t e r i s t i c  of  t h e  b e r y l l i u m  atom. 

Effect of Precipitate Particles on 
R e s i s t i v i t y  of  Cu-Be Alloys. A t h e -  
o r e t i c a l  and m a t h e m a t i c a l  i n v e s t i g a -  
t i o n  i s g i v e n  i n  an a t t e m p t  t o  e x p l a i n  
t h e  r e s i s t a n c e  e f f e c t s  o b s e r v e d  i n  
both  r a d i a t i o n  a g i n g  and low-tempera-  
t u r e  t h e r m a l  a g i n g  s o l u t i o n - q u e n c h e d  
Cu-Be age -ha rden ing  a l l o y s  a s  compared 
t o  c h a n g e s  o b s e r v e d  i n  t h e  c o p p e r  
a l l o y s .  

D imens ions  of s p h e r i c a l  p r e c i p i -  
t a t e  n u c l e i  a r e  c o n s i d e r e d  t o o  l a r g e  
t o  i n t e r f e r e  w i t h  t h e  e l e c t r o n  wave. 
P r e c i p i t a t e  n u c l e i  i n  t h e  f o r m  o f  
p l a t e l e t s  m i g h t  p o s s i b l y  c a u s e  some 
i n t e r f e r e n c e  i n  t h e i r  sma l l  dimension.  

Recovery of  Radiation Hardening i n  
Copper-Base Solid-Solution Alloys. A 
r e p e t i t i o n  o f  f o r m e r  a n n e a l i n g  e x -  
p e r i m e n t s  on r a d i a t i o n - h a r d e n e d  copper  
a l l o y s  produced r e c o v e r y  o f t h e a l l o y s  
i n  t h e  same o r d e r  as p r e v i o u s l y  n o t e d .  
None of  t h e  samples  used  t h u s  f a r  were 
a n n e a l e d  b e f o r e  i r r a d i a t i o n  s u f f i -  
c i e n t l y  t o  c o m p l e t e l y  remove  work  
h a r d e n i n g .  N e w  s a m p l e s  h a v e  b e e n  
f u l l y  a n n e a l e d  and a r e  b e i n g  exposed  
i n  t h e  r e a c t o r .  

Creep Under Irrad ia t  
c a n t i l e v e r  c r e e p  t e s t s  
s t a i n l e s s  s t e e l  were run 
a c t o r  and  a compar i son  wz  
t h r e e  bench t e s t s  r u n  unc 
c o n d i t i o n s  w i t h o u t  r a d i a l  
a b o u t  1 0 0  h r  t h e  c r e e p  
a b o u t  t h e  same. T h e r e a f  
r a d i a t e d  s p e c i m e n s  beg2 
f a s t e r  s h o w i n g  a b o u t  3 
c r e e p  s t r a i n  a f t e r  200 h 
20% more a f t e r  250 h r .  
o f  t h e  i r r a d i a t e d  s p e c i '  
d e f i n i t e  d e c r e a s e s  d u r i n f  
downs, as  opposed t o  s l i g  
i n  one p r e v i o u s  experimen 

D e c r e a s e s  i n  c r e e p  s 
i r r a d i a t i o n  a s  r e p o r t e  
worke r s  a r e  t h o u g h t  t o  bf  
f a c t  t h a t  t h e i r  t e s t s  \ 

much h i g h e r  c r e e p  r a t e  
c a n t i l e v e r  t e s t s .  The hi 
s t r a i n  and t h e  bombardmer 
o f  a n n e a l e d  m a t e r i a l s  co 
a b l y  produce t h e  changes  

Ho 1 1 ow 1 i q u i d  - c o  o l  a n t  
s i l e  s p e c i m e n s  and t h e  r 
t r o l l e r s ,  s u p p o r t  f r ames ,  
forms h a v e  been r e c e i v e d ,  
s i v e  bench  t e s t s  w i l l  be  
any a t t e m p t s  a r e  made to 
t h e  Low I n t e n s i t y  T r a i n  
( L I T R ) .  Use of a measu 
o t h e r  t h a n  t h e  m i c r o f o i  
p e c t e d ;  s e v e r a l  methods w 
for a d a p t a b i l i t y  and accu  

ENGINEERING PROPEE 

Liquid-Metals Loop. 
c i r c u l a t e d  t h r o u g h  ho lc  
X r e a c t o r  €or a p e r i o d  of 
o r d e r  t o  s t u d y  t h e  Brer 
a c t i v i t y  f rom t h e  decay  ( 

a v e r a g e  e n e r g y  of  t h e  B r e m s s t r a h l u n g  
a r i s i n g  from c i r c u l a t i o n  of t h e  l i t h -  
ium i n  t y p e  316 s t a i n l e s s  s t e e l  t u b e s  
was d e t e r m i n e d  t o  be of  t h e  o r d e r  o f  
0 .06  M e V .  
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c t i v i t y  o f  t h e  
v i s u a l  examina-  

sp r e c i ab  l e  c o r  ro - 
t e m p e r a t u r e  of  

er i n v e s t i g a t i o n  
h e  t u b e s  become 

11 b e  r u n  u s i n g  
incone 1 t u b e s .  

.Pile Stress-Cor- 
n h a s  been  begun 
q u i d - s o d i u m  l o o p  
. I T R  a t  1500OF.  
r i l l  be made on a 

u n d e r  1 5 0 0  p s i  

An i n v e s t i g a t i o n  
' r m i n e  t h e  r a t e s  

i n  v a r i o u s  ma- 
bomba rdmen t i n  

a s i s  f o r  p r e d i c t -  
i r e m e n t s  f o r  t h e  
u s .  Two s i m i l a r  
i s t r u c t e d ,  one o f  
5 - i n .  l e n g t h  f o r  
, f  a long  3 / 4 - i n .  
~ s e  i n  t h e  X r e -  
t h e  c a l o r i m e t e r s  

diation. Decay  
r f o u r  H a s t e l l o y  
d been i r r a d i a t e d  
: X r e a c t o r .  

: a l s o  t a k e n  for 
l e s ,  some c o n t a i n -  
3e ry l  l ium , c olum- 

t i t a n i u m .  The  
id i a  t i o n  i n d i c a t e  
v i t y  t o  be P a 2 3 3 .  

es of Irradiated 
s t r e n g t h  , e longa -  
compress ion  s e t ,  
n p r e s s i o n ,  change  

g r a v i t y  , S h o r e  
and  S h o r e  e l a s -  

1 f o r  e i g h t  com- 

m e r c i a l  p l a s t i c s  b e f o r e  a n d  a f t e r  
i r r a d i a t i o n  i n  h o l e  19  o f  t h e  X re- 
a c t o r .  

S i l a s t i c ,  N e o p r e n e ,  G R - S ,  H y c a r  
OR, n a t u r a l  r u b b e r ,  and Hycar  PA a r e  
h a r d e n e d  by  i r r a d i a t i o n ,  b u t  b u t y l  
( G R - 1 )  and T h i o k o l  became s t i c k y  and 
t a r r y .  

D e s c r i p t i o n  of t h e  t e s t  p r o c e d u r e s  
and r e s u l t s  o f  t h e  t e s t s  t o  a l l  t h e  
e l a s t o m e r s  a r e  g i v e n .  

Irradiation of Graphite-Carbon 
Rods. Twelve  u r a n i u m - f r e e  g r a p h i t e  
r o d s  were i r r a d i a t e d  i n  t h e  X p i l e  a s  
a p r e l i m i n a r y  s t e p  i n  t h e  s t u d y  o f  
r a d i a t i o n  damage t o  u r a n i u m - g r a p h i t e  
m a t e r i a l s .  The r o d s  e x p o s e d  r e p r e -  
s e n t e d  12 d i f f e r e n t  t y p e s  of  g r a p h i t e .  
The s a m p l e s  were  i r r a d i a t e d  i n  t h e  
c e n t e r  o f  h o l e  1 7 6 8  f o r  two weeks  
c o r r e s p o n d i n g  t o  an  i n t e g r a t e d  f l u x  
of  1 x 10l8 /cm2.  Dimensions,  we igh t ,  
and n a t u r a l  v i b r a t i o n  f r e q u e n c y  were 
m e a s u r e d  t o  d e t e r m i n e  t h e  e l a s t i c  
modulus,  e l e c t r i c a l  r e s i s t i v i t y ,  and 
r e l a t i v e  t h e r m a l  c o n d u c t i v i t y .  Some 
changes  i n  f u t u r e  t e c h n i q u e s  w i l l  be  
made t o  i n c r e a s e  t h e  a c c u r a c y  o f  t h e  
r e s u l t s  f o r  f u t u r e  m e a s u r e m e n t s  on 
t h e  g r a p h i  t e - c o n t a i n i n g  e n r i c h e d  
uranium. 

LIQUID FUELS 

Radiation Damage to Liquid Fuels. 
L i q u i d  f u e l s  h a v e  b e e n  c a n n e d  a n d  
h e a t e d  t o  1500°F b o t h  i n  t h e  p r e s e n c e  
o f  r a d i a t i o n  and w i t h o u t  r a d i a t i o n .  
The 5 8 - p s i  s t a r t i n g  p r e s s u r e  o f h e l i u m  
d i d  n o t  v a r y  a p p r e c i a b l y  d u r i n g  t h e  
p e r i o d .  The  s a m p l e s  a r e  now b e i n g  
c h e m i c a l l y  a n a l y z e d  a s  w e l l  a s  b e i n g  
examined f o r  m e t a l l u r g i c a l  changes .  

CRYSTAL PHYSICS 

Y-12 Cyclotron Studies. A s t u d y  
of r a d i a t i o n  damage t o  t h e  A i r c r a f t  
Reac to r  Exper iment  (ARE) m a t e r i a l s  is 
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; made u s i n g  t h e  Y-12 8 6 - i n . c y -  
,on f o r  p r o t o n  bombardment. 

u e l  p i n  t a r g e t s  ( F i g .  6 . 1 )  a r e  
of a 6 i n .  l e n g t h  of  1 / 4 - i n . - 0 . d .  
le1 t u b i n g  hav ing  a .OlO-in.  w a l l  
: nes s .  A 4 - i n .  l e n g t h  a t  one end 
a t t e n e d  t o  p r e s e n t  a f l a t  s u r f a c e  
le beam; t h e  r ema in ing  c y l i n d r i -  
p o r t i o n  s e r v e s  a s  an  e x p a n s i o n  
Ier. 

n e s t i m a t e  o f  t h e  h e a t  t o  b e  
i p a t e d  i n  t h e  c y c l o t r o n  i s  made 
;e o f  a c a l u t r o n  f o r  p r e l i m i n a r y  
irdment w i t h  a h i g h  f l u x  o f  low- 
;y p r o t o n s .  

Dur f u e l  p i n s  t h u s  f a r  s t u d i e d  
h e l d  a t  7 0 0  t o  725OC a t  t h e  

; f a c e  by means o f  beam h e a t i n g .  
c u r r e n t s  w e r e  2 t o  3 p a  o f  

?v  p r o t o n s .  Hea t  was d i s s i p a t e d  
t h e  t a r g e t  by r a d i a t i o n  c o o l i n g .  

o f  t h e  p i n s  were e x p o s e d  f o r  1 
nd two for 4 h r  a t  a p p r o x i m a t e l y  
same beam c u r r e n t s  and t e m p e r a -  
s. Only p r e l i m i n a r y  a n a l y t i c a l  
. t s  have been o b t a i n e d  t h u s  f a r .  

p e c  t r o s c o p i  c a n a l y s e s  w i l l  b e  
o f  t h e  e u t e c t i c  f o r  t r a c e s  of 

ne1 e l e m e n t s ;  t h e  f u e l  w i l l  be  
yed t o  de t e rmine  i f  any c h a n g e s  
o c c u r r e d  i n  t h e  r a t i o s  o f  uranium 
f l u o r i n e ;  m a s s  s p e c t r o g r a p h i c  
rses  w i l l  d e t e c t  changes  i n  quan- 
I S  of  t h e  f l u o r i d e s  of  uranium. 

le c o n t a i n e r  t u b e  w i l l  b e  m e t a l -  
i c a l l y  e x a m i n e d  f o r  c o r r o s i o n ,  
. g r a n u l a r  p e n e t r a t i o n ,  and g r a i n  
' a t i o n .  

3 p e r m i t  an  i n c r e a s e  i n  t h e  beam 
? n t  a w a t e r - c o o l e d  b lock  has  been 
gned f o r  mount ing  t h e  f u e l  p i n s .  
b lock -moun ted  p i n  h a s  b e e n  bom- 
e d .  A beam c u r r e n t  o f  2 0  amp 
r e q u i r e d  t o  m a i n t a i n  t h e  f a c e  

a t  a p p r o x i m a t e l y  1 5 0 0 ° F .  R a d i o a c -  
t i v i t y  o f  t h e  s p e c i m e n  h a s  t h u s  f a r  
p r e v e n t e d  a n a l y s i s .  Two f u r t h e r  
t y p e s  of w a t e r - c o o l e d  t a r g e t  mounts  
h a v e  b e e n  b u i l t  and  w i l l  b e  r u n  i n  
t h e  n e a r  f u t u r e .  

X-Ray Work. A H i l g e r  X - r a y - d i f -  
f r a c t i o n  u n i t  was p l a c e d  i n  o p e r a t i o n  
d u r i n g  t h e  q u a r t e r .  The H i l g e r  t u b e  
i n  c o n t i n u o u s l y  e v a c u a t e d  and h a s  an. 
a n o d e  made  u p  o f  c o p p e r ,  c o b a l t ,  
chromium, and s i l v e r  t a r g e t s ,  a l l o w -  
i n g  q u i c k  s e l e c t i o n  o f  f o u r  d i s t i n c t  
X-ray wave l e n g t h s .  X-ray  r a d i a t i o n  
f rom t h e  H i l g e r  t u b e  i s  b e i n g  u s e d  
t e m p o r a r i l y  t o  o p e r a t e  a Nor th  Ameri- 
can P h i l i p s  G e i g e r - c o u n t e r  s p e c t r o m -  
e t e r .  

Work d o n e  d u r i n g  t h i s  q u a . r t e r  
c o n s i s t e d  o f  z i n c  and coppe r  c r y s t a l  
o r i e n t a t i o n  and  i d e n t i f i c a t i o n  a n d  
comparison o f  v a r i o u s  m a t e r i a l s .  

In-Pile Thermal Conductivity of 
Structural Materials at High Tempera- 
tures. The t h e r m a l  c o n d u c t i v i t y  o f  
i n c o n e l  a t 8 2 0 ° C  was found t o  d e c r e a s e  
by a f a c t o r  o f  two a f t e r  l e s s  t h a n  
one week o f  e x p o s u r e  i n  t h e  X p i l e ;  
a f t e r  t h e  i n i t i a l  d e c r e a s e  t h e  v a l u e  
r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t .  An 
i n - p i l e  t e m p e r a t u r e  a n n e a l  removed 
a p p r o x i m a t e l y  2 0 %  o f  t h e  d a m a g e ;  
f u r t h e r  e x p o s u r e ,  h o w e v e r ,  c a u s e d  
t h e  c o n d u c t i v i t y  t o  r e t u r n  t o  i t s  
o r i g i n a l  e q u i l i b r i u m  v a l u e .  Con-  
f i r m a t o r y  e x p e r i m e n t s  w i l l  b e  run on 
i n c o n e l ,  a n d  t h e  work  w i l l  b e  e x -  
panded  t o  i n c l u d e  t y p e s  310 and  316 
s t a i n l e s s  s t e e l s .  

Electrical and Thermal Conductivity 
of Metals. Work began  t h i s  q u a r t e r  
on a n  a p p a r a t u s  f o r  mak ing  i n - p i l e  
m e a s u r e m e n t s  o f  e l e c t r i c a l  c o n d u c -  
t i v i t y  and  c h a n g e s  i n  t h e r m a l  c o n -  
d u c t i v i t y  o f  m e t a l s  a t  be low 400OC. 
M a g n e t o r e s i s t a n c e  w i l l  be  m e a s u r e d  
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b e f o r e  and a f t e r  i r r a d i a t i o n  a t  t e m -  
p e r a t u r e s  up t o  80OoC. 

Metal  C r y s t a l s .  T h e  c h a n g e  i n  
e l e c t r i c a l  r e s i s t i v i t y  o f  c o p p e r  
c r y s t a l s  r e s u l t i n g  from a bombardment 
i s  r e p o r t e d .  I t  i s  o b s e r v e d  t h a t  t h e  
i n d u c e d  c h a n g e  o f  r e s i s t i v i t y  h a s  a 
t e m p e r a t u r e  dependence.  T h i s  tempera-  
t u r e  d e p e n d e n c e  c a n n o t  be  e x p l a i n e d  

by changes  i n  t h e  Debye c h a r a c t e r i s t i c  
t e m p e r a t u r e .  The e f f e c t  o f  n e u t r o n  
i r r a d i a t i o n  on t h e  X-ray  r e f l e c t i o n  
c o e f f i c i e n t s  o f  c o p p e r  c r y s t a l s  and 
t h e  s t r e s s - s t r a i n  c u r v e s  o f  n e u t r o n -  
i r r a d i a t e d  p o l y c r y s t a l l i n e  c o p p e r  
a r e  a l s o  r e p o r t e d .  A p r o p o s e d  e x -  
p e r i m e n t  on t h e  e f f e c t  of i r r a d i a t i o n  
on d i s o r d e r e d  CudAu i s  a l s o  d i s c u s s e d  
i n  some d e t a i l .  

OPEN PUBLICATION 

J. W. C l e l a n d ,  J .  H. C r a w f o r d ,  Jr., K. L a r k - H o r o v i t z , *  J. C. P i g g ,  "The 
E f f e c t  o f  F a s t  Neut ron  Bombardment on  t h e  E l e c t r i c a l  P r o p e r t i e s  o f  Germanium," 
P h y s .  R e v .  83, 312 (1951) .  

'Consultant from Purdue University. 
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1. BUILDING STATUS 

HOT CELLS 

S. E. Dismuke 

C e l l s  3 ,  4 ,  S a ,  and 6 were p l a c e d  
i n  o p e r a t i o n  d u r i n g  t h e  q u a r t e r  a n d  
have  proved  q u i t e  s a t i s f a c t o r y .  Both 
t h e  M a s t e r  S l a v e  a n d T e l l m a n i p u l a t o r s  
shown i n  F i g .  1.1 have been u s e d  w i t h  
e n c o u r a g i n g  s u c c e s s .  

shown t h a t  t h e  r e d e s i  
s a t i s f a c t o r y .  I t  c o n s  
c l o n e  s e p a r a t o r ,  a n  A 
c o l l e c t o r ,  and a F i b e r g  
s e r i e s  w i t h  a f a n .  

The h y d r a u l i c  sys tem 
o f  t h e  i n t e r c e l l  b a r r :  
been t e s t e d ,  and i n s t a l  
comple ted  some time i n  

C e l l s  1 and 2 a r e  comple te ,  b u t  i n  
o r d e r  t o  a v o i d  c o n t a m i n a t i o n ,  t h e y  Windows i n  s e v e r a l  
w i l l  n o t  be u s e d  u n t i l  a f t e r  t h e  semi- have  given Some 
permanent  a p p a r a t u s  i s  i n s t a l l e d .  t e r i n g  a n d  h o l e s  i n  

l i n i n g .  Most o f  t h e  ho. 
h a s  been such t h a t  t h e  
windows h a v e  g i v e n  a d e  
t i o n .  As a r e s u l t  t h  

The c h i p  c o l l e c t i o n  sys tem i n  c e l l  
1 h a s  b e e n  r e b u i l t ,  a n d  t e s t s  h a v e  

some d e l a y  i n  f i x i n g  thc 

The  r e m o t e  c o n t r o l  
c o m p l e t e ,  b u t  d i f f i c u l t  
a few o f  t h e  p a r t s  o p e  
a r e  h o l d i n g  up- i n s t a l  l a i  

The S p e c i a l  D e s i g n  S 
E n g i n e e r i n g  Depar tmen t  
a r e m o t e  p o l i s h i n g  d e  
n e a r  c o m p l e t i o n ;  i t  W I  

by R .  J .  Gray o f  t h e  Mei 
s i o n  b e f o r e  i t  i s  u s e d  
c o n t a m i n a t e d  m a t e r i a l s  
p o l i s h e r  c o n s i s t s  o f  a 
i s h i n g  u n i t  w i t h  a spc 
so a r r a n g e d  t h a t  t h e  s p  
r o t a t e s  a b o u t  an a x i s  o 
i n c h e s  from t h e  a x i s  o f  
w h e e l .  The  same moto l  
t h e  p o l i s h i n g  wheel  and - 

h o l d e r .  Des ign  o f  a r e  
mounting p r e s s  for a u x i l  
t h e  p o l i s h e r  i s  n e a r  con 1 

Work i s  b e g i n n i n g  on 
t i o n  o f  a m e t a l l o g r a p  - .  

I t  w i l l  be  mounted t h r  
Fig. 1.1. master Slave and Tell on t h e  n o r t h  ( e n t r a n c e  

Manipulators . c e l l .  
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P i c  t u r e s  o f  t h e  c o m p l e t e d  c e l l s  
and  some o f  t h e i r  r e l a t e d  e q u i p m e n t  
a r e  shown i n  F i g s .  1 . 2 - 1 . 5 .  F i g u r e  
1 . 2  shows t h e  f r o n t  f a c e  o f  c e l l s  4 ,  
5 a ,  5 b ,  and  6 ;  t h e  M a s t e r  S l a v e  ma- 
n i p u l a t o r s  can  be s e e n  i n  o p e r a t i n g  
p o s i t i o n .  C e l l  w a l l s  a r e  c o n s t r u c t e d  
of c o n c r e t e  b l o c k  and  p a i n t e d  w i t h  
s t r i p p a b l e  cocoon p a i n t .  S t e e l  p l a t e s  
4 i n .  i n  t h i c k n e s s  f o r m  t h e  c e l l  
roofs. 

F i g u r e  1 . 3  p i c t u r e s  t h e  e n t r a n c e s  
t o  c e l l s  4 ,  5 a ,  5 b ,  a n d  6 .  T h e  
movable  w a l l s  and t h e  c e l l  e x h a u s t  
d u c t s  may be o b s e r v e d  i n  t h i s  v i e w .  
I n  t h e  l o w e r  r i g h t - h a n d  c o r n e r  a n  
edge  o f  t h e  s t o r a g e  tank can  be seen .  
T h i s  t a n k  i s  a p p r o x i m a t e l y  6 f t  wide 
by 23  f t  l o n g  by 1 3  f t  d e e p  and may 
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be f i l l e d  w i t h  w a t e r  f o r  s t o r a g e  of 
h o t  specimens.  

F i g u r e  1 . 4  shows  t h e  f r o n t  f a c e  
of  c e l l s  1, 2 ,  and 3. The T e l l  manip- 
u l a t o r  may be s e e n  th rough  t h e n e a r e s t  
window; i t s  c o n t r o l  box hangs  on t h e  
o u t s i d e  f a c e  t o  t h e  l e f t  of t h e  win- 
dow. C o n t r o l  equipment  f o r  a r e s i s -  
t i v i t y  m e a s u r i n g  u n i t  i s  shown on 
c a s t e r s  i n  f r o n t  o f  t h e  c e l l s .  

I n  F i g .  1 . 5  t h e  e n t r a n c e s  t o  c e l l s  
1, 2 ,  and 3 a r e  shown. To t h e  r i g h t  
o f  t h e  p i c t u r e  and  j u s t  t o  t h e  l e f t  
o f  c e l l  1 may b e  s e e n  t h e  l o a d i n g  
chamber  f o r  c h a r g i n g  t h e  c e l l s ,  and 
j u s t  below t h e  l o a d i n g  chamber i s  t h e  
h y d r a u l i c  power u n i t  f o r  o p e r a t i n g  
t h e  i n t e r c e l l  b a r r i e r  doors. 

F i g .  1 . 2 .  F r o n t  F a c e  of  Hot Cells 4 ,  S a ,  5b ,  a n d  6 .  
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FOR PERIOD ENDING JULY 31, 1951 

2. SOLID STATE REACTIONS 

T Y P E  GERMANIUM 

K. Lark-Horovi tz*  
J. C. P i g g  

E, J r .  

e p o r t ( ' )  i t  w a s  
i s t i v i t y  P - t y p e  
a t e l y  0 . 0 0 5  ohm- 
d u c t i v i t y  on f a s t -  
a t  a p p r o x i m a t e l y  
r h a t  h i g h - r e s i s -  
a 1  ( a p p r o x i m a t e l y  
d e c r e a s e  i n  con- 
e v e n  though t h i s  
n c o n d u c t i v i t y  a t  
h a v i o r  was shown 
r i t h  a model p r o -  
J a m e s ( 2 )  i n  which 
~ r s )  and e l e c t r o n  
*e i n t r o d u c e d  be-  

f o r b i d d e n  e n e r g y  
r a t i o n s .  Because 
if t h e s e  r e s u l t s  
i i s c u s s  agreement  

model i n  g r e a t e r  

ne L e h m a n - J a m e s  
tuses  i n t r o d u c t i o n  

o r  a c c e p t o r  and 
) r  f o r  e a c h  d i s -  
c y - i n t e r s t i  t i a l  
; a r e  p r e s u m a b l y  

v a c a n c y  and i n -  
s p e c t i v e l y .  The 
s e  l e v e l s  c a u s e s  
approach  a l i m i t -  

Iue U n i v e r s i t y .  

. H .  C r a w f y d , .  J r . ,  
oung, J r . ,  Ev idence  
n$um R e s u l t i n g  from 
,, Physics of Solids 
' r o g r e s s  R e p o r t  f o r  
) ,  1951, ORNL-1095, 

Reading Conference 
lnduc t i n g  Mater ia Is, 
hman and H. M j l  James 
W.llLehman F e r m i  

r s ,  Phys. kev. 81, 

i n g  o r  s a t u r a t i o n  v a l u e  S l i m i t .  Thus,  
i f  t h e  o r i g i n a l  v a l u e  o f  5 l i e s  above 
S l i m i t  1 a s  i s  t h e  c a s e  f o r  N-type and 
h i g h -  t o - m o d e r a t e - r e s i s t i v i t y  P - t y p e  
m a t e r i a l ,  bombardment  w i l l  c a u s e  a 
d e p r e s s i o n  o f  5 toward  S l i m i t .  Con - 
v e r s e l y ,  i f  5 o r i g i n a l l y  l i e s  be low 
5 1  i m i t  1 

a s  i n  t h e  c a s e  o f  l o w - r e s i s -  
t i v i t y  P - t y p e  m a t e r i a l ,  bombardment 
c a u s e s  a r a i s i n g  o f  5 toward  S l i m i t .  
The d e p e n d e n c e  o f  e l e c t r o n  and h o l e  
c o n c e n t r a t i o n s  on 5 a r e  

- * e  n e  - 3 
h 

where t h e  s u b s c r i p t s  e and h r e f e r  t o  
e l e c t r o n s  a n d  h o l e s ,  r e s p e c t i v e l y ,  

i s  t h e  f o r b i d d e n  e n e r g y  b a n d  
w i d t h ,  and 5 i s  measured from t h e  t o p  
of  t h e  f i l l e d  band. From t h e s e  equa-  
t i o n s  i t  i s  e v i d e n t  t h a t  a d e p r e s s i o n  
o f  5 w i l l  c a u s e  a d e c r e a s e  i n  n e  i n  
N - t y p e  ge rman ium.  D e p r e s s i o n  o f  5 
a c r o s s  t h e  m i d d l e  o f  t h e  f o r b i d d e n  
e n e r g y  band w i l l  c a u s e  c o n v e r s i o n  t o  
P - t y p e  a n d  f u r t h e r  d e p r e s s i o n  o f  5 
w i l l  c a u s e  an i n c r e a s e  i n  t h e  h o l e  
c o n c e n t r a t i o n .  On t h e  o t h e r  h a n d ,  
e l e v a t i o n  of 5 i n  P - t y p e  m a t e r i a l  w i l l  
c a u s e  a d e c r e a s e  i n  h o l e  c o n c e n t r a -  
t i o n  w i t h  a c o r r e s p o n d i n g  d e c r e a s e  
i n  c o n d u c t i v i t y .  

C o r r e s p o n d i n g  t o  5 ,  i m i  , t h e r e  w i l l  
b e  a l i m i t i n g  v a l u e  of  t h e  h o l e  con-  
c e n t r a t i o n  ( n h )  above which one 
wou ld  e x p e c t  a a e c r e a s e  i n  c o n d u c -  
t i v i t y  w i t h  bombardment.  T h i s  v a l u e  

I ' m i t  
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r e c t l y  from Eq. ( 2 ) .  

lwn t h a t  t o  t h e  a p -  
i n  t h e  model,  S l i m i t  
i n d e p e n d e n t .  T h u s  

t o  have an exponen- 

In t h e  r e c i p r o c a l  o f  
e r a t u r e .  These f e a -  
11 a r e  q u a l i t a t i v e l y  
i m e n t a l  r e s u l t s .  

bombardment e x p e r i -  
a r r i e d  o u t  on P - type  
rr i e r  c o n c e n t r a t i o n s  
l a r g e r  range  i n  o r d e r  
e c l o s e l y  t h e  v a l u e  
15°C a s a m p l e  whose 
o n  was 7 . 2 3  x 1 0 l 6  
n c r e a s e  i n  c o n d u c -  
ample w i t h  nh = 7 .02  
d a d e c r e a s e  i n  con- 
bardment .  From Eqz 
l e c t r o n i c  r e s t  mass 
le shown t h a t  0 . 1 6 8  
.OS ev .  F u r t h e r  e x -  
e r  waywhich  a r e  d e -  
i n e  s l i m i t  more e x -  

DMENT EXPERIMENTS 

K. La rk -Horov i t z*  
r .  J .  C. P i g g  
oung,  J r .  

t h e  e f f e c t  o f  f a s t -  
n t  on t h e  p r o p e r t i e s  
een  con t inued .  Con- 
c u l t y  h a s  b e e n  e n -  
i c h i n g  t e s t  l e a d s  t o  
, a method h a s  been  
. h a s  b e e n  f o u n d  t o  
) I d  s p o t s  a r e  f u s e d  

i n  t h e  a p p r o p r i a t e  
1 e f f e c t  and res i s -  

e n t s  by  means  o f  a 

kurdue U n i v e r s i t y .  

c o m p r e s s e d  a i r  
b o r a x  o r  comme 
f l u x .  A f t e r  t h  
m e n t  i s  g i v e n  
n e c e s s a r y  t o  vz 
p r o x i m a t e l y  50 
60 h r  t o  remov 
f r o z e n  i n  by c 
a n n e a l  t h e  t e s t  
d i r e c t l y  t o  thc 
s o l d e r .  

Two N - t y p e  
by B e l l  Labora  
b a r d e d .  The i 
t r o n  c o n c e n t r a  
t e m p e r a t u r e  T e  
o f  c a r r i e r  rem1 
t r o n  

a r e  l i s t e d  i n  
d u c t i v i t y  v s .  
o n e  o f  t h e s e  
F i g .  2 .1 .  I t  
t h a t  t h e  condu 
o r d e r s  o f  magn 
bardment  t o  a vz 
which  c o r r e s p c  
t h e  c a l c u l a t e (  
t r i n s i c  s i l i c c  
o f  e x p o s u r e  ( 
The c u r v e  appe  
a b o u t  7 x 10" 
d e f i n i t e  ev ide i  
i n  conduc t i v i  t 
t u r e  d u r i n g  p i .  
d i c a t e s  a n n e a :  
damage. 

Although the  
c e n t r a t i o n s  0 :  

a l m o s  t i d e n t i c  
sample  exposed  
t u r e  i s  somewh: 
t h e  sample  w i t  
t u r e  o f  exposui  
t i v e  t r a p p i n g  I 

b a rdmen t - in t roc  
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TABLE 2.1 

Initial Values of N-Type 
Silicon Samples 

(Furnished by Be 11 Labor a t  or i e s )  

SAMPLE 

1 

2 

t o  be 
t u r e  , 

0 
"e Te 

(cm-3)  ("C) 

-1 .52  

1 .24  X 1OI6 -1 .82  

g r e a t e r  t h e  lower  t h e  tempera-  
and t h e  i n i t i a l  s l o p e  should  be 

p r o p o r t i o n a l  t o  t h e  r e l a t i v e  t r a p p i n g  
e f f i c i e n c y .  T h e r e f o r e ,  t h e  o b s e r v e d  
d i f f e r e n c e  i n  s l o p e  i s  i n  t h e  p r o p e r  
d i r e c t i o n .  These  s l o p e s  a r e  smaller 

DWG. 12151 R I  
PSI -A-181 

UNCLASSIFIED 

1 2 3 4 5 6 7  
IO., 

Fig. 2.1. Conductivity vs. Inte- 
grated Fast-Neutron Flux for N-Type 
Silicon at * 48°C. 

by a f a c t o r  o f  t h r e e  t h a n  t h a t  r e -  
p o r t e d  p r e v i o u s l y  f o r  N- t y p e  sili- 
c o n ( 3 ) .  The e a r l i e r  r e s u l t  was ob- 
t a i n e d  on a l o w - r e s i s t i v i t y  N - t y p e  
sample  ( p  = .003'7 ohm"-cm") which 
was bombarded i n  a d i f f e r e n t  p o s i t i o n  
i n  t h e  p i l e  a t  47°C. The l a r g e  d i f -  
f e r e n c e  i n  i n i t i a l  s l o p e  may be  due  
t o  one or a c o m b i n a t i o n  o f  t h e  f o l -  
l o w i n g  f a c t o r s :  ( 1 )  The  s l o p e  may 
be d e p e n d e n t  on t h e  c a r r i e r  concen-  
t r a t i o n  which i s  q u i t e  d i f f e r e n t  f o r  
t h e  two c a s e s ,  and ( 2 )  t h e  r e l a t i v e  
v a l u e s  o f  t h e  f a s t  f l u x  i n  t h e  two 
p o s i t i o n s  a r e  n o t  known m o r e  a c -  
c u r a t e l y  t h a n  50%. 

A l a r g e  number of  l o g  c o n d u c t i v i t y  
v s .  1 /T  c u r v e s  were  o b t a i n e d  a s  t h e  
samples  c o o l e d  and h e a t e d  d u r i n g  p i l e  
s h u t d o w n s  a n d  s t a r t u p s .  T h e s e  
c u r v e s  gave  good s t r a i g h t  l i n e s  and 
t h e  s l o p e s  c o r r e s p o n d e d  t o  a t r a p  
d e p t h  of  . 5  f . 1  e v .  A l t h o u g h  t o o  
much emphasis  shou ld  n o t  be p l aced  on 
t h e  s l o p e  o f  t h e s e  c u r v e s  o v e r  s u c h  
a s h o r t  t e m p e r a t u r e  r a n g e  ( i n  t h i s  
c a s e  a b o u t  2 O o C ) ,  i t  i s  i n t e r e s t i n g  
t h a t  t h e  e n e r g y  v a l u e  so o b t a i n e d  i s  
a b o u t  o n e - h a l f  t h e  f o r b i d d e n  g a p  
w i d t h o f  s i l i c o n  and i s  t h u s  i n  a g r e e -  
ment w i t h  t h e  f a c t  t h a t  t h e  s a t u r a -  
t i o n  c o n d u c t i v i t y  o c c u r s  a t  a p p r o x i -  
mate  l y  t h e  i n t r i n s i c  c o n d u c t i v i t y  . 
More e x t e n s i v e  measu remen t s  of  t h i s  
n a t u r e  a r e  b e i n g  p l anned  i n  o r d e r  t o  
o b t a i n  a b e t t e r  i d e a  of t h e  d e p t h  o f  
t r a p s  a s  w e l l  a s  t h e i r  e n e r g y  d i s -  
t r i b u t i o n  i n t r o d u c e d  by bombardment 
i n t o  b o t h  P - t y p e  and N-type s i l i c o n .  

AN AUTOMATIC MULTIRANGE RECORDING 
DEVICE FOR MEASURING VARYING 

POTENTIALS 
J. C. P i g g  

I n  measurements  o f  t h e  c h a n g i n g  
e l e c t r i c a l  p r o p e r t i e s  o f  s e m i c o n -  
d u c t o r s  d u r i n g  n e u t r o n  bombardment  

( 3 ) J .  W .  Cle land ,  J .  H. Crawford J r . ,  
"S i l i con  

ORNf~1095,  o p .  
K .  Lark-Horovitz, and J .  $,. P i  g 
Bom bardmen t Experiments , 
c i t . ,  p .  35. 
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i n  t h e  n u c l e a r  r e a c t o r ,  i t  i s  d e -  
s i r a b l e  t o  u s e  a u t o m a t i c  r e c o r d i n g  
methods whenever  p o s s i b l e .  A d e v i c e  
h a s  been c o n s t r u c t e d  and i s  c u r r e n t l y  
b e i n g  used  which f u l f i l l s  t h e r e q u i r e -  
m e n t s  o f  t h e  s e m i c o n d u c t o r s  u n d e r  
c o n s i d e r a t i o n .  The c o m p o n e n t s  a r e  
( 1 )  a 0 t o  3 mv, 1 2 - p o i n t  Brown Elec- 
t r o n i k  R e c o r d e r  w i t h  a f o u r - p o l e  
1 2 - p o s i t i o n  s e l e c t o r  s w i t c h  g a n g e d  
t o  t h e  Brown i n p u t  s e l e c t o r  s w i t c h ;  
( 2 )  a s y s t e m  o f  l i m i t  s w i t c h e s  which 
a c t i v a t e  a p p r o p r i a t e  s t e p p i n g  r e l a y s  
f o r  a u t o m a t i c  c i r c u i t  changed ;  ( 3 )  a 
s y s t e m  o f  s c a l e  i n d i c a t i o n ;  ( 4 )  a 
V i b r a t i n g  Reed E l e c t r o m e t e r  f o r  h i g h -  
r e s i s t a n c e  measurements ,  and ( 5 )  con-  
s t a n t  c u r r e n t ,  c o n s t a n t  v o l t a g e ,  and 
v a r i a b l e  power s u p p l i e s .  

B y  means  o f  t h e  l i m i t  s w i t c h e s  
and r e l a y s ,  p r o p e r  s c a l e  and c i r c u i t  
changes  c a n  be  made t o  k e e p  t h e  d a t a  
w i t h i n  t h e  r a n g e  o f  t h e  r e c o r d e r  and  
p r o v i d e  a l i n e a r  p l o t  f o r  c h a n g e s  
up  t o  12 o r d e r s  of magni tude.  

Each ma jo r  component i s  conne,cted 
t o  a n e e d l e  p l u g  t e r m i n a l  b o a r d  s o  
t h a t  any  c i r c u i t  w i t h i n  t h e  r a n g e  of  
t h e  a v a i l a b l e  c o m p o n e n t s  c a n  b e  
r e a d i l y  employed. 

By means o f  t h e  s e l e c t o r  s w i t c h  
ganged w i t h  t h e  r e c o r d e r  i n p u t  s w i t c h  
t h e  e x t e r n a l  c i r c u i t  c a n  be  changed  
f o r  e a c h  p o i n t .  

S t a n d a r d  m o d i f i c a t i . o n s  a n d  com- 
p o n e n t s  a r e  used  t h r o u g h o u t .  A com- 
p l e t e  r e p o r t  i n  t h e  f o r m  o f  an  i n -  
s t r u c t i o n  manual  f o r  t h e  i n s t r u m e n t  
w i l l  be p u b l i s h e d  i n  t h e  n e a r  f u t u r e .  

C R Y O S T A T  F O R  PILE I R R A D I A T I O N  

R .  P. M e t c a l f  and J .  T. Howe 

The c o o l i n g  j a c k e t  and s h i e l d i n g  
h a v e  b e e n  i n s t a l l e d  i n  h o l e  5 2  o f  
t h e  X r e a c t o r  a n d  t h e  c o l d  c a s e  

a s  semb 1 
s y s  t e m  
t h e  cr :  
p a n e l  1 
of  c o n t  
up  and 

D e t  
s i l v e r  - 
l i n e  t l  

d e s i g n  
i n  t h e  
a l l  W O I  

f o r  i n -  
d u r i n g  
q u a r t e r  

L I T H I l  

Nor 

To I 
b e h a v i  
u n d e r  I 

w i t h  l i  
i r o n  i r  
a r e  b e i  
60 - in .  c 
equipme 
s a t i s f a  
i t  w a s  
i r o n  s p  
i n  a d i  
t u r e  t a  
c a p s u l c  
v i o u s  q 
a n d  t h e  
w i t h  i t  
is  show 
t h i s  a j  
add i t  i 01 

have be 
36-Mev ; 

Bef ( 
f o r  i r i  
which m 

( 4 ) f f ,  
W. W. Pa 
Bornbardm 
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DWG.12157Rt 

UNCLASSIFIED 
PSI-A-!87 

WATER-COOLED ALUMINUM BOX 

CLOSE FITTING STAINLESS 
STEEL CYLINDRICAL HEATER 

INSULATING CEMENT 

ELECTRIC LEAD 0.00025- in. TANTALUM 
MONITOR FOIL 

THERMOCOUPLE NO. ! 

SPRING- LOADED 
WATER-COOLED SUPPO 

AND ELECTRIC LEAD 

F i g .  2 . 2 .  N e w  I r o n  S p e c i m e n  C a p s u l e  and  T a r g e t  Box. 

t h e  c a p s u l e  was t e s t e d  a s  f o l l o w s :  z o n e s  were  p h o t o m i c r o g r a p h e d .  The  
( 1 )  T h e  p l a t e  was  a n n e a l e d ,  t h e n  c a p s u l e s  were a s s e m b l e d  and  f i l l e d  
p o l i s h e d  and e t c h e d  f o r  a few seconds  w i t h  l i t h i u m  a s  d e s c r i b e d  i n  t h e  
i n  " n i t a l "  s o l u t i o n ;  ( 2 )  t h e  h a r d n e s s  e a r l i e r  r e p o r t .  An a r e a  0.608 x 0 .250  
was measu red  b o t h  i n s i d e  and  o u t s i d e  i n . o n  t h e  f a c e  o f  e a c h  c a p s u l e  was  
t h e  a r e a  t o b e  bombarded; and ( 3 )  t h e s e  bombarded u n d e r  c o n d i t i o n s  l i s t e d  i n  

15 
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T a b l e  2 . 2 .  The  mean e n e r g y  o f  t h e  
a l p h a  p a r t i c l e s  i n c i d e n t  on t h e  c a p -  
s u l e s  was 3 6 . 6  Mev w i t h  a n  u n c e r -  
t a i n t y  o f  a b o u t  1 M e V ,  d e p e n d i n g  on 
t h e  t u n i n g  a n d  o t h e r  c o n d i t i o n s  of 
t h e  c y c l o t r o n .  The t e m p e r a t u r e  t a b -  
u l a t e d  i s  t h a t  o f  t h e  t h i n  f a c e  a t  
t h e  bombarded a r e a ;  t h e  body o f  t h e  
c a p s u l e  r a n  5 t o  15' h i g h e r .  T h e r e  
w e r e  o c c a s i o n a l  f l u c t u a t i o n s  o f  a 
few s e c o n d s  d u r a t i o n  10 '  a b o v e  and  
20" below t h e s e  t e m p e r a t u r e s .  

I n  o r d e r  t o  p r o v i d e  c o r r o s i o n  d a t a  
more a p p l i c a b l e  t o  o u r  s a m p l e s  t h a n  
t h o s e  o b t a i n e d  a t  o t h e r  s i t e s  where  
t e m p e r a t u r e  g r a d i e n t s ,  exposure  t i m e s ,  
a n d  c o n t a i n e r  s h a p e s  d i f f e r e d ,  two 
c a p s u l e s  were h e a t e d  under  c o n d i t i o n s  
comparable  t o  t h o s e  o f  a bombardment. 

F i g .  2 . 3 .  N e w  I r o n  S p e c i m e n  Cap- 
s u l e  and T a r g e t  Box. 

The t r e a t  men t o f  t h e :  
a l s o  r e c o r d e d  i n  T a b l e  

None o f  t h e  c a p s u  
opened f o r  e x a m i n a t i o l  
a t i o n .  The  c a p s u l e s  
d e s c r i b e d  p r e v i o u s l j  
opened; t h e  l i t h i u m  c h  
a n a l y z e d  a n d  t h e i r  at 
b e e n  m e a s u r e d .  T h i s  
f i r s t  c a p s u l e  i r r a d i a i  
t h e  X - r a y - d i f f r a c t i o n  
t h e  pho tomic rographs ,  
o f  t h e  i r o n ,  was r e p o r  
q u a r t e r l y  r e p o r t .  ( 4 )  
t h e  l a t e r  c a p s u l e s ,  
t h o s e  f o r  t h e  f i r s t ,  i 

T a b l e  2 . 3 .  

To c o n t i n u e  t h e  E 

t h e  f i r s t  c a p s u l e ,  thc 
was measured t o  have a 
o f  8 9 . 5  Knoop h a r d n e  
t h e  i r r a d i a t e d  zone  a 
u n i r r a d i a t e d  z o n e ,  c a  
a v e r a g e  of 1 0 6 . 5  o v e r  
f a c e  b e f o r e  bombardm 
of g r a i n  s i z e  was mad 
o v e r  t h e  s u r f a c e  of tl 
a s c e r t a i n  t h e  l i m i t s  
i n  wh ich  g r a i n  growth  
T h i s  r e g i o n  w a s  found 
c o n f i n e d  t o  t h e  i r r  
Measurements  on t h e  pl 
o f  t h e  u n i r r a d i a t e d  a 
imen show t h a t  t h e  g r a  
a r e a  c h a n g e d  v e r y  
i r r a d i a t i o n .  

P h o t o m i c r o g r a p h s  
s e c t i o n  o f  t h i s  s p e c  
b a c k i n g  s t r i p s  of  o t i  
made of t h e  i r r a d i a t e d  
zones .  These photomic 
2 . 4  - 2 . 6 )  show t h a t  
g r a i n s ,  a p p a r e n t l y  ( 

random t h r o u g h  t h e  i r  
a c h a n g e  i n  t h e  i n t e  
h a s  t a k e n  p l a c e .  N 
have been  drawn y e t  a ,  
or c a u s e  of  t h i s  chang 
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FOR PERIOD ENDING JULY 31, 1951 

TIME AT 
TEMPERATURE EXPOSURE 

( h r )  ( p a - h r )  

9 .0  2 5 . 1  

6 . 2  1 3 . 6  

1 7 . 3  3 .8  

5 .7  None 

TABLE 2.2 

Capsule Irradiation Conditions 

IRON I N  RADIOACTIVITY 

( c oun t s / m i  n ) 
L i  CHARGE(=) OF CHARGE(b) 

( X )  

0.008 2 

0.23") 2 7 0 0 ( c )  

0.004 t o  0.006 2 

0.004 t o  0 .006  None 

TIME AT 
EMPERATURE 

( h r )  

18.0 

48.0 

4.7 

5.7 

17 .2  

EXPOSURE 
(Pa-  h r )  

35 .0  

20.0 

1 0 . 3  

None 

None 

REMARKS 

C o n t r o l  bombardment w i t h o u t  l i t h i u m  
i n  c a p s u l e ;  l o n g  p e r i o d  r e q u i r e d  
t o  o b t a i n  e x p o s u r e .  

H e a t e r  c i r c u i t  opened;  c a p s u l e  d e -  
v e l o p e d  l e a k  a n d  l i t h i u m  i g n i t e d  
when h e a t e r  w a s  i n s p e c t e d .  

Check on c o r r o s i o n  w i t h o u t  i r r a d i a -  
t i o n .  

Check on c o r r o s i o n  w i t h o u t  i r r a d i a -  
t i o n .  

TABLE 2.3 

2 io f o r  a l l  e x c e p t  r u n  2 was 5 . 1  c m  / c m 3  and 1 . 2 4  g of l i t h i u m  i n  

on s t e p  1 of  a Berke ly  Scaler ,  Model Decimal  2000. 

d e v e l o p e d  i n  t h e  c a p s u l e ,  a l l o w i n g  t h e  l i t h i u m  c h a r g e  and t h e  
be exposed  t o  t h e  he l ium a tmosphere  of  t h e  t a r g e t  box. L i t h i u m  
ge t o  0 . 8 7  g ,  making t h e  s u r f a c e - t o - v o l u m e  r a t i o  5 . 5  cm2/cm3. 
t h e  t a n t a l u m  window c l o s i n g  t h e  t a r g e t  box r u p t u r e d  and exposed 

he o x i d i z e d  c o n d i t i o n  of t h e  e x t e r i o r  o f  t h e  c a p s u l e  may have  
o f f  i n t o  t h e  c h a r g e  d u r i n g  i ts  r e m o v a l  f o r  a n a l y s i s .  

17 
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Fig. 2.4. Cross-Section of Iron Specimen from Irradiation No. 1. 3% N i l  
e t c h ;  250X. 

Fig. 2.5. Cross-Section of Iron 
S p e c i m e n  f r o m  I r r a d i a t i o n  No. 1. 
3% N i t a l  e t c h .  O r i g i n a l  p h o t o g r a p h  
t a k e n  a t  2 5 0 X ;  r e d u c e d  a p p r o x i m a t e l y  
35% i n  r e p r o d u c t i o n .  

18 



FOR PERIOD ENDING JULY 31, 1951 

Fig. 2.6. Cross-Section of Iron Specimen from 
Irradiation No. 1. 3% N i t a l  e tch;  1OOOX. 

- 
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3. RADIATION METALLURGY 

NEUTRON I R R A D I A T I O N  OF AGE 
H A R D E N I N G  A L L O Y S  

W. E. T a y l o r  G. T. Murray 
F. M. B l a c k s h e r  

E v i d e n c e  o f  p r e - p r e c i p i t a t i o n  o r  
p r e c i p i t a t i o n  i n  a s o l u t i o n -  annea led  
Cu-Be a l l o y  due t o  n e u t r o n  bombardment 
was p r e s e n t e d  i n  t h e  l a s t  p r o g r e s s  
r e p o r t . ( ' )  The  t e r m  " i r r a d i a t i o n  
a g i n g "  was i n t r o d u c e d  t o  d e s c r i b e  
t h i s  phenomenon. The b a s i s  f o r  t h e  
p r e c i p i t a t i o n  or p r e - p r e c i p i  t a t i o n  
h y p o t h e s i s  was t h e  s i m i l a r i  t y  between 
i r r a d i a t i o n  a g i n g  and low- t empera tu re  
t h e r m a l  a g i n g .  D u r i n g  t h e  p a s t  
q u a r t e r  d a t a  have been o b t a i n e d  which 
l e n d  a d d i t i o n a l  s u p p o r t  t o  a p r e -  
p r e c i p i b a t i o n  hypokhes i s .  

P r e v i o u s l y  r e p o r t e d  d a t a ( ' )  on t h e  
comparison o f  low- t e m p e r a t u r e  thermal  
a g i n g  t o  i r r a d i a t i o n  a g i n g  s u g g e s t e d  
t h e  p o s s i b i l i t y  t h a t  t h e  e f f e c t  o f  
i r r a d i a t i o n  was s i m i l a r  t o  t h e r m a l  
a g i n g  a t  7 5 ° C .  C o n s e q u e n t l y ,  a 
s o l u t i o n -  a n n e a l e d  Cu-Be e l e c t r i c a l  
r e s i s t a n c e  s p e c i m e n  was t h e r m a l l y  
a g e d  a t  75OC,  a n d  t h e  c h a n g e  i n  
r e s i s t a n c e  was compared  ( F i g .  3 . 1 )  
w i t h  t h e  c h a n g e  o b t a i n e d  f r o m  t h e  
i n - p i l e  e x p e r i m e n t  p r e v i o u s l y  r e -  
p o r t e d .  The  75OC t h e r m a l l y  a g e d  
cu rve  does  b e a r  a s t r i k i n g  resemblance 
t o  t h e  i r r a d i a t i o n -  aged c u r v e .  

I f  t h e  i r r a d i a t i o n  e f f e c t  i s  a 
n u c l e a t i o n  o r  p r e c i p i t a t i o n  p r o c e s s  
t h e  q u e s t i o n  a r i s e s  a s  t o  w h a t  
c o n d i t i o n  t h e  m a t e r i a l  w i l l  a t t a i n  
i f  i t  i s  i r r a d i a t e d  u n t i l  no  a p p r e -  
c i a b l e  r a t e  o f  c h a n g e  i s  o b s e r v e d .  

(')W. E; T a y l o r ,  G. T. Murray,  and  F. M .  
Blacksher ,  Radia t ion  E f f e c t s  i n  Su e r s a t u r a t e d  
S o l i d  S o l u t i o n s . "  P h v s i r s  o f  S o l i f s  Institute 
uarterly P r 0 g ; e s . s  A e - o F t  ?or  P e r i o d  Ending 

S p r i l  30, 1951, OEn\lL-1045, p. 51 ( t o  be i s s u e d ) .  

I f  t h e  r a t e  o f  growt 
much t h e  m a t e r i a l  
p s e u d o  - e q u i l i  b r ium 
s a t u r a t e d  s o l i d  s (  
s o  d e p l e t e d  i n  be ry :  
c a n n o t  f o r m ,  o r  w h  
e q u i l i b r i u m  i s  c r e ,  
fo rma t ion  and d i s r u p  
i r r a d i a t i o n .  

Such a c o n d i t i o n  w 
by a s a t u r a t i o n  v a l i  
a n c e .  T h e  i r r a d i a  
b e i n g  ex tended  i n  an 
mine i f  s a t u r a t i o n  o 
a s  though an ex t r em 
e x p o s u r e  w i l l  b e  r 
i r r a d i a t i o n  a g i n g  t 
e q u i l i b r i u m  a t  t h e  
a v a i  l a b 1  e. 

P r e c i p i  t a t i o n  
o c c u r s  p r e d o m i n a n t  
b o u n d a r i e s  d u r i n g  
o f  thermal  ag ing ,  s o  
e f f e c t  might  o c c u r  du 
a g i n g  s p e c i m e n s .  
s o l u t i o n -  a n n e a l e d  e 
ance  spec imens  were 
and t h e r m a l l y  aged.  
o f  t h e  s i n g l e  c r y s t  
t a l l i n e  c r y s t a l  a 
shown i n  F ig .  3 . 2 .  'I 
spec imen a p p e a r s  t o  
a much s l o w e r  r a t e  t 
t a l  l i n e  ,specimen.  
i s  t o  be e x p e c t e d  dr 
o f  g r a i n  b o u n d a r y  p 
somewhat l e s s  t o  thl  
c o n t e n t  ( 1 . 8 %  B e  bq 
s i n g l e  c r y s t a l  s p e c  
t h e  p o l y c r y s t a l l i n l  
Be by w e i g h t ) .  How 
i n  r e s i s t a n c e  d u r i n  
t h e  s o l u t i o n  - anneal1 
s p e c i m e n  was o f  t h  
m a g n i t u d e  a s  t h a t  
i r r a d i a t i o n  o f  a sq 
p o l y c r y s t a l l i n e  s p  
p a r  ab1 e expo s u r e  s . 
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FOR PERIOD ENDING JULY 31, 1951 

DWG. 11727R1 
PSI -A-154 
UNCLASSIFIED 

I I I I 1 

TIME (min) 

i s i s t a n c e  Changes  o f  S o l u t i o n - Q u e n c h e d  Cu-Be Dur ing  
iron Exposure .  

on a g i n g  
boundary  
i s o n  o f  
np e r a  t u  re 

a s i m i -  
n a l -  aging 
r h o o d  o f  
i t a l s  a r e  

a t t e m p t  
n e  t h i s  

a t i o n  o f  
s t a 1  l i n e  
: r e d  t h e  
t i on .  The 
i i r r a d i -  
icimen i s  
i n c r e a s e  

d u e  t o  
,mple t e l  y 

D W G . ~ I T 2 9 R l  
PSI -A - t59 
UNCLASSIFIED 

I 

( 472-hr EXPOSURE) 
x POLYCRYSTALLINE SPECIMEN, IRRADIATED 1 . 7 ~  Id'nvt 

0 SINGLE CRYSTAL, IRRADIATED 2.5 x td*nvt  W 
(695-hr EXPOSURE) !? Its- - 

4 

Gi v) 

@ POLYCRYSTALLINE SPECIMEN, AGED 75.C 
0 SINGLE CRYSTAL, AGED 75OC 

W m 
0 w 

z 
W 3 

3 110- 

? s 

E 
a 0 - m  c 

b 105- - 
I- 

0 K W 

/= 
0 

0 
/ 

,oo &: - - I 

- 
I 

IO 100 f.000 
TIME (hr) 

F i g .  3 . 2 .  C o m p a r i s o n  of  A g i n g  o f  
S i n g l e  C r y s t a l  a n d  P o l y c r y s t a l l i n e  
Cu - B e  S p e c i m e n s .  
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a f t e r  20 s e c  a t  t h i s  t e m p e r a t u r e .  On 
f u r t h e r  a g i n g  t h e  p r e c i p i t a t i o n  
p r o c e s s  i n  t h e  i r r a d i a t e d  s p e c i m e n  
a p p e a r s  t o  b e  a d v a n c e d  compared  t o  
t h e  s t a n d a r d .  T h i s  c a n  be e x p l a i n e d  
on t h e  b a s i s  o f  t h e  f o r m a t i o n  o f  
n u c l e i  d u r i n g  i r r a d i a t i o n .  T h e  
r a p i d  r e c o v e r y  w i l l  o c c u r  i f  some 
o f  t h e s e  n u c l e i  a r e  r e d i s s o l v e d  w h i l e  
t h e  advanced a g i n g  can  be a t t r i b u t e d  
t o  t h e  g r o w t h  o f  t h e  n u c l e i  wh ich  
a r e  n o t  r e d i s s o l v e d .  S i m i l a r  r e t r o -  
g r e s s i o n  phenomena would be e x p e c t e d  
t o  o c c u r  i f  n u c l e i  f o r m e d  a t  l o w  
t e m p e r a t u r e s  w e r e  s u b j e c t e d  t o  
h i g h e r  t e m p e r a t u r e s .  T h e  r e s u l t s  
o f  s u c h  an e x p e r i m e n t  a r e  shown i n  
F i g .  3 . 4 .  T h e  s p e c i m e n  w h i c h  was 
p r e - a g e d  a t  1 2 5 ° C  e x h i b i t s  a r e -  
s o l u t i o n  o f  n u c l e i  and an a d v a n c e d  
a g i n g  p r o c e s s  a t  3 2 5 ° C  compared  t o  
t h e  s t a n d a r d .  T h i s  b e h a v i o r  i s  
s i m i l a r  t o  t h a t  e x h i b i t e d  b y  t h e  
i r r a d i a t e d  s p e c i m e n .  T h i s  c o r r e -  
spondence a g a i n  s u g g e s t s  a s i m i l a r i t y  
be tween  i r r a d i a t i o n  a g i n g  and low-  
t e m p e r a t u r e  thermal  aging.  

A l t h o u g h  i n  m o s t  r e s p e c t s  t h e  
r a d i a t i o n  e f f e c t s  i n  C u - B e  a r e  
a n a l o g o u s  t o  n u c l e a t i o n ,  t h e  s h i f t  

DW6 11733RI 
PSI-A-463 
UNCLASSIFIED 

I I 

LL 0 

c z 
w 60 
V 

W a 

a EXPOSED TO I e m ' *  nvt PRIOR 
TO AGING 

0 STANDARD 

I I 
TIME (sec)  

IO0 1,000 

F i g .  3 . 3 .  E f f e c t  o f  N e u t r o n  Ir- 
r a d i a t i o n  o n  S u b s e q u e n t  A g i n g  of Cu-Be 
S p e c i m e n s  a t  3 2 5 O C .  

o f  t h e  X - r a y  l i n e  s u g g e s t s  t h a t  
p e r h a p s  c l u s t e r s  r i c h  i n  b e r y l l i u m  
a r e  b e i n g  b r o k e n  up by  t h e  i r r a d i -  
a t i o n .  T h e r e  a r e  t h u s  two p o s s i b l e  
mech an isms: 

1. D i s r u p t i o n  o f  c l u s t e r s  r i c h  
i n  b e r y l l i u m  which  would  l e a d  
t o  g r e a t e r  d i s p e r s i o n  o f  b e -  
r y l l i u m  atoms wi th  a consequen t  
r e d u c t i o n  i n  l a t t i c e  p a r a m e t e r ,  
i n c r e a s e  i n  r e s i s t a n c e  a n d  
h a r d n e s s ,  e t c .  The e f f e c t  on 
s u b s e q u e n t  a g i n g  c o u l d  b e  
e x p l a i n e d  by i n c r e a s e d  r a t e s  
o f  d i f f u s i o n  due t o  t h e  p r e s e n c e  
o f i n  t e r  s t i  ti  a1 s and  v acan  c i  e s 
i n  t h e  l a t t i c e .  

2 .  Fo rma t ion  o f  c l u s t e r s  r i c h  i n  
b e r y l l i u m  w h i c h  w o u l d  a c t  a s  
n u c l e i .  By compar ison  w i t h  t h e  
e f f e c t s  o f  n u c l e a t i o n  d u r i n g  
t h e r m a l  a g i n g  t h e  r a d i a t i o n  
e f f e c t s  can  b e  e x p l a i n e d .  T h i s  
mechanism a p p a r e n t l y  g i v e s  n o  
e x p l a n a t i o n  f o r  t h e  r a d i a t i o n -  
induced  l i n e  s h i f t .  

T h e r m a l  a g i n g  o f  s a m p l e s  d u r i n g  
i r r a d i a t i o n  o f f e r s  a p o s s i b l e  means 
o f  d i s t i n g u i s h i n g  b e t  ween  t h o s e  
e f f e c t s .  I f  mechanism ( 1 )  o c c u r s ,  
t h e  e a r l y  s t a g e s  o f  a g i n g  s h o u l d  be 
r e t a r d e d .  I f  mechanism ( 2 )  o c c u r s ,  
t h e  e a r l y  s t a g e s  o f  a g i n g  s h o u l d  be  
a c c e l e r a t e d .  

I n  t h e  p r e l i m i n a r y  t e s t  t he  e f f e c t  
o f  r a d i a t i o n  on t h e  r a t k  o f  p r e c i p -  
i t a t i o n ,  a s  m e a s u r e d  by c h a n g e s  i n  
r e s i s t a n c e ,  was d e t e r m i n e d  by a g i n g  
two spec imens  a t  250OC; one  was aged 
i n  t h e  p r e s e n c e  o f  r a d i a t i o n  ( f a s t -  
n e u t r o n  f l u x  = 10 ' '  n v t ) ,  t h e  o t h e r  
w i t h o u t  r a d i a t i o n .  R e s i s t a n c e  was 
m e a s u r e d  a t  t h e  a g i n g  t e m p e r a t u r e  
f o r  b o t h  s p e c i m e n s .  T h e  c u r v e s  
o b t a i n e d  a r e  shown i n  F i g .  3 .5 .  The 
s p e c i m e n  w h i c h  w a s  a g e d  i n  t h e  
p r e s e n c e  o f  r a d i a t i o n  a g e d  much 
f a s t e r  d u r i n g  t h e  e a r l y  s t a g e s  and 
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DWG. 11734 R I  
P S I - A - I 6 4  
U N C L A S S I F I E D  
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F i g .  3 . 4 .  E f f e c t  of  Low-Temperature 
A g i n g  o n  Subsequent  Aging o f  Cu-Be 
Specimens  a t  a Higher  Temperature.  

s l o w e r  d u r i n g  t h e  l a t e r  s t a g e s  t h a n  
t h e  u n i r r a d i a t e d  s p e c i m e n .  T h i s  
e f f e c t  can be e x p l a i n e d  on t h e  b a s i s  
t h a t  r a d i a t i o n  p r i m a r i l y  a f f e c t s  
t h e  r a t e  o f  n u c l e a t i o n  and h a s  l i t t l e  
i f  any e f f e c t  on t h e  r a t e  o f  growth.  
An i n c r e a s e  i n  t h e  n u c l e a t i o n  r a t e  
w i l l  s p e e d  u p  t h e  e a r l y  s t a g e  o f  

DWG. 11728R1 
PSI -A-158  
UNCLASSIF IED 

TIME (min) 

F i g .  3 . 5 .  E f f e c t  o f  Radiat ion on 
Rate o f  P r e c i p i t a t i o n  i n  Cu-Be Spec i -  
mens a s  Measured b y  Changes i n  R e -  
s i s tance .  

a g i n g  and t h e r e f o r e  t h e  l a t e r  s t a g e  
must be slowed somewhat i n  comparison 
t o  t h e  n o n i r r a d i a t e d  s p e c i m e n  a s  a 
r e s u l t  o f  t h e  d e c r e a s e  i n  t h e  b e -  
r y l l i u m  c o n c e n t r a t i o n  o f  t h e  m a t r i x .  
A d d i t i o n a l  e x p e r i m e n t s  a t  d i f f e r e n t  
t e m p e r a t u r e s  and f l u x e s  a r e  r e q u i r e d  
t o  conf i rm t h i s  e x p l a n a t i o n .  

T h e  anomalous  l i n e  s h i f t  o f  t h e  
Cu-Be (331)  l i n e  due t o  i r r a d i a t i o n ( ' )  
was i n v e s t i g a t e d  f u r t h e r .  A s i n g l e  
p h a s e  a l l o y  (1 .8% B e )  was made and 
s p e c i m e n s  w e r e  i r r a d i a t e d  i n  an 
e f f o r t  t o  e x c l u d e  t h e  excess b e r y l l i u m  
a s  a v a r i a b l e .  T h e  l i n e  s h i f t  o f  
s u c h  s p e c i m e n s  d u e  t o  i r r a d i a t i o n  
was o f  t h e  same o r d e r  o f  m a g n i t u d e  
a s  t h a t  o b t a i n e d  f r o m  i r r a d i a t e d  
s p e c i m e n s  c o n t a i n i n g  b e r y l l i u m  i n  
e x c e s s  o f  t h a t  f o r  c o m p l e t e  s o l i d  
s o l u b i l i t y .  

T h e  p o s s i b i l i t y  was c o n s i d e r e d  
o f  r e l a t i n g  t h e  l i n e  s h i f t  t o  a 
c o n t r a c t i o n  o f  t h e  l a t t i c e  c a u s e d  
by t h e  s t r a i n s  c r e a t e d  a r o u n d  t h e  
n u c l e i .  However ,  no s u c h  s h i f t  h a s  
b e e n  d e t e c t e d  i n  s p e c i m e n s  a g e d  
t h e r m a l l y  f o r  120 h r  a t  125°C. 

The c h a n g e s  due t o  i r r a d i a t i o n  o f  
s o l u t i o n - a n n e a l e d  C u - T i  a l l o y s  
p r e v i o u s l y  r e p o r t e d (  ) i n d i c a t e d  
t h a t  t h e  b e h a v i o r  o f  C u - T i  d u r i n g  
i r r a d i a t i o n  w a s  s i m i l a r  t o  t h e  
b e h a v i o r  o f  copper -base  s i m p l e  s o l i d -  
s o l u t i o n  a l l o y s .  I t  may t h e r e f o r e  
b e  c o n c l u d e d  t h a t  C u - T i  d o e s  n o t  
i r r a d i a t i o n  a g e .  T h e  e f f e c t  o f  
r a d i a t i o n  o n  s u b s e q u e n t  a g i n g  h a s  
been i n v e s t i g a t e d  and h a s  been found 
t o  be v e r y  d i f f e r e n t  f r o m  t h a t  o f  
C u - B e  s p e c i m e n s .  A g i n g  c u r v e s  
d e t e r m i n e d  by e l e c t r i c a l  r e s i s t a n c e  
m e a s u r e m e n t s  f o r  a g i n g  a t  3 0 0  a n d  
350°C a r e  shown i n  F i g s .  3 . 6  a n d  
3.7.  The  s t a n d a r d  s p e c i m e n  a p p e a r s  
t o  age much f a s t e r  t han  t h e  i r r a d i a t e d  
spec imen.  T h i s  phenomenon i s  b e i n g  
i n v e s t i g a t e d  f u r  t h e  r.  
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TIME ( m i d  

P i g .  3 . 6 .  Ef fect  o f  N e u t r o n  I r -  
r a d i a t i o n  on S u b s e q u e n t  A g i n g  of  Cu-Ti  
S p e c i m e n s  a t  300°C.  

E l e c t r i c a l  r e s i s t a n c e  s p e c i m e n s  
o f  a Ag-Cu a l l o y  were  exposed  i n  t h e  
s o l u t i o n - a n n e a l e d  c o n d i t i o n .  t o  a 
f l u x  o f  2 . 2  x 1 0 l 8  n v t .  No c h a n g e  
i n  t h e  e l e c t r i c a l  r e s i s t a n c e  c o u l d  
b e  m e a s u r e d .  A Ag-Cu s p e c i m e n  was 
aged t h e r m a l l y  a t  75°C f o r  t h e  same 
p e r i o d  o f  t i m e  t h a t  t h e  o t h e r s  were 
i r r a d i a t e d .  No change i n  r e s i s t a n c e  
c o u l d  be d e t e c t e d .  Thus,  i t  a p p e a r s  
t h a t  Ag-Cu w i l l  n o t  i r r a d i a t i o n  age. 

I I I I 
I IO too 1,000 

TIME (mid 

F i g .  3 . 7 .  E f f e c t  o f  N e u t r o n  I r -  
r a d i a t i o n  on S u b s e q u e n t  Ag ing  of Cu-Ti  
S p e c i m e n s  a t  35OoC. 

The e f f e c t  0 :  

a l l o y  may b e  cl 
b e r y l l i u m  atom. 
p o s s i b i l i t y ,  spc 
quenched  N i  -Be 
2% Be by we igh  
f l u x  o f  8.0 X 1( 
r e s i s t a n c e  c o u .  
h a r d n e s s  i n c r e :  
The  i n c r e a s e  i i  

s a m e  o r d e r  o f  
m e a s u r e d  f o r  
so  1 i d -  s o l u  t i  on 
o f  i r r a d i a t i o n  
s o  l i d -  s o l u  t i o r  
Ni-Be e l e c t r i c a  
was a g e d  t h e r m  
same l e n g t h  o f  
were exposed t o  
i n  r e s i s t a n c e  
T h i s  r e s u l t  i n d i  
t o  t h e  b e h a v i o i  
N i - B e  d o e s  n o t  
t u  res. 

From t h e  re  
a l l o y  i t  may bl 
N i - B e  d o e s  n o t  
( 2 )  t h e  e f f e c l  
Cu-Be i s  n o t  c: 
b e r y l l i u m  atom. 

EFFECT OF PREC 
RES I S T I V I T' 

W. E. T a y l o r  

I n  v e s  t i  g a t  i 
r a d i a t i o n  on so 
a g e -  h a r d e n i n  g 
c h a r a c t e r i s t i c  1 

which i s  much gi 
i n d u c e d  c h a n g  
a l l o y s . ( 2 )  A sin 
i n c r e a s e  i s  obs 
i s  aged a t  low 

*Consultant from ' 

(')W. E; Taylor  
Blacksher, Annealii 
Copper and Copper A. 
p .  45. 
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i l l o y  a r e  
; h t  a b o u t  

i n t e r e s t  
o f  s u c h  

, r d e r  t o  
3 i n  t h i s  
e r s  o f  a 
3 a t u  r a t e d  

e s i s t a n c e  
, M ~ t t ( ~ )  
r e n c e  o f  
an o c c u r  
c l e s  a r e  
e l e c t r o n  

e n g t h  i s  

( 1 )  

1 e v e 1  
h e  con-  

14 
t h  o f  t h e  

C O P P  e r ,  
a l u e ,  or 
, i s  much 
dim en si on 
: c i p i  t a t e  
:i i n  t h e  
i c e i v a b l y  
v a l u e  i n  

m a d e  t o  
e f f e c t  o f  

a Paper by 
7). 
i d s ,  McGraw- 

such  n u c l e i  based  on t h e  model shown 
i n  F i g .  3 . 8 ~ .  A s s u m i n g  t h a t  t h e  
v a l e n c e  e l e c t r o n s  a r e  l o o s e l y  bound, 
t h e  e x c e s s  p o s i t i v e  c h a r g e  on t h e  
b e r y l l i u m  i o n  would l e a d  t o  a dep res -  
s i o n  o f  t h e  p o t e n t i a l  i n  any r e g i o n  
c o n t a i n i n g  a h i g h  c o n c e n t r a t i o n  o f  
b e r y l l i u m .  A s  a f i r s t  app rox ima t ion  
a s q u a r e  p o t e n t i a l  w e l l  i s  a s sumed  
which i s  j u s t  deep enough t o  t r a p  t h e  
e x t r a  v a l e n c e  e l e c t r o n s  a s s o c i a t e d  
w i t h  t h e  b e r y l l i u m  i o n s .  T h e s e  
t r a p p e d  e l e c t r o n s  w i l l  p e n e t r a t e  a 
smal l  d i s t a n c e  i n t o  t h e  r eg ion  o u t s i d e  
o f  t h e  w e l l  a s  a r e s u l t  o f  the  t u n n e l  
e f f e c t  ( F i g .  3 . 8 b ) .  T h e  p o s i t i v e  
and n e g a t i v e  c h a r g e s  w i l l  t h e r e  f o r e  
n o t  be e x a c t l y  b a l a n c e d  a t  any  g i v e n  
p o i n t ,  and a d o u b l e - c h a r g e d  l a y e r  a t  
each edge o f  t h e  p o t e n t i a l  w e l l  w i l l  
r e s u l t  ( F i g .  3 . 8 ~ ) .  T h i s  c h a r g e  
d i s t r i b u t i o n  w i l l  be  c a l c u l a t e d ,  and 
t h e  r e s u l t i n g  s c a t t e r i n g  p o t e n t i a l  
w i l l  be de t e rmined .  

OWG. + Z I S ~ R I ~  
PS1-fi-184 
UNCLASSiFlED 

LATTICE 

t t t  

F i g .  3.8~. P o t e n t i a l  Due t o  I o n i c  
Charge. 

D W G . W ~ ~ R I  b 
PSZ-A-184 
UNCLASSIFIED 

LATTICE 
COORDINATE 

* 

F i g .  3 . 8 b .  Charge 
Trapped E 1 ec  t rons . Dens i ty  Due t o  
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DWG. 12154 R( C 
P S I - A 4 8 4  
UNCLASSIFIED 

COORDINATE 

8 c .  R e s u l t a n t  Charge Dis- 

: u l a t e  t h e  p o t e n t i a l  i n  and 
e p r e c i p i t a t e  n u c l e u s  we 
le t h e  fo rma t ion  o f  a s q u a r e  
F ig .  3 . 9 ~ )  which i s  c o h e r e n t  
ju r r o u n  d i n  g m a t r i  x 1 a t  t i c e .  
r t h e r  assume: 

, l a t e l e t  i s  o f  t h e  Cu-Be 
) s i t i o n  which  i s  a l s o  i t s  
I s i t i o n  when i t  becomes a 
, s c o p i c  s i z e .  

s l e c t r o n  d e n s i t y  w i t h i n  
) l a t e l e t  i s  1 . 5  p e r  a tom,  
t s p o n d i n g  t o  a v a l e n c e  o f  
o r  c o p p e r  a n d  + 2  f o r  
1'  ium. 

s l e c t r o n  d e n s i t y  i n  t h e  
Junding  m a t r i x  i s  1.1 p e r  

) e r t u r b e d  p o t e n t i a l  due  t o  
i o n i c  c h a r g e  i s  a s q u a r e  
n t i a l  w e l l  ( F i g .  3 . 9 b )  
g t h e  d imens ions  

-D 

t < z < -  
2 

d 
2 

and - - - <  II, y 

x c e s s  e l e c t r o n s  a r e  t r apped  
t s c r e t e  e n e r g y  l e v e l s  i n  
l o t e n t i a l  we l l  t o  a h e i g h t  

D 
C 

t 
C 

e 
f 

- 

I 
1 

F i i  
Platelc  

F i g  
for  I01 



FOR PERIOD ENDING JULY 31, 1 9 5 1  

m s  i n  t h e  p l a t e l e t  

3 
rr0 

d i  s t a n c e  b e  t w e e n  
s o f  e l e c t r o n s  i n  
ren by 

- l . l ) N *  

( 4 )  

I be r e w r i t t e n  a s  

~d P = t / r o ,  t h e  
e d  i n  a t o m i c  d i s -  

e r e n c e  between any  
and t h e  b o t t o m  o f  
i s  

re v e c t o r ,  and t h e  
r o f  n o d e s  i n  t h e  
n d ,  b e i n g  o f  t h e  
um n u m b e r s ,  a r e  
i c t e d  t o  p o s i t i v e  . . . Nil. 
; e rmine  E = D such  
! l e v e l s  w i th  lower 
i m a r i l y  i n t e r e s t e d  

so  t h a t  Eq. ( 5 )  i s  b e t t e r  w r i t t e n  i n  
t h e  form 

2 8mr EP2 . ( 5 a )  Y 

h2 

The i n t e g e r s  n may be  c o n s i d e r e d  
t o  occupy a s p h e r e  i n  a s p a c e  d e f i n e d  
by n x / R ,  n y / R ,  and n Z  ( F i g .  3. 1 0 ) .  
Cons ide r  t h o s e  p o i n t s  whose c o o r d i n a n t s  
a re  n X  = ny/R and nz w i t h  n i  e 1, 2 ,  
... . T h i s  i s  a l a t t i c e  d e f i n e d  i n  
o n e  o c t a n t  by t h e  t r a n s l a t i o n  1 / R ,  
1 / R ,  and  1, each  p o i n t  c o r r e s p o n d i n g  
t o  an e n e r g y  l e v e l  and d i v i d i n g  t h e  
l a t t i c e  i n t o  u n i t  c e l l s  o f  vo lume  
1 / R 2 .  Now 1 / 8  o f  e a c h  p o i n t  may be  
c o n s i d e r e d  a s  b e l o n g i n g  t o  t h e  u n i t  
c e l l ,  and s i n c e  t h e r e  a r e  e i g h t  
c o r n e r s  i n  t h e  c e l l ,  t h e r e  w i l l  be 
one c e l l  f o r  each ene rgy  l e v e l .  Thus 
R Z  t i m e s  t h e  v o l u m e  o f  t h e  o c t a n t  
w i l l  g i v e  t h e  number o f  energy  l e v e l s .  
The volume o f  t h i s  o c t a n t  i s  

where Q i s  t h e  l a r g e s t  v a l u e  t aken  by 
n x  or n and b i s  t h e  l a r g e s t  v a l u e  

Y ’  t a k e n  by n z ,  s o  t h a t  t h e  number  o f  
l e v e l s  i s  

( 7 )  

Moreover  w e  s ee  from F i g .  3.10 t h a t  
by v i r t u e  o f  o u r  d e f i n i t i o n  o f  
c o o r d i n a t e s  
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so t h a t  

n-R2 b3 
6 

N, =-. ( 9 )  

S u b s t i t u t i n g  f r o  

2 .  4R2F 
S i n c e  e a c h  l e v e l  may b e  o c c u p i e d  by 
two e l e c t r o n s  w e  h a v e  

16 

s i m p l i f y i n g  a n  
h ave  

DWG. t2t53Rt 

UNCLASSIFIED 
PSI-A-  (83 

I *, 

€ 
2 

b = -  

N o w  b i s  t h e  v 
h a v e  i f  n z / R  I 

( F i g .  3 . 1 0 ) ,  S I  

t h e  h i g h e s t  e n e r  

i - 
R 

"Y - 
R 

Fig. 3.10. Sphere and Cells Formed 

b y 2  .!k and nz. 
R '  R '  

P 2  ( 7 . 2 I 2 / j  - -  
4 In4 

S o l v i n g  for E ,  

E =  [- 7 . 2  
2 I7 

and s u b s t i t u t i n g  

D = E = 3 . 8 2  x 

T h i s  p o t e n t i  
t o  c a l  c u l  a t  e t h  
around  the  p l a t e  
w i l l  be g i v e n  i n  

RECOVERY OF RAI 
COPPER-BASE SO 

W .  E. T a y l o r  
F. M. 

A d d i t i o n a l  e 
made to i n v e s t i  
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i a r d e n i n g  i n  copper  a l l o y s .  
' Cu-Zn, Cu-Gel Cu-Ga, and 
s i n i n g  2 and 4 atom % a l l o y  
t were a n n e a l e d  15 min a t  

Ly h i g h e r  t empera tu res .  The 
r e  i n t e r v a l s  were  5 0 ° C  

" a t  20OoC. M o r e  r a p i d  
r e c o v e r y  w a s  a g a i n  n o t e d  i n  t h e  
o r d e r  z i n c ,  g a l l i u m ,  germanium, and 
a r s e n i c  a l l o y s .  I t  was n o t e d  t h a t  
c o n s i d e r a b l e  r e c o v e r y  o f  t h e  a r s e n i c  
a l l o y s  h a d  o c c u r r e d  a f t e r  6 m o n t h s  
a t  room tempera t u  r e .  

Dur ing  t h e  p r e p a r a t i o n  o f  a d d i t i o n a l  
s a m p l e s  o f  t h e s e  m a t e r i a l s  f o r  
r a d i a t i o n  e x p o s u r e  i t  was found t h a t  
o f  t h e  above samples  t h o s e  p r e v i o u s l y  
u s e d  h a d  n o t  b e e n  s u f f i c i e n t l y  
annea led  t o  comple t e ly  e l i m i n a t e  work 
h a r d e n i n g .  N e w  s a m p l e s  h a v e  b e e n  
c o m p l e t e l y  a n n e a l e d  a n d  a r e  b e i n g  
exposed i n  t h e  r e a c t o r .  

C R E E P  UNDER I R R A D I A T I O N  

J .  C. Wilson J .  C. Zukas  
R. A. Weeks W. W. D a v i s  

Cantilever Creep. A s e t  o f  t h r e e  
f a i r l y  r e p r o d u c i b l e  c a n t i l e v e r  c r e e p  
t e s t s  o f  t y p e  3 4 7  s t a i n l e s s  s t e e l  
h a s  been  c o m p l e t e d  i n  t h e  X r e a c t o r  
a t  a f a s t  f l u x  o f  5 4 x 10" n/cm2-sec. 
Two o f  t h e  t h r e e  accompanying  bench 
t e s t s  show good a g r e e m e n t  w i t h  o n e  
a n o t h e r ,  b u t  t h e  t h i r d  t e s t  d i f f e r s  
m a r k e d l y  f rom t h e  o t h e r  two. D i s -  
c o u n t i n g  t h e  l a t t e r ,  i t  a p p e a r s  t h a t  
bench and i n - p i l e  t es t s  a r e  v i r t u a l l y  
i n d i s t i n g u i s h a b l e  up t o  abou t  100 h r .  
T h e r e a f t e r  t h e  s p e c i m e n s  u n d e r  bom- 
b a r d m e n t  c r e e p  f a s t e r  s o  t h a t  t h e y  
show a p p r o x i m a t e l y  10% g r e a t e r  t o t a l  
c r eep  s t r a i n  a f t e r  200 h r  o f  o p e r a t i o n  
a n d  a l m o s t  2 0 %  m o r e  a f t e r  250  h r .  
O b s e r v a t i o n s  o f  c r e e p  r a t e  immedia te ly  
p r i o r  t o ,  d u r i n g ,  and  s u b s e q u e n t  t o  
p i l e  s h u t d o w n s  a f t e r  a p p r o x i m a t e l y  
160 h r  o f  bombardment show t h a t  t h e r e  

i s  a marked  d e c r e a s e  i n  c r e e p  r a t e  
d u r i n g  t h i s  t e m p o r a r y  a b s e n c e  o f  
n e u t r o n  f l u x .  T h i s  s u b s t a n t i a t e s  
t h e  c o n c l u s i o n s  r e g a r d i n g  t o t a l  
c r e e p  s t r a i n  above. 

T h e  a p p a r a t u s  w a s  a s l i g h t l y  
m o d i f i e d  v e r s i o n  o f  o n e  p r e v i o u s l y  
d e s c r i b e d ; ( ' )  a l l  t e s t s  were  run  a t  
1500°F,  and t h e  maximum f i b e r  s t ress  
was 1500  p s i .  A c o m p o s i t e  p l o t  o f  
t h e  above t e s t s  a p p e a r  i n  F i g .  3.11. 
The  t e s t s  whose  r e s u l t s  a p p e a r  a s  
c u r v e s  A a n d  B w e r e  b o t h  c h a r g e d  
d u r i n g  w e e k l y  1 2 - h r  s h u t d o w n s  a n d  
w e r e  c r e e p i n g  b e f o r e  t h e  p i l e  w a s  
s t a r t e d ;  t e s t  C was c h a r g e d  d u r i n g  a 
v e r y  s h o r t  s h u t d o w n  a n d  was u n d e r  
bombardment  b e f o r e  l o a d i n g .  I t  i s  
s u s p e c t e d  t h a t  a f a u l t y  s t r a i n  gage  
( u s e d  t o  e q u a l i z e  t h e  s t r a i n  i n  a l l  
s p e c i m e n s ,  s e e  b e l o w )  may  h a v e  
p e r m i t t e d  an  e x c e s s i v e  l o a d  t o  h a v e  
been a p p l i e d  t o  t h e  t h i r d  bench  t e s t  
( c u r v e  0). I n  t h e  l o w e r  r i g h t - h a n d  
c o r n e r  o f  F i g .  3 .11  t h e  p o r t i o n s  o f  
c u r v e s  A and B a d j a c e n t  t o  t h e  160-hr  
shu tdowns  a r e  r e p r o d u c e d  i n  g r e a t e r  
d e t a i l .  A l o n g  e a c h  c u r v e  i s  t h e  
c r e e p  r a t e ,  r e l a t i v e  t o  c u r v e  A ,  
j u s t  p r e c e d i n g  t h e  s h u t d o w n .  The  
r a t e  v a l u e s  f o r  c u r v e  B were de te rmined  
f r o m  a m a n u a l  p l o t  o f  t h e  d a t a  
w h e r e a s  t h o s e  f o r  c u r v e  A were  
d e t e r m i n e d  d i r e c t l y  f rom t h e  c h a r t  
r e c o r d  o f  m i c r o f o r m e r  o u t p u t  v o l t a g e  
v s .  t i m e .  T h e  d a t a  d u r i n g  a 9 - h r  
s h u t d o w n  o n  c u r v e  C i n d i c a t e d  a 
re  d u c  e d  r a t e  , b u t  i n s u  f f  i c i e n  t 
p o i n t s  were o b t a i n e d  f o r  a d e t a i l e d  
p l o t .  From t h e  g r a p h s  i t  i s  p a t e n t  
t h a t  t h e  c r e e p  r a t e  d e c r e a s e d  d u r i n g  
p i l e  shutdowns which o c c u r r e d  a t  t h e  
i n d i c a t e d  p o i n t s  i n  t h e  s t r a i n - t i m e  
h i s t o r y  o f  t h e  s p e c i m e n .  P o s s i b l y  
t h e  r a t e  c h a n g e  c a n  be a s s o c i a t e d  
w i t h  t h e  i n f l u e n c e  o f  r a d i a t i o n  on 

In-Pile Creep," Aircraft Nuclear Propul- 
sion Pro .ect Quarterly Pro ress Report for Period 
Ending j e c e n b e r  f 0, f 958, ORNL-919, p. 225, 
esp. p. 227 (Feb. 26, 1951). 
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F i g .  3 .11.  Composite P l o t  of T h r e e  Bench  a n d  T h r e e  I n - P i l e  C a n t i l e v e r  C r e e p  
C u r v e s  of  Type 347 S t a i n l e s s  Stee l  S p e c i m e n s  a t  1500'F. 

t h e  m i c r o f o r m e r ,  b u t  t h e  w o r k  o f  
Cook and J o h n s o n ( 6 )  i n d i c a t e s  t h a t  
t h e r e  a r e  n o  e f f e c t s  o f  s u f f i c i e n t  
m a g n i t u d e  t o  a c c o u n t  f o r  t h e  d i f -  
f e r e n c e s  n o t e d  h e r e .  T h e  f l u x -  
d e p e n d e n t  c h a n g e  i n  m i c r o f o r m e r  
o u t p u t  v o l t a g e  r e p o r t e d  e a r l i e r ( 7 )  
i s  l i k e w i s e  t o o  s m a l l  t o  a f f e c t  
g r e a t l y  t h e  r a t e  c h a n g e s  d i s c u s s e d  
above.  

~ -~ 

(6)L. A. CQO~, and W.  E .  Johnson, "In-P i l e  Test 
o f  Microformer, Proceedings of the I r r a d i a t i o n  
Damage Con erence  a t  Wes t in  house A t o n i c  Power 
D i v i s i o n ,  darch 6-7,  1951, d 5 0 2 1 ,  p. 50. 

and W .  W. Davis, 
"Creep Under Irradiation:' ORN~1095,  o p .  c i t .  , 

(')J. C. Wilson, J .  C. Zukas 

p .  46. 

The e a r l i e r  t es t s (  ) d i  f f e r e d  from 
t h o s e  r e p o r t e d  h e r e i n  t h a t  t h e  s t ress  
w a s  a p p l i e d  d u r i n g  h e a t i n g  t o  t h e  
o p e r a t i n g  t e m p e r a t u r e  w h e r e a s  t h e  
a p p a r a t u s  now u s e d  i s  l o a d e d  a t  w i l l  
a f t e r  t h e  o p e r a t i n g  t e m p e r a t u r e  h a s  
b e e n  r e a c h e d .  A l s o ,  some  m o d i f i -  
c a t i o n s ,  n o t e d  be low,  h a v e  improved  
t h e  r e l i a b i l i t y  o f  t h e  d a t a .  T h e  
f i r s t  t e s t  ( F i g .  3 . 1 2 )  was r u n  d u r i n g  
i r r a d i a t i o n  on a s p e c i m e n  w i t h  n o  
p r e v i o u s  c r e e p  h i s t o r y ;  t h e  s e c o n d  
t e s t  ( F i g .  3 . 1 3 )  had a c r e e p  h i s t o r y  
on t h e  b e n c h  b e f o r e  i r r a d i a t i o n  i n  
t h e  p i l e .  The f i r s t  showed a l i n e a r  
s t r a i n - t i m e  r e l a t i o n s h i p  f rom a b o u t  
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o f  r a d i a t i o n .  A l s o  t h e  work d u r i n g  
t h i s  q u a r t e r  shows a marked d e c r e a s e  
i n  r a t e  d u r i n g  r e a c t o r  shu tdowns  a s  
o p p o s e d  t o  s l i g h t  i n c r e a s e  f o r  t h e  
e a r l i e r  e x p e r i m e n t s .  The  i n c r e a s e  
i n  r a t e  upon resumpt ion  o f  bombardment 
a p p e a r s  i n  b o t h  i n s t a n c e s .  The second 
o f  t h e  e a r l i e r  c u r v e s  shows r e d u c e d  
c r e e p  f o l l o w i n g  r e s u m p t i o n  o f  t h e  
c r e e p  t e s t  i n  t h e  p i l e  a f t e r  4 0  h r  

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

200 i n  c r e e p  r e p o r t e d  was e a r l y  i n  t h e  
c r e e p  h i s t o r y  d u r i n g  which p e r i o d  no  

O W  105%1( 

- 

- 

- o f  b e n c h  t e s t i n g .  T h i s  r e s u l t  i s  

c o n c l u s i o n s  a r e  drawn i n  t h e  p r e s e n t  
i n s t a n c e .  

Cantilever 
ainless Steel 
, 1700 psi. 

Cantilever 
7 S t a i n l e s s  
mum S t r e s s ,  

an e x t e n d e d  
i r .  I n  t h e  
a t e  i n c r e a s e  
e s h u t d o w n ,  
t s e  i n  r a t e  
t i o n  o f  bom- 
The p r e s e n t  

c u r v e s  a r e  
p e r i o d  f r o m  
u r v a t u r e  i s  
t h e  a b s e n c e  

I n  summary, unde r  t h e  p r e s e n t  t e s t  
c o n d i t i o n s  good e v i d e n c e  i s  found o f  
an i n c r e a s e  i n  c r e e p  s t r a i n  a f t e r  
about  100 o r  more h o u r s  under  n e u t r o n  
bombardment, and t h e r e  a r e  i n d i c a t i o n s  
o f  no e f f e c t  or d i m i n i s h e d  c r e e p  f o r  
s h o r t e r  e x p o s u r e  t i m e s .  I n  c o n t r a s t  
t o  t h e  above  v iew,  o t h e r  w o r k e r s  i n  
t h e  f i e l d  h a v e  r e p o r t e d  a p p a r e n t l y  
d i f f e r e n t  r e s u l t s .  Yockey e t  a1 
have  found o n l y  d i m i n i s h e d  c r e e p  o f  
aluminum u n d e r  c y c l o t r o n  bombardment 
w i t h  38-Mev a l p h a  p a r t i c l e s .  I t  
s h o u l d  be  n o t e d ,  h o w e v e r ,  t h a t  t h e  
c r e e p  r a t e  d u r i n g  t h e s e  t e s t s  was 
s e v e r a l  t h o u s a n d  t i m e s  g r e a t e r  t han  
i n  t h e  work r e p o r t e d  h e r e .  I n  v iew 
o f  t h e  w e l l - k n o w n  h a r d e n i n g  o f  
a n n e a l e d  m a  t e r i  a1 s u n d e r  bomba rdmen t 
and t h e  h i g h  r a t e  o f  s t r a i n  ( s e v e r a l  
p e r c e n t  p e r  h o u r )  e m p l o y e d  i n  t h e  
c y c l o t r o n ,  d e f o r m a t i o n  c o u l d  r e a s o n -  
a b l y  b e  e x p e c t e d  t o  o c c u r  m a i n l y  by 
s l i p  p r o c e s s e s  a n d  a d i s c r e p a n c y  
between t h e  r e s u l t s  r e p o r t e d  i s  n o t  
u n r e a s o n a b l e .  A t  t h e  s t r a i n  r a t e s  
o f  t h e  c a n t i l e v e r  t e s t t a b o u t  0 .001%/hr)  
t h e  p r e s e n t  k n o w l e d g e  o f  t h e  mode 
o f  d e f o r m a t i o n  i s  i n s u f f i c i e n t  t o  
s u p p o r t  c o n j e c t u r e s  on t h e  e f f e c t s  o f  

(*)H. P. Yockey et al., Effect o f  C clotron 
Irradiation on Creep o f  Aluminum, Nd-SR-121 
(June 8, 1951). 
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bombardment.  The s i n g l e  NEPA c r e e p  
t e s t  a t  H a n f o r d ( ' )  showed a d e c r e a s e  
i n  a l l  s t a g e s ;  i t  was o p e r a t e d  a t  a 
s t r a i n  r a t e  some 30 t i m e s  g r e a t e r  
t h a n  t h a t  o f  t h e  c a n t i l e v e r  t e s t s .  

S e v e r a l  m o d i f i c a t i o n s  o f  t h e  
o r i g i n a l  a p p a r a t u s  have improved t h e  
r e p r o d u c i b i l i t y  of t h e  d a t a .  The  
aluminum- b a s e  p l a t e  s u p p o r t i n g  t h e  
s p e c i m e n  a n d  t h e  m i c r o f o r m e r  h a s  
been  r e p l a c e d  w i t h  o n e  made o f  f i r e d  
l a v i t e  because  o f  suspec ted  de fo rma t ion  
i n  t h e  aluminum member whose tempera-  
t u r e  may have  been  a s  h i g h  a s  800'F 
d u r i n g  o p e r a t i o n .  I t  i s  b e l i e v e d  
t h a t  t h i s  s u b s t i t u t i o n  h a s  b e e n  
r e s p o n s i b l e  f o r  t h e  g e n e r a l l y  l o w e r  
c r e e p  d e f o r m a  t i o n  o b s e r v e d  i n  t h e  
1 a t e s t  tests.  

Spec imen  g e o m e t r y ,  p a r t i c u l a r l y  
i n  t h e  r e g i o n  o f  t h e  f i l l e t  a t  t h e  
s u p p o r t e d  end ,  s h o u l d  be t h e  same i n  
a 1  1 spec imens  t o  o b t a i n  r e p r o d u c i b l e  
r e s u l t s .  S i n c e  some v a r i a t i o n  e x i s t e d  
i n  spec imens  r e c e i v e d  from t h e  s h o p ,  
an a t t e m p t  was made t o  a s s u r e  t h e  
s a m e  s t r e s s  i n  a l l  s p e c i m e n s  by 
l o a d i n g  them a l l  t o  t h e  same e l a s t i c  
s t r a i n  ( c o l d ) .  T h i s  was  d o n e  by 
c e m e n t i n g  1 / 8  i n .  l o n g  SR-4 s t r a i n  
g a g e s  t o  e a c h  s p e c i m e n  on t h e  
l e n g t h  n e a r  t h e  s u p p o r t  end f i l l e t .  
To compensa te  f o r  t h e  w e i g h t  o f  t h e  
l o a d i n g  beam,  w h i c h  c o n t r i b u t e s  a 
s i z e a b l e  f r a c t i o n  o f  t h e  s t r e s s ,  a 
v a l u e  o f  z e r o  s t r a i n  was f o u n d  by  
t a k i n g  t h e  a v e r a g e  o f  t h e  s t r a i n  
g a g e  r e a d i n g s  w i t h  t h e  s p e c i m e n  
i n v e r t e d  a n d  t h e n  r i g h t e d .  T h e  
l o a d i n g  w e i g h t s  o n  e a c h  beam w e r e  
then  a d j u s t e d  t o  r e a d  t h e  same s t r a i n  
( c o r r e s p o n d i n g  t o  1500 p s i )  from z e r o  
on each  i n d i v i d u a l  specimen. 

ffc?; 

Tem pe r a t u  r 
r a t u s  e x t e r  
( r e q u i r e d  b e (  
p i l e  and c o o l ;  
f l o w  r a t e  o f  
i m p r o v e d  by t 

t h e  a m b i e n t  o 
f u r n a c e  a n d  i 

microformer  i i  

I n  t h e  rev 
r a  t u s  t h e  1 
s t res s- app 1 y i r 
by a t h i n  n i c  
f u s e d  a t  w i l :  
a t  any d e s i r e c  
t h e  o r i g i n  o f  
a c c u r a t e l y ,  wl 
was a r b i  t r a r i l  
when t h e  ope1 
been r eached .  
t h e  m i c r o f o  
s u p p r e s s e d  z (  
i s  s u f f i c i e n t  
a c c u r a t e  s t r  
ove r  a p e r i o d  

Fo l lowing  : 
bench t e s t s  t o  
a s e r i e s  o f  i 
w i l l  be made. 
f u r t h e r  mod i  
w e i g h t o f  t h e  I 

t o  m i n i m i z e  
h o p e d  t h a t  t 
u s e d ,  a 1  t h o u {  
t h i s  q u e s t i o n  
t y p e  e x t e n s o ,  
e a r l i e r  r e p 0  
w e l l  d e v e l o p e  
t h e  m i c r o f o r  
s a c r i f i c e  i n  
o f  t o t a l  s t r a j  

The ANP p r ,  
t i o n  on c r e e p  
o f  p o s s i b l e  c '  

( Radiation Damage to  Nonme ta  11 i c  Reactor 
Mater ia l s ,"  NEPA Project  uar ter ly  Progress 
&A-1762, p. 91, esp. p. $3. 
R e  o r t  or Period Januar P - March 31, 1951, 

( l o )  Figure 9.3,  oEpvL919, op .  c i t . ,  p .  228. 

(")J. C. wilsl 
and W. W .  D a v i s ,  
Physics of S o l i d  
Report for Period 
1025, p .  44, esp. 
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t w i t h  s t a t i c  o r  f l o w i n g  
a l s  o r  compounds. To t h i s  
s i l e  a p p a r a t u s  u s i n g  a 

u l a r  specimen w i t h  r educed  
t h e  gage  l e n g t h  h a s  been  

t o  b e  l o a d e d  b y  d i r e c t  
p p l i e d  by a member e x t e n d i n g  
te LITR. The  i n t e r i o r  o f  
en  may b e  f i l l e d  w i t h  any 
u i d .  The f i r s t  t e s t s  a r e  
)r  i n c o n e l  s p e c i m e n s  con-  
t a t i c  l i q u i d  s o d i u m  a t  

I n  v i e w  o f  t h e  d a n g e r  t o  
r s h o u l d  such  an a p p a r a t u s  
n s i v e  bench t e s t s  w i l l  be 

t h e  same t e s t  c o n d i t i o n s  
s e n c e  o f  r a d i a t i o n .  A l l  
' r s ,  s u p p o r t i n g  f r a m e s ,  
rms, and specimen m a t e r i a l s  
r e c e i v e d .  The  s p e c i m e n s  

m a c h i n e d ,  and  t h e  hood i n  
t e s t s  a r e  t o  be  c a r r i e d  o u t  
t n s t a l l e d .  The  a p p a r a t u s  
t u b u l a r  specimens 0.100 i n .  
0 . 0 4 0 - i n .  w a l l s  r educed  t o  
o v e r  a 1 - i n .  g a g e  l e n g t h .  
ch  r i g s  t h e  l o a d i n g  we igh t  
ung  on  t h e  b o t t o m  o f  t h e  
and t h e  e x t e n s i o n  w i l l  b e  

)y a c a t h e t o m e t e r  o r  t r i a l  
t h e  e x t e n s o m e t e r s  o f  t h e  

i n - p i l e  r i g s .  

t e s t  i s  t o  b e  r u n  w i t h  
. a 1  e x t e n s i o n s  ( s u c h  a s  
urn) t h e  e x t e n s o m e t e r  mus t  
I m e a s u r e  a r a n g e  o f  a b o u t  
t o  w i t h i n  I%. The p o s s i -  
u s i n g  m i c r o f o r m e r s  i n  t h e  
l o u b t f u l  b e c a u s e  o f  t h e  
t i n g ,  and i n  t h e  MTRit w i l l  
i b l e  t o  u s e  them. A con-  
( o f  t h e  p r o b l e m s  i n v o l v e d  
n g  s u c h  s m a l l  d i s p l a c e m e n t  
t h i g h  p r e c i s i o n  d e p e n d s  
n t h e  m e a s u r i n g  d e v i c e  b u t  
the m a n n e r  i n  w h i c h  t h e  
i c a t i o n s  a r e  t r a n s m i t t e d  t o  
i o u l d  be p o s s i b l e  t o  t a k e  
0 t h  d u r i n g  p i l e  o p e r a t i o n s  
~ w n s ,  and  t h i s ,  b e c a u s e  o f  
t i n g ,  d e m a n d s  r e m a r k a b l e  

t e m p e r a t u r e  c o n t r o l  ( b e t t e r  t h a n  
a b o u t  1°C) o f  a l l  m e t a l l i c  e l e m e n t s  
o f  t h e  s y s t e m  whose  l e n g t h  c h a n g e  
would a f f e c t  t h e  r e s u l t s .  I d e a l l y ,  
t h e  e x t e n s o m e t e r  s h o u l d  b e  i n  a 
t e m p e r a t u r e - c o n t r o l l e d  zone  a s  n e a r  
t h e  specimen a s  p o s s i b l e .  The p o s s i -  
b i l i t i e s  o f  an a i r  m i c r o m e t e r  a r e  
b e i n g  i n v e s t i g a t e d  f o r  u s e  i n  t h i s  
a p p l i c a t i o n .  U s i n g  a d e v i c e  s u c h  a s  
d e s c r i b e d  by R ibaud ,  ") a r e a s o n a b l y  
l i n e a r  r a n g e  o f  m e a s u r e m e n t  o v e r  
abou t  0 . 0 0 3  i n .  w i t h  a s e n s i t i v i t y  o f  
a b o u t  1 /4% h a s  b e e n  o b t a i n e d .  The 
same a p p a r a t u s  i s  now b e i n g  o p e r a t e d  
a t  h i g h e r  t e m p e r a t u r e s  t o  s e e  i f  i t  
can be u s e d  a t  t h e  t e s t  t e m p e r a t u r e .  
I n  t h i s  c a s e  i t  w i l l  b e  p o s s i b l e  t o  
i n c o r p o r a t e  i t  i n  t h e  a p p a r a t u s  
a d j a c e n t  t o  t h e  s p e c i m e n  w h e r e  
t e m p e r a t u r e  f l u c t u a t i o n s  a r e  a t  a 
minimum. 

S e v e r a l  S t a t h a m  unbonded  s t r a i n  
g a g e s  h a v e  b e e n  r e c e i v e d  f o r  t e s t .  
T h e  s m a l l e s t  g a g e  h a d  a r a n g e  o f  
0. 0 0 3  i n .  a n d  a h i g h  e l e c t r i c a l  
o u t p u t  o f  f u l l  s c a l e  d e f l e c t i o n  
( a b o u t  20 mv). U n f o r t u n a t e l y  t h e s e  
a r e  n o t  recommended f o r  u s e  a b o v e  
200'F. The s t r a i n  s e n s i t i v e  e l e m e n t s  
a r e  0 . 0 0 1  c o n s t a n t a n  w i r e s  s t r e t c h e d  
between s a p p h i r e  p i n s .  I f  c a l i b r a t i o n  
t e s t s  a r e  s a t i s f a c t o r y  t h e  u n i t  w i l l  
b e  i r r a d i a t e d  a n d  r e t e s t e d .  P r e -  
i r r a d i a t i o n  t e s t s  a w a i t  r e t u r n  o f  a 
Temp1 i n  e x  t e n  some te r c a1 i b r a  t o r  from 
t h e  B u r e a u  o f  S t a n d a r d s  w h e r e  i t s  
a c c u r a c y  i s  b e i n g  v e r i f i e d .  A h i g h -  
t e m p e r a t u r e  s h o r t - d u t y  c y c l e  m i c r o -  
fo rmer  ( p o s s i b l y  c o b a l t  c o r e )  s m a l l  
e n o u g h  t o  f i t  i n  t h e  h o t  zone  i s  
b e i n g  c o n s i d e r e d .  By o v e r l o a d i n g  i t  
by s e v e r a l  t housand  p e r c e n t  f o r  ve ry  
s h o r t  p e r i o d s  when r e a d i n g s  a r e  b e i n g  
t a k e n ,  i t  may be p o s s i b l e  t o  make an 
i n  s t r u m e n t  s u f f i c i e n t l y  s e n s i  t i  ve 
and y e t  w i t h  a minimum o f  mass  t o  be 
h e a t e d  b y  t h e  gamma f l u x .  T h e  

( )n Micrometre Pneuma t ique Dif ferent ia  1 ," 
Me/canique 306 (Oct. 1942). 
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y o f  a c a p a c i t a t i v e  e x t e n -  
o m p r i s i n g ,  w i t h  a s m a l l  
e ,  a t u n e d  c i r c u i t  whose  
f r e q u e n c y  i s  m e a s u r e d  by 
o u p l i n g  i t  t o  a v a r i a b l e  
v o l t a g e  s o u r c e  o u t s i d e  t h e  
e i n g  i n v e s t i g a t e d .  I f  n o  
r y  ex tensomete r  i s d e v e l o p e d  
i l l  p r o b a b l y  be run w i t h o u t  
; e rs ,  and t h e  t o t a l  s t r a i n  
a su red  a f t e r  i r r a d i a t i o n .  

t e n s i l e  s t r e s s i n g  o f  t h e  
i n  t h e  LITR w i l l  r e q u i r e  a 
t r a n s m i t  t h e  f o r c e  from t h e  
t t o  t h e  p i l e  f a c e ,  t h e  
an expe r imen ta l  h o l e  f a c i l -  
m i t  l o a d i n g  i s  compl ica ted .  
'rom t h e  e x p e r i m e n t  and t h e  
h e a t i n g  w i l l  r e q u i r e  c o o l i n g  
p e r i m e n t a l  t h i m b l e ,  s o  an 
t a l  w a t e r - c o o l e d  p l u g  h a s  
y e d  f o r  s u b m i s s i o n  t o  t h e  
;a1 Review Commit tee .  For 
i n g  t h e  p l u g  w i l l  depend on 
h i c h  c o m p l e t e l y  f i l l s  t h e  
i n s i d e  o f  t h e  l i n e r  w i l l  b e  
t h  w a t e r  wh ich  h a s  p a s s e d  
t h e  e x p e r i m e n t a l  a p p a r a t u s .  

t l c u l a t i o n s  by J. B. T r i c e  
h a t  t h i s  w i l l  g i v e  adequa te  
s h i e l d i n g  a n d ,  w i t h  t h e  
) f  a l e a d  p l u g  6 i n .  t h i c k  
o u t e r  e n d  o f  t h e  h o l e ,  

I gamma-ray s h i e l d i n g .  The 
d o f  t h e  l i n e r  w i l l  b e  

t o  p e r m i t  i n s e r t i o n  a n d  
1 o f  e x p e r i m e n t s  a f t e r  t h e  
s b e e n  p u m p e d  o u t .  T h e  
t a l  c a n  w i l l  b e  p r o v i d e d  
which  c a n  be  r o t a t e d  i n t o  

i t  w i t h  r e c e s s e s  i n  t h e  
o f  t h e  l i n e r .  T h i s  w i l l  
u r a t e  o r i e n t a t i o n  ( r e q u i r e d  
i t i l e v e r  a p p a r a t u s )  a s  w e l l  

a s  p r o v i d e  an an 
t e n s i l e  f o r c e  m 
specimen i n  t h e  
b e  s e a l e d  i n  a 
t h e  a p p a r a t u s  br 
w h e r e  t h e y  w i l  
g l a n d  i n  t h e  O U I  

I n s e r t i o n  and w i  
a r e  b e i n g  d e s ,  
e x p o s u r e  o f  p e r  
be  am e m e r g i n g  
( a b o u t  40 r / h r ) .  
i s  a l s o  b e i n g  de  
and  l e a d s .  The 
c o n t a i n i n g  exper :  
much a s  8 i n .  0 :  

w i  thdrawal .  

Two experimenl 
f o r  i r r a d i  a t i o n  
s t u d y  l e n g t h  c h  
wire  t o  v e r i f y  t l  
e x p a n s i o n  n o t e d  
t h e  o t h e r  t o  s tud!  
num a s  measu red  
g a g e s ;  t h e y  a 
s u s t a i n e d  o p e r a t  

A s e r i e s  o f  
s t e e l  spec imens  
( u n s t r e s s e d )  a t  
1 5 0 0 ,  and  1600"  
500 h r  t o  pe rmi l  
o f  t h e i r  s t r u c t u ,  
i n  t h e  c r e e p  s p e  
tests.  The spec 
p o l i s h e d  f o r  m e  
n a t i o n .  

T h e  f l u x - d e  
o u t p u t  v o l t a g e  
r e p o r t e d  i n  0 '  

p r o g r e s s  r e p o r  
i n ve s t i g  a t ed.  
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4.  ENGINEERING PROPERTIES 

LIQUID-METALS LOOP 

, D. Baumann 0. Sisman 
, M .  C a r r o l l  W .  W .  P a r k i n s o n  

C. E l l i s  

i t h i u m  a t  1000°F was c i r c u l a t e d  
ugh h o l e  58 o f  t h e  g r a p h i t e  r e -  
r f o r  o n e  w e e k ,  a n d  d e t a i l e d  
r i p t i o n  o f  t h e  e x p e r i m e n t  was  
e n t e d  i n  t h e  l a s t  q u a r t e r l y  
r e s s  r e p o r t .  ( l )  The p r i n c i p a l  
o n e n t s  o f  t h e  a p p a r a t u s  i n c l u d e  
4 - i n . - i . d .  t y p e  3 1 6  s t a i n l e s s  
1 l o o p  which e x t e n d s  t o t h e c e n t e r  
h e  p i l e  a n d  i s  c o n n e c t e d  t o  a 
- i n . - i . d .  l o o p  e x t e r n a l  t o  t h e  
, a n  e l e c t r o m a g n e t i c  pump a n d  

t rornagnet ic  f l o w  meter,  and t h r e e  
z a t i o n  c h a m b e r s  t o  m e a s u r e  t h e  
v i t y  a t  v a r i o u s  p o i n t s  o n  t h e  
r n a l  c i r c u i t  of t h e  l i t h i u m  loop .  

h e  p r i m a r y  p u r p o s e  o f  t h i s  e x -  
nent i s  t o  s t u d y  t h e  B r e m s s t r a h l u n g  
v i t y  from t h e  decay  o f  L i 8  c r e a t e d  
h e  r e a c t i o n  L i 7 ( n , y ) L i 8 ,  w h i c h  
y s  w i t h  a n  0 . 8 8 - s e c  h a l f - l i f e ,  
ng a 12.7-Mev b e t a .  The b e t a  is  
r b e d  i n  t h e  l i t h i u m  s t r e a m  a n d  
c o n t a i n e r  w a l l s  ( 1 / 1 6 - i n .  s t a i n -  
s t e e l )  p r o d u c i n g  t h e  Bremss t rah-  
a c t i v i t y .  T h e  d a t a  h a v e  n o t  

been c o r r e c t e d  f o r  t h e  e f f i c i e n c y  
h e  c o u n t e r  f o r  t h i s  p a r t i c u l a r  
gy  r a d i a t i o n ,  a n d  t h e  n e u t r o n  
i s  s t i l l  i n  t h e  p r o c e s s  of  b e i n g  

r m i n e d .  F i g u r e  4 . 1  s h o w s  t h e  
ss t r a h  l u n g  a c t i v i t y  , u n c o r r e c t e d  
t h e  a b o v e  two v a r i a b l e s ,  a t  t h e  
e i o n i z a t i o n  chambers  ( o r  t h r e e  
e r e n t  d i s t a n c e s  f r o m  t h e  a c t i v e  
i c e )  f o r  v a r i o u s  v e l o c i t i e s  of 
l i t h i u m  s t r eam.  By e x t r a p o l a t i n g  

back t o  i n f i n i t e  v e l o c i t y ,  t k  
s t r a h l u n g  a c t i v i t y  f o r  z e r  
i s  f o u n d  t o  b e  2 x l o 9  M e V ,  

c u b i c  c e n t i m e t e r  o f  n a t u r a l  
( a t  a f l u x  o f  a b o u t  2 x 10" n/c 
F i g u r e  4 . 1  s h o w s  a b s o r p t i o l  
f o r  t h e  B r e m s s t r a h l u n g  a c t i v i  
i r o n  and c o p p e r  a b s o r b e r s .  'I 
a g e  e n e r g y  o f  t h e  p h o t o n s  
t e r m i n e d  t o  be 0 .06  M e V .  Th 
t i o n  is  i d e n t i f i e d  a s  t h a t  f 
s i n c e  i t  shows t h e  0 .88-sec h 
by  i t s  d e c a y  w h i l e  moving  j 
chamber t o  t h e  n e x t .  

The l o o p  was o p e r a t e d  cont 
a t  a n  i n - p i l e  t e m p e r a t u r e  o 
o r  s l i g h t l y  h i g h e r  for t h e  
J u l y  1 6 ,  1951 t h r o u g h  J u l y  2 
I t  was p l a n n e d  t o  o p e r a t e  I 

a t  1 0 0 0 ° F  a n d  a s e c o n d  wee1 
h i g h e s t  t e m p e r a t u r e  a t t a i n a b  
1 5 0 0 ° F .  However ,  w h i l e  in4 
t h e  t e m p e r a t u r e  d u r i n g  t h e  
Monday p i l e  shutdown p e r i o d ,  
p i l e  h e a t i n g  c i r c u i t  f a i l e d  

0 IRON ABSORBER, 3 36 f t l s e c  
COPPER ABSORBER, 4 96 ft /sec 

0 COPPER ABSORBER, 5 53  f t l s e c  
0 0 5  

0 002 004 006 006 
THICKNESS OF AESORBER (in.) 

'IC, D Baumann, R .  M .  CF,rrol l ,  and 
sman, "Liquid-Metal Loo s ,  Physics of 
Is Institute Quarterly f r o g r e s s  Report 
'eriod Endin A r i l  3 0 ,  1951,  ORNL-1095, 
' (Nov. 12, y 9 5 4 ) .  

F i g .  4 . 1 .  A b s o r p t i o n  o 
s t r a h l u n g  A c t i v i t y  from Li8 B 
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e x a m i n a t i o n  o f  a p o r t i o n  o f  t h e  i n -  
p i l e  l o o p  i t  a p p e a r s  t h a t  c r a c k s  g r a d -  
u a l l y  d e v e l o p e d  i n  t h e  c o p p e r  t u b e  
c o n n e c t i o n s  b e t w e e n  t h e  l e a d  w i re s  
and t h e  h e a t e r s  and t h a t  a s  t h e  power 
was i n c r e a s e d  t h e  c r a c k s  c o m p l e t e l y  
opened u p .  Why t h e  c r a c k s  d e v e l o p e d  
h a s  n o t  a s  y e t  been f u l l y  d e t e r m i n e d .  

D u r i n g  t h e  week o f  o p e r a t i o n  o f  
t h e  l o o p  t h e  v e l o c i t y  of  t h e  l i t h i u m  
s t r e a m  was m a i n t a i n e d  m o s t  o f  t h e  
t i m e  a t  a p p r o x i m a t e l y  3 f t / s e c  i n  
t h e  e x t e r n a l  l o o p  ( a p p r o x i m a t e l y  
1% f t / s e c  i n  t h e  i n - p i l e  l o o p  b e c a u s e  
o f  t h e  l a r g e r  d i a m e t e r  t u b i n g ) .  The 
v e l o c i t y  was changed  o n l y  d u r i n g  t h e  

DWG. 4 2178 R 2  
P S I - A - - 2 0 8  

3x,09, , , , UN,CLASSIFIED, 

I 

0 0. t 0.2 0.3 0.4 0.5 

p e r i o d s  when r u n s  o f  a c  
v e l o c i t y  w e r e  made ( F i g  
when t h e  a b s o r p t i o n  c u r v e s  
were d e t e r m i n e d .  The ve 
i n c r e a s e d  f o r  t h e  a b s o r p t i  
ments i n  o r d e r  t o  i n c r e a s e  
i n g  a c t i v i t y .  The c u r v e s  
vs. r e c i p r o c a l  v e l o c i t y  
were  t a k e n  p e r i o d i c a l l y  
e n t i r e  week of  o p e r a t i o n ,  
n o  s i g n i f i c a n t  c h a n g e  occi  
one s e t  of  c u r v e s  i s  p r e s e n  
t h e  i n t e r c e p t s  a n d  s l o p e  
c u r v e s  showed n o  s i g n i f i c  
t i o n  w i t h  t i m e  i t  may b e  
t h a t  t h e r e  was  n o  a p p r e c  
r o s i o n  o f  t h e  t u b e  by t h e  
l i t h i u m .  I f  t h e r e  h a d  b 
n i f i c a n t  amoun t  o f  c o r r o  
t h e  z e r o  i n t e r c e p t  and the  
e a c h  c o u n t e r  would have i n c  
t i m e .  T h a t  t h e r e  was no  E 

amount o f  c o r r o s i o n  i s  f u r  
by t h e  r e s u l t s  of  c o u n t i n g  
f r o m  a 9 - i n .  s e c t i o n  o f  
a d j a c e n t  t o  t h e  a c t i v e  p i 1  
T h e  t o t a l  c o u n t  a s  o b t a  
100% geometry  c o u n t e r  was 
background.  

From F i g .  4 . 1 ,  where thl 
i n  a c t i v i t y  w i t h  t h i c k n e s s  
or i r o n  ( i n t e r s p e r s e d  bt 
t u b e  c o n t a i n i n g  t h e  c i r c u l ,  
ium and No. 2 c o u n t e r )  i s  
h a l f  t h i c k n e s s  o f  c o p p e r  
t o  be 0 .025  i n .  and t h a t  c 
0 . 0 3 0  i n .  U s i n g  t h e s e  f 
c o n j u n c t i o n  w i t h  "The Mass 
C o e f f i c i e n t  f o r  X-Rays,"( 
n o r i n g  t h e  s c a t t e r i n g  c r o s  
t h e  a v e r a g e  e n e r g y  o f  t h e  I 
l u n g  was f o u n d  t o  be 0 .06  
M e V ,  r e s p e c t i v e l y .  Thus ,  I 
e n e r g y  o f  t h e  B r e m s s t r a h l u  
f r o m  t h e  c i r c u l a t i o n  o f  . 

t y p e  316 s t a i n l e s s  s t e e l  t 
t h e  o r d e r  of 0.06 M e V .  

("W. S.  Snyder and J .  L. POI 
Fig. 4 *  *' Bremsstrahlung A c t i v i t y  ment 3, Absorption of 7-Rays,  Olu.u-TuA . 

from In-Pile Lithium Loop. 14, 1950). 
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3n chambers  used  i n  t h i s  e x -  
were  a i r - f i l l e d  a t  a t m o s -  

r e s s u r e  and  c y l i n d r i c a l  i n  
i n .  i n  d i a m e t e r  a n d  4 i n .  

~ t ' )  w i t h  o n e  o f  t h e  b a s e s  
i i n -wa l l ed  aluminum "window." 
s o f  t h e  chamber  were main-  
? p r o x i m a t e l y  150 v o l t s  above 

I n  o r d e r  t o  p r e v e n t  a n y  
s h o r t  t o  g r o u n d ,  t h e  e n t i r e  

of  t h e  chamber  was c o v e r e d  
' i n .  T e f l o n .  

lambers and t h e i r  a m p l i f y i n g  
r d i n g  e q u i p m e n t  w e r e  b e n c h  
i t h  t h r e e  g l a s s  t u b e s  f i l l e d  
n d a r d  s o l u t i o n s  o f  C o 6 0  o f  
s t r e n g t h s  s o  a s  t o  s i m u l a t e  
s o u r c e s  o f  t h e  c i r c u l a t i n g  

i n  t h e  e x t e r n a l  p i l e  l o o p .  
r i c k  w i t h  a 2 - i n . - d i a m e t e r  

p l a c e d  b e t w e e n  t h e  s o u r c e  
Iunter  t o a c t  a s  a c o l l i m a t o r ,  
i c ing  s t r a y  r a d i a t i o n  f a l l i n g  
c o u n t e r  . 
I - p i l e  l o o p  w i t h  a l l  t h e  con-  
, m e a s u r i n g ,  and  r e c o r d i n g  
t was s h i p p e d  f rom Y-12 t o  
l e  w h e r e  i t  was a s s e m b l e d  
o r t h  end  o f  h o l e  58. Here 
iers were c a l i b r a t e d  i n  p o s i -  
I t h e  t h r e e  C o 6 0  s o u r c e s .  I n  

t h e  n a t u r a l  and p i l e  b a c k -  
' e r e  a u t o m a t i c a l l y  t aken  i n t o  

T h e  c a l i b r a t i o n  c u r v e s  
moximately l i n e a r  and o f  t h e  
AR - b where S is  t h e  s o u r c e  
p e r  u n i t  l e n g t h  o f  p i p e ,  R 

o r d e r  r e a d i n g  ( t h e  a m p l i f i e d  
r e s p o n s e ) ,  A i s  a c o n s t a n t  
' p r o p o r t i o n a l  t o  t h e  d i s t a n c e  
o u r c e  f rom t h e  c o u n t e r ,  and 
background c o r r e c t i o n  which 

i r e c t l y  a s  p i l e  power l e v e l ,  
l y  a s  t h e  d i s t a n c e  o f  t h e  
from t h e  p i l e ,  and a l s o  i n -  
e n a t u r a l  background.  

s o r y  v i s u a l  e x a m i n a t i o n  o f  
f rom which  t h e  l i t h i u m  had 

n o v e d  s h o w e d  n o  s i g n s  o f  

damage. F u r  
be made when 
what less rac 

R a t h e r  t h  
d u e  t o  l i t h i  
t i m e ,  i t  h a  
sodium i n  i n  
and s t u d y  the  
h i  ghe r tempe I 
I t  is  plannec 
a t  t empera tu r  

L I Q U l  
STREE 

A .  S .  O l s d  

Work h a s  1 
l i q u i d  - s o d i u r  
p l a c e d  i n  t h e  
m i c r o m e t e r  f 
of 0 .010 t o o .  
o f  1% i s  a l s  
T h i s  m i c r o m  
c r e e p  m e a s u r  
t h e  sodium l o  

It i s  p l a r  
s o d i u m  a t  l! 
w i t h  a v e l o c  
f t / s e c .  The 
f r o m  i n c o n e l  
t es t  s e c t i o n ,  
p s i  f o r  c r e e  
t e m p e r a t u r e .  
i n c l u d i n g  t h  
and a gas-ope  
w i l l  o c c u p y  
one of  t h e  6 -  
t h e  LITR. 

NU 

An i n v e s t  
d e t e r m i n e  t h e  
i n d u c e d  i n  v 
c l e a r  bombarc 
t h i s  i s  t o  p 
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f o r  p r e d i c t i n g  t h e  c o o l i n g  r e q u i r e d  
f o r  e x p e r i m e n t a l  r i g s  i n  t h e  LITR and 
t h e  MTR. 

S e v e r a l  e s t i m a t e s  of n u c l e a r  h e a t -  
i n g  r a t e s  f o r  m a t e r i a l s  p l a c e d  i n  
t h e  X p i l e ,  t h e  LITR,  a n d  t h e  MTR 
h a v e  b e e n  made by p r e v i o u s  i n v e s t i -  
g a t o r s .  Of t h e  two e x p e r i m e n t a l  se t s  
of d e t e r m i n a t i o n s ,  one of  t h e s e ,  used 
t o  map t h e  n u c l e a r  h e a t i n g  r a t e s  i n  
t h e  LITR, employed a g r a p h i t e  i o n i z a -  
t i o n  chamber t o  measure a b s o r p t i o n  o f  
gammas. The  o t h e r  e x p e r i m e n t a l  d e -  
t e r m i n a t i o n  was a d i r e c t  c a l o r i m e t r i c  
measurement i n  t h e  X p i l e .  

Using R i c h a r d s o n ' s  ( 3  ) e x p e r i m e n t a l  
v a l u e  f o r  t h e  r a t e  o f  h e a t i n g  due  t o  
gammas i n  a gram of w a t e r  i r r a d i a t e d  
i n  h o l e  1 2  o f  t h e  X p i l e ,  gamma h e a t -  
i n g  r a t e s  were e s t i m a t e d  f o r  s e v e r a l  
o t h e r  m a t e r i a l s .  H e a t i n g  by n e u t r o n s  
was a l s o  c a l c u l a t e d  u s i n g  a n  ( n v I t h  
of  7 x 10" n/cm2-sec,  and t h e  n e u t r o n  
e n e r g y  s p e c t r u m  was measured  by Bopp 
a n d  S i s m a n  i n  h o l e  1 9 .  The r e s u l t s  
o f  t h e s e  e s t i m a t e s  a r e  summarized i n  
T a b l e  4.1. T h e  two v a l u e s  l i s t e d  
f o r  t h e  LITR a r e  n o r m a l i z e d  t o  a n  
( n v ) t h  o f  7 x 10"n/cm2-sec i n  o r d e r  
t o  p e r m i t  c o m p a r i s o n  between n u c l e a r  
h e a t i n g  r a t e s  f o r  m a t e r i a l s  p l a c e d  
i n  t w o  e n t i r e l y  d i f f e r e n t  t y p e s  o f  
r e a c t o r s  o p e r a t i n g  a t  a p p r o x i m a t e l y  
t h e  s a m e  maximum n e u t r o n  d e n s i t y .  
The much g r e a t e r  n u c l e a r  h e a t i n g  r a t e  
f o r  m a t e r i a l s  i n  t h e  LITR i n d i c a t e d  
t h a t  h e a t i n g  by gammas predominates .  

I n  o r d e r  t o  v e r i f y  b y  d i r e c t  
measurement t h e  n u c l e a r  h e a t i n g  r a t e s  
d e t e r m i n e d  i n  t h e  L I T R  w i t h  t h e  
g r a p h i t e  i o n i z a t i o n  c h a m b e r ,  t w o  
c a l o r i m e t e r s  were c o n s t r u c t e d .  The 
f i r s t  o n e  w a s  b u i l t  t o  t e s t  t h e  
f e a s i b i l i t y  o f  d e s i g n .  I t  c o n s i s t s  

('ID. M. Richardson,  C a l o r i m e t r i c  Measure-  
ment of R a d i a t i o n  E n e r g y  D i s s i p a t e d  b y  V a r -  
i o u s  M a t e r i a l s  P l a c e d  i n  t h e  Oak R i d g e  P i l e ,  
ORNL-129 ( O c t .  1 ,  1948) .  

o f  a c l o s e d  h o r i z o n t a l  a 1  
5 i n .  i n  d i a m e t e r  and 5 i n  
w a t e r  i n l e t  a n d  o u t l e t  p 
i n t o  e a c h  e n d .  T h r e e  
aluminum w e l l s  % i n .  i n  d i  
3 i n .  d e e p  e x t e n d  i n t o  t h  
t h e  t o p  a n d  a r e  h e l d  a t  , 

t e m p e r a t u r e  b y  c i r c u l a t :  
The t e s t  s p e c i m e n  i s  a c y  
c h i n e d  w i t h  s m a l l  r i d g e s  
a n d  bot tom s o  a s  t o  f i t  1~ 
one of t h e  aluminum w e  1 I s .  
on t h e  specimen i n s u r e  a m 
o f  t h e r m a l  c o n t a c t  w i t h  thc 
A s m a l l  copper  - c o n s t a n t a n  tl 
m e a s u r e s  t e m p e r a t u r e  a t  
of t h e  s p e c i m e n ,  and a t h i  
c a p  f i t s  i n t o  t h e  t o p  oj 
t o  p r e v e n t  e x t e r n a l  h e a t  
t h e  specimen.  

I n  a c a l i b r a t i o n  t e s t  t. 
i s  h e a t e d  t o  a b o u t  300°( 
dropped i n t o  one o f  t h e  W E  
c o n s  t a n  t t e m p e r  a t u r e  w a 
The aluminum c a p  i s  secure1 
imen t e m p e r a t u r e  a s  a f i  
t i m e  i s r e c o r d e d  on a Brown 
R e c o r d e r .  The h e a t  g i v e  
t h e  specimen between any  t \  
t u r e s  t a k e n  f rom t h e  r e c o i  
by 

or, i n  te rms  of r a t e  o f  t 
f a l l ,  t h e  r a t e  of  h e a t  1 0 s  
i s  g i v e n  by 

where  C i s  known and d T /  
puted  d i r e c t l y  from t h e  c o  
a s  a f u n c t i o n  o f  t empera tu :  

P 

The r a t e  o f  h e a t  l o s s  is  
a s  a f u n c t i o n  of specimen tc 
The c a l o r i m e t e r ,  c o n t a i n i n l  
i m e n ,  c a n  be  p l a c e d  n e a r  
l a t t i c e  o f  t h e  LITR. The s p e c ~ ~ r r e ~ ~  
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TABLE 4 . 1  

Nuclear Heating Rate for Several Materials(')  

- 

TIC - 
00 

30 

60 

00 

30 

80 

23 

90 

6 

7 

8 

50 

1 

1 

1 
- 

40 

3 00 

SATURATION 
p DECAY 

110 

0 

270 

0 

1.5 

0 

4.5 

15 

2 600 

jATURATION 
i /  EMISSION 

5 

EAT DUE TO 
PILE GAMMAS 

(EXTERNAL 

p a l / g - s e c )  
GAMMAS 

7 40 

370 

370 

410 

370 

370 

370 

3 70 

370 

370 

370 

370 

370 

370 

37 0 

es  except l a s t  column are for X-10 graphite p i l e .  

or ies  . 
7 x 10" n/cm2-sec. 

ue  t o  Richardson (hole 12). 

: a t  e q u i l i b r i u m  i s  t h e n  
nd  t h e  r a t e  o f  n u c l e a r  
gram is r eco rded  from t h e  
c u r v e .  

d i c a t e  t h a t  t h e  t e m p e r a -  
ence between t h e  spec imen 
t e r  b a t h  w i l l  be  l a r g e  
ng  i r r a d i a t i o n  t o  p e r m i t  
! a s u r e m e n t s .  F i g u r e  4 . 3  
r a t e  o f  h e a t  l o s s  a s  a 
;empera ture  f o r  a c a l o r i m -  

TOTAL HEAT (p.cal/g-sec) 

CALC. 

7440 

2300 

430 

1210 

800 

450 

548 

460 

626 

677 

380 

62 0 

375 

385 

2970 

EXP . 

1200 

770 

470 

600 

- 

EXPERIMENTAL 
TOTAL FOR 

L I T F W  

10,000 

9000 

e t e r  w a t e r  t e m p e r a t u r e  of 22.4"C and 
a c o p p e r  s p e c i m e n  w e i g h i n g  44.5 g.  
The maximum r a t e  of  h e a t  p r o d u c t i o n  
f o r  a m a t e r i a l  p l a c e d  i n  t h e  LITR i s  
e s t i m a t e d  t o  be a b o u t  0 . 1  c a l / g - s e c .  
From F i g .  4 . 3  i t  i s  o b s e r v e d  t h a t  
t h i s  c o r r e s p o n d s  t o  a t e m p e r a t u r e  
d i f f e r e n c e  of  140°C between spec imen 
and wa te r .  

The second  t y p e  of  c a l o r i m e t e r  i s  
s i m i l a r  t o  t h e  f i r s t ,  e x c e p t  t h a t  i t  
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In s 
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I 
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TEMPERATURE ( O C  1 

Fig. 4.3. Run No. 1, Rate of  Heat 
Loss a s  Function of Temperature for 
Copper Specimen in Large Calorimeter. 

h a s  room f o r  o n l y  one  s p e c i m e n .  I t  
i s  c o m p l e t e l y  c o n t a i n e d  i n s i d e  t h e  
e n d  of a long % - i n . - 0 . d .  a l u m i n u m  
t u b e ,  and  i t  is d e s i g n e d  t o  f u n c t i o n  
i n  e i t h e r  a n  a i r  or a w a t e r  medium. 
I t  is p lanned  t o  u s e  t h e  second  c a l -  
o r i m e t e r  i n  t h e  a c t i v e  l a t t i c e  a n d  
t h e  e x p e r i m e n t a l  h o l e s  i n  t h e  LITR. 

PILE-INDUCED RADIATION 

C. D. Bopp R ,  L. Towns 
0. S '  isman W .  K. K i r k l a n d  

P i l e - i n d u c e d  gamma a c t i v i t y  f rom 
f o u r  o f  t h e  h a s t e l l o y  a l l o y s  is  shown 
i n  Fi.gs. 4 . 4  t h r o u g h  4 . 6 .  The d e c a y  
c u r v e s  were t a k e n  a f t e r  i r r a d i a t i n g  
f o r  s i x  m o n t h s  i n  t h e  x r e a c t o r .  
A c t i v i t y  m e a s u r e m e n t s  were  made on 
t h i n  s h a v i n g s  w i t h  a 1 0 0 %  g e o m e t r y  
i o n i z a t i o n  c h a m b e r  a s  d e s c r i b e d  i n  
e a r l i e r  r e p o r t s .  ( 4  ) A b s o r p t i o n  c u r v e s  
f o r  l ead  were d e t e r m i n e d  a f t e r  600 h r  

' ' "Ex per i me n t a 1 , Ma t e r i a Is Te s t i ng Re - 
a c t o r  P r o j e c t  P r o g r e s s  R e p o r t  f o r  P e r i o d  
End ing  Februar  28,  f.950, ORNL-628, 2 7 ,  . 2 8 - 3 6  (Ap,ril  1 0 ,  1 9 5 0 ) ;  "Pi le -  
"I$;c, 'B Redia t ion .  G e n e r a l  R e a c t o r  Ener-  
n e e r i n g  R e s e a r c h  Q u a r t e r l y  P r o g r e s s  Re G r t  

or  P e r i o d  End ing  November 20, 1 9 5 0 ,  0f;NL- 
6 7 3 ,  p .  21 ( A p r i l  5 ,  1 9 5 1 ) .  

e 
?\ 

Fig. 4.4. S h o r t  T i m e  Gamn 
of  Hastel loy . 

HASTELLOY "0" 

AVG FLUX, o 58 xtot2nicm2-sec 
IRRADIATION TIME, 4680 hr 

200 400 600 800 1000 1200 
DECAY (hr) 

Fig .  4 . 5 .  Long T i m e  Gamma Decay o f  
Hastelloy. 
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ia 

- 
S 

M e t a l l u r g y  D i v i s i o n  a n d  were i d e n t i -  
f i e d  a s  f o l l o w s :  

1. A m e s  t h o r i u m  
2 .  I o d i d e  t h o r i u m  
3 .  A m e s  t h o r i u m ,  +-4% Be 
4 .  A m e s  t h o r i u m ,  +"2% Cb 
5 .  A m e s  t h o r i u m ,  +"2% Z r  
6 .  A m e s  t h o r i u m ,  +-2 or 4% T i  

The c u r v e s  show t h e  p r e d o m i n a n t  
a c t i v i t y  t o  be t h a t  of  27.4-day P a 2 3 3 .  
T h e  e n e r g y  o f  t h e  r a d i a t i o n  a l s o  
c h e c k s  t h a t  g i v e n  f o r  P a 2 3 3  ("0 .3  
MeV); n o s i g n i f i c a n c e  is t o  be a t t a c h e d  
t o  t h e  s e p a r a t i o n  of  t h e  c u r v e s  s i n c e  
v e r y  s m a l l  s a m p l e s  were u s e d  and t h e  
e r r o r  i n  w e i g h i n g  t h e  sample is a b o u t  
*5%. 

PHYSICAL PROPERTIES OF 
IRRADIATED ELASTOMERS 

W .  K .  K i r k l a n d  0. S '  isman 
C.  D .  Bopp R .  L. Towns 

E i g h t  c o m m e r c i a l ,  e l a s t o m e r s  a r e  
b e i n g  s t u d i e d  f o r  r e s i s t a n c e  t o  p i l e  
r a d i a t i o n .  The c o m p o s i t i o n s  o f  t h e s e  
m a t e r i a l s  a r e  g i v e n  i n  t h e  l a s t  q u a r -  
t e r l y  p r o g r e s s  r e p o r t . ( 5 )  R e s u l t s  of  
t h e  t e s t s  t o  d a t e  a r e  shown i n  F i g s .  
4 . 8  t h r o u g h  4 .15 .  The f o l l o w i n g  prop-  
e r t i e s  a r e  r e p o r t e d :  t e n s i l e  s t r e n g t h ,  
e l o n g a t i o n ,  s e t  a t  b r e a k ,  c o m p r e s s ~ o n  
s e t ,  s t r a i n  a t  400  p s i  c o m p r e s s i o n ,  
c h a n g e  i n  w e i g h t ,  s p e c i f i c  g r a v i t y ,  
S h o r e  D u r o m e t e r  h a r d n e s s  a n d  S h o r e  
e l a s t  i c  i t y  . 

S 

e 
- 
S 

e 

- 
The e l a s t o m e r s  a r e  i r r a d i a t e d  i n  

h o l e  1 9  o f  t h e  X r e a c t o r .  H o l e  1 9  
- i s  w a t e r - c o o l e d  t o  b e t w e e n  2 5  a n d  
- 40°C.  The  a v e r a g e  t h e r m a l  f l u x  a s  
- m e a s u r e d  w i t h  c o b a l t  f o i l s c 6 )  w a s  

(5)0. Sisman, C.,?. Bopp,  R .  L. Towns, 
Physical  Properties  of 

- 

- 

- 
and W: K.,,Kirkland, 
P l a s t i c s ,  ORNL-1095, o p .  cit., p. 75. 

(6)0. Sisman and C .  D .  B o p p ,  P h y s i c a l  
Properties of Irradiated PIastzcs, ORNL-928 
(June 29, 1951). 
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1 . 0  X 1 O I 2  n/cm2 - sec .  Neut rons  e n t e r -  
i n g  t h e  s p e c i m e n  c a n s  i n  t h i s  h o l e  
a r e  a t t e n u a t e d  by  3 / 1 6  i n .  of  w a t e r  
and 1 / 8  i n .  o f  a luminum i n  a d d i t i o n  
t o  t h e  g r a p h i t e  s u r r o u n d i n g  t h e  h o l e .  
The f a s t  f l u x  s p e c t r u m  i s  g i v e n  i n  
ORNL-525. ( ) 

A f t e r  s p e c i m e n s  a r e  c o n d i t i o n e d  
f o r  a t  l e a s t  2 4  h r  a t  25°C a n d  50% 
r e l a t i v e  h u m i d i t y ,  d i m e n s i o n a l  meas- 
u r e m e n t s  a r e  - t a k e n .  The s p e c i m e n s  
a r e  t h e n  i r r a d i a t e d .  F o l l o w i n g  i r -  
r a d i a t i o n  t h e  s p e c i m e n s  a r e  a g a i n  
c o n d i t i o n e d  f o r  2 4  h r  a t  25OC a n d  
50% r e l a t i v e  h u m i d i t y  b e f o r e  t e s t i n g .  

E x p o s u r e  o f  r a d i a t i o n  h a r d e n s  
S i l a s t i c ,  N e o p r e n e ,  GR-S, Hycar  OR, 
n a t u r a l  r u b b e r ,  and Hycar  PA, b u t  i t  
s o f t e n s  b u t y l  ( G R - I )  a n d  T h i o k o l .  
Both b u t y l  and T h i o k o l  f i n a l l y  become 
s t i c k y  a n d  t a r r y ;  h o w e v e r ,  T h i o k o l  
w i t h s t a n d s  2 0  t i m e s  t h e  r a d i a t i o n  
d o s e  t h a t  b u t y l  w i t h s t a n d s .  

The  t e n s i l e  s t r e n g t h  a n d ,  v e r y  
m a r k e d l y ,  t h e  e l o n g a t i o n  o f  a l l  
e l a s t o m e r s  a r e  e v e n t u a l l y  d e c r e a s e d  
by i r r a d i a t i o n ,  a l t h o u g h  S i l a s t i c  and 
Hycar OR i n i t i a l l y  i n c r e a s e  i n  t e n s i l e  
s t r e n g t h .  A f t e r  t h e  e l o n g a t i o n  h a s  
d e c r e a s e d  t o  l e s s  t h a n  1% o f  t h e  
i n i t i a l  v a l u e ,  t h e  t e n s i l e  s t r e n g t h ,  
of t h e  g r o u p  of  e l a s t o m e r s  t h a t  harden  
w i t h  i r r a d i a t i o n ,  i n c r e a s e s ;  however,  
t h e s e  m a t e r i a l s  a r e  t h e n v e r y b r i t t l e .  
T e s t s  a r e  i n  p r o g r e s s  t o  d e t e r m i n e  
how l o n g  t h e s e  b r i t t l e  m a t e r i a l s  
w i l l  w i t h s t a n d  i r r a d i a t i o n  b e f o r e  
c r u m b l i n g  a p a r t .  

Se t  a t b r e a k  d e c r e a s e s  w i t h  i r r a d i -  
a t i o n  f o l l o w i n g  t h e  e l o n g a t i o n  c l o s e l y  
e x c e p t  t h a t  f o r  H y c a r  PA a n d  b u t y l  
t h e r e  i s  a n  i n i t i a l  i n c r e a s e  i n  t h e  
s e t  a t  b r e a k  w h i l e  t h e r e  i s  n o  c o r -  

( 7 ) C .  D.  Bopp and 0. Sisman, The N e u t r o n  
F l u x  S p e c t r u m  and F a s t  and E p i t h e r m a l  F l u x  
i n  H o l e  1 9  of t h e  ORNL R e a c t o r ,  ORNL-525 
(July 2 8 ,  1950).  

r e s p o n d i n g  c h a n g e  i n  e l o n g a t i o n .  
S i l a s t i c  showed z e r o  s e t  a t  b r e a k  f o r  
a l l  t i m e s  o f  i r r a d i a t i o n .  

Compression s e t  d e c r e a s e d ,  f o l l o w -  
i n g  c l o s e l y  t h e  s t r a i n  a t  4 0 0  p s i  
c o m p r e s s i v e  l o a d .  A f t e r  t h e  s t r a i n  
a t  400 p s i  d e c r e a s e s  t o  l e s s  t h a n  20% 
of t h e  i n i t i a l  v a l u e ,  t h e  c o m p r e s s i o n  
s e t  o f  S i l a s t i c  i n c r e a s e s  m a r k e d l y  
a n d  t h e  c o m p r e s s i o n  s e t  o f  b u t y l ,  
n a t u r a l  r u b b e r ,  and Hycar P A i n c r e a s e s  
t o  a l esser  e x t e n t .  

The s p e c i f i c  g r a v i t y  i n c r e a s e s  f o r  
t h e  e l a s t o m e r s  t h a t  h a r d e n ;  t h e  s p e -  
c i f i c  g r a v i t y  of  t h e  e l a s t o m e r s  t h a t  
s o f t e n  d e c r e a s e s .  A marked l o s s  i n  
w e i g h t  o c c u r s  o n l y  f o r  T h i o k o l  a n d  
Hycar PA. 

Neoprene  d e c r e a s e s  i n  d i e l e c t r i c  
s t r e n g t h  and volume r e s i s t i v i t y .  The 
d i e l e c t r i c  s t r e n g t h  d r o p s  f r o m  2 8 0  
t o  120  v o l t s / m i l ;  t h e  volume r e s i s -  
t i v i t y  d r o p s  from 10" t o  l o 5  ohm-cm. 
The d i e l e c t r i c  s t r e n g t h  and t h e  volume 
r e s i s t i v i t y  d o  n o t  c h a n g e  m a r k e d l y  
f o r  t h e  o t h e r  e l a s tomers  t e s t e d .  

The t e s t i n g  p r o c e d u r e  employed f o r  
t h e  t e n s i l e  t e s t i n g  i s  a m o d i f i c a t i o n  
o f  ASTM t e s t  D412-49T. (8)  A Baldwin-  
S o u t h w a r k  u n i v e r s a l  t e s t i n g  machine  
i s  used w i t h  t h e  Baldwin e x t e n s o m e t e r  
and  S c o t t  g r i p s  f o r  t e s t i n g  n o n r i g i d  
p l a s t i c  m a t e r i a l s .  For e l a s t o m e r s  
w i t h  a t  l e a s t  3% e l o n g a t i o n  t h e  s p e e d  
o f  t e s t i n g  i s  t h e  r a t e  o f  t r a v e l  of  
t h e  p l a t e n - a d j u s t i n g  m o t o r ,  a b o u t  
4 i n . / m i n ;  h o w e v e r ,  f o r  m a t e r i a l s  
e m b r i t t l e d  by  i r r a d i a t i o n  s o  t h a t  
e l o n g a t i o n  i s  l e s s  t h a n  3%, t h e  r a t e  
o f  l o a d i n g  i s  r e d u c e d  i n  o r d e r  t o  
p r e v e n t  f a i l u r e  b y  i m p a c t  a t  t h e  
s t a r t  o f  s t r e s s i n g .  For  b r i t t l e  

(8)1949 Book of A.S.T.M. Standards, E l e c -  
t r i c a l  I n s u l a t i o n ,  P l a s t i c s ,  R u b b e r s ,  p .  8 8 7 ,  
American S o c i e t  for T e s t i n g  M a t e r i a l s ,  
Philadelphia,  1956. 
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11s w i t h  less  t h a n  3% e l o n g a -  
h e  s p e e d  o f  t e s t i n g  i s  4 0 0  
. The p e r c e n t  e l o n g a t i o n  i s  
I a s  t h e  e x t e n s i o n  a t  b r e a k i n g  
d by t h e  o r i g i n a l  d i s t a n c e  
I gage  marks.  S e t  a t  b r e a k  i s  
d by p i e c i n g  t o g e t h e r  t h e  broken 
:n and m e a s u r i n g  t h e  d i s t a n c e  

gage m a r k s .  

r e s s i v e  s e t  t e s t s  a r e  i n t e n d e d  
u r e  t h e  a b i l i t y  o f  rubbe r  com- 
t o  r e t a i n  e l a s t i c  p r o p e r t i e s  
p r o l o n g e d  a c t i o n  o f  compres -  
t r e s s .  C o m p r e s s i o n  s e t  i s  
a s  t h e  p e r c e n t  d e c r e a s e  i n  
s s  of t h e  t e s t  spec imen  meas- 
0 min a f t e r  r e m o v a l  f r o m  a 
; d e v i c e  i n  which t h e  spec imen 
!n s u b j e c t e d  f o r  22  h r  t o  400 
L n .  c o m p r e s s i v e  l o a d  a t  70'C. 
a i n  i s  r e c o r d e d  a t  t h e  moment 
L i c a t i o n  o f  t h e  400 l b / s q  i n .  
s i v e  stress. 

t e s t  f o r  s p e c i f i c  g r a v i t y  i s  
n ASTM D-792 -48T. ( ) 

t e s t  f o r  d u r o m e t e r  h a r d n e s s  
n i n  ASTM-D-676-49T. ( l o )  The 
e r  c o n s i s t s  of a p r e s s u r e  f o o t  
l ich p r o t r u d e s  a s p r i n g - l o a d e d  
lr. The d i s t a n c e  t h e  i n d e n t o r  
~ t e s  when t h e  p r e s s e r  f o o t  i s  

i n t o  c o n t a c t  w i t h  an e l a s t o m e r  
on t h e s c a l e  o f  t h e  i n s t r u m e n t .  
: n e t r a t i o n  g i v e s  a r e a d i n g  o f  

S h o r e  e l a s t o m e t e r  c o n s i s t s  of 
a r  p r e s s u r e  f o o t  w i t h  a n  open- 
m which a n e e d l e  i s  pushed i n t o  
a s t o m e r .  The  d i s t a n c e  t h e  
r e t u r n s  i n t o  t h e  p r e s s e r  f o o t  
l e  f o r c e  p u s h i n g  i t  i n t o  t h e  
ier i s  r e l e a s e d  i s  r e a d  on t h e  
o f  t h e  i n s t r u m e n t .  I f  t h e  
r e t u r n s  a l l  o f  t h e  way b a c k ,  

D .  c i t . ,  p .  728. 
I b i d ,  p .  1039. 

t h e  r e a d i n g  i s  1 0 0 ;  i f  i t  r e t u r n s  
none of t h e  way, t h e  r e a d i n g  i s  z e r o .  

IRRADIATION OF GRAPHITE-URANIUM RODS 

R.  H.  Kernohan 

A s  a p r e l i m i n a r y  s t e p  i n  t h e  s t u d y  
of  f i s s i o n - f r a g m e n t  damage t o g r a p h i t e  
a s  a f u n c t i o n  o f  u r a n i u m  p a r t i c l e  
s i z e ,  12 b a r s  o f  u r a n i u m - f r e e  g r a p h i t e  
w e r e  i r r a d i a t e d  i n  t h e  X - 1 0  p i l e .  
I n v e s t i g a t i o n  o f  t h e  u r a n i u m - f r e e  
m a t e r i a l  w a s  n e c e s s a r y  i n  o r d e r  t o  
d i s t i n g u i s h  b e t w e e n  n e u t r o n  damage 
and f i s s i o n - f r a g m e n t  damage a s  much 
a s  p o s s i b l e .  

The 1 2  b a r s  w e r e  f a b r i c a t e d  by  
B a t t e l l e  Memor ia l  I n s t i t u t e  and  a r e  
d e s c r i b e d  i n  T a b l e  4 .2 .  

M e a s u r e m e n t s  t a k e n  on t h e  b a r s  
p r i o r  t o  i r r a d i a t i o n  were t a k e n  i n  
o r d e r  a s  f o l l o w s :  d imens ions ,  w e i g h t ,  
n a t u r a l  v i b r a t i o n  f r e q u e n c y  t o  d e -  
t e r m i n e  e l a s t i c  m o d u l u s ,  r e l a t i v e  
t h e r m a l  c o n d u c t i v i t y ,  e l e c t r i c a l  r e -  
s i s t i v i t y .  The s a m p l e s  were  i r r a d i -  
a t e d  i n  t h e  c e n t e r  o f  doughnu t  h o l e  * 

1768 f o r  two weeks which  c o r r e s p o n d s  
t o  an i n t e g r a t e d  f l u x  of 1 X 10'  '/cm2. 

Although t h e  a c t i v i t y  of  t h e  s p e c -  
i m e n s  w a s  q u i t e  l o w ,  m e a s u r e m e n t s  
w e r e  t a k e n  on t h e  l a t e s t  r emote  c o n -  
t r o l  a p p a r a t u s  f o r  t h e  h o t  c e l l s  i n  
o r d e r  t o  check  t h e i r  o p e r a t i o n .  

A f t e r  i r r a d i a t i o n ,  m e a s u r e m e n t s  
were t a k e n  i n  o r d e r  a s  f o l l o w s :  d i -  
m e n s i o n s ,  w e i g h t ,  e l e c t r i c a l  r e s i s -  
t i v i t y ,  v i b r a t i o n  f r e q u e n c y ,  a n d  
r e l a t i v e  t h e r m a l  c o n d u c t i v i t y .  No 
s i g n i f i c a n t  c h a n g e s  were obse rved  i n  
d i m e n s i o n s  or w e i g h t .  F i v e  o f  t h e  
spec imens  i n c r e a s e d  i n  we igh t  s l i g h t -  
l y ,  p o s s i b l y  b e c a u s e  o f  a b s o r b e d  
m o i s t u r e .  S i g n i f i c a n t  p e r c e n t a g e  
changes  i n  order p r o p e r t i e s  a r e  shown 

_I 
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TABLE 4.2 

iars F a b r i c a t e d  by BMI 

DESCR I PTI ON 

mded graphite,  baked a t  2500OF t o  

mded graphite ,  bonded a t  4500°F t c  

ed graphite,  baked a t  2500'F t o  ca 

ed graphite ,  baked a t  4500'F to  61 

nded cake, f u l l y  graphit ized;  proj 
usion a x i s  

cut  perpendicular t o  extrusion an 

TABLE 4.3 

!d Changes  i n  G r a p h i t e  Bars 
2 = 1 x IO'* n/cm 

rIAST1c 
ODULUS, 

E 
increase 1 

32 
29.5 

5 5  

46 
27 

67 
62 

44 
80 

THERMAL 
XNDUCTIVITY, 

K 
( %  decrease)  

10 
13 

25 
34 

9 
15 

16 
19 

46 
41 

15 
31 

ELECTl 

INITIAL 
(% incre 
~ ~~ 

40. 'I 
34.! 

49. 
47.( 

34.: 
35. ( 

36. f 
3 7 . i  

77,. 5 
77.: 

29.5 
73.1 



i n  Tab le  4 .3 .  E l e c t r i c a l  r e s i s t i v i t y  
measurements  were t h e  m o s  t a c c u r a t e ,  
b e i n g  c o r r e c t  t o  w i t h i n  .3%.  Measure- 
m e n t s  o f  e l a s t i c  m o d u l u s  w e r e  n o t  
e n t i r e l y  s a t i s f a c t o r y  and a d i f f e r e n t  
measurement  t e c h n i q u e  i s  b e i n g  c o n -  
s i d e r e d .  Some e r r o r  is  a l s o  a p p a r e n t  
i n  t h e  the rma l  c o n d u c t i v i t y  changes .  

S i n c e  t h e  t h e r m a l  m e a s u r e m e n t s  
n e c e s s i t a t e d  h e a t i n g  t h e  s p e c i m e n s  
f o r  a b o u t  2 h r  t o  t e m p e r a t u r e s  i n  
t h e  r a n g e  o f  1 0 0  t o  2OO0C,  t h e r e  
e x i s t e d  t h e  p o s s i b i l i t y  o f  a n n e a l i n g  

FOR PERIOD ENDING JULY 31, 1951 

o u t  some o f  t h e  d a m a g e .  A s e c o n d  
measurement o f  e l e c t r i c a l  r e s i s t i v i t y  
showed t h a t  a b o u t  h a l f  t h e  damage had 
been a n n e a l e d  o u t  d u r i n g  t h e  t h e r m a l  
c o n d u c t i v i t y  m e a s u r e m e n t s .  T h e s e  
changes a r e  shown i n  Tab le  4 .3 .  

A c o n t a i n e r  f o r  h o l d i n g  t h e  uranium- 
g r a p h i t e  b a r s  i n  t h e  X - 1 0  p i l e  was 
d e s i g n e d  and  s u b m i t t e d  t o  t h e  Re-  
s e a r c h  Shops  f o r  f a b r i c a t i o n .  B a t -  
t e l l e  i s  i n  t h e  p r o c e s s  o f  o b t a i n i n g  
t h e  e n r i c h e d  uranium and f a b r i c a t i n g  
t h e  f i n a l  t e s t  b a r s .  

. 
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5 .  LIQUID FUELS 

R A D I A T I O N  DAMAQE TO L I Q U I D  FUELS 

G. W. K e i l h o l  t z  C. C. Webster  
J .  G. Morgan H. E. Rober t son  

L i q u i d  f u e l s  (NaF ,  KF, and  UF, 
m i x t u r e s )  have  been  bombarded i n  t h e  
X r e a c t o r  f o r  2 0 0 - h r  p e r i o d s ,  a n d  
c o r r e s p o n d i n g  b e n c h  t e s t s  w i t h o u t  
r a d i a t i o n  h a v e  b e e n  made.  The  r e -  
s u l t i n g  samples  a r e  now b e i n g  examined 
by t h e  M e t a l l u r g y  a n d  A n a l y t i c a l  
C h e m i s t r y  D i v i s i o n s  f o r  c o r r o s i o n  
e f f e c t s  and chemica l  s t a b i l i t y  of  t h e  
f u e l  . T h i s  i n c  l u d e s  pho tomic rographs  

F i g .  5 . 1 .  L i q u i d - F u e l  Sample  Con- 
t a i n e r  w i t h  T h e r m o c o u p l e  Well a n d  
P r e s s u r e  F i t t i n g s .  A ,  a s s e m b l y ;  
B ,  t h e r m o c o u p l e  w e l l ,  p r e s s u r e  f i t -  
t i n g s ,  and c a p s u l e  l i d ;  C ,  c a p s u l e ;  
D ,  h e a t e r .  

and t h e  a n a l y s i s  f o r  uran ium,  f l u o r i n e ,  
i r o n ,  c h r o m i u m ,  a n d  n i c k e l .  T h e  
t e m p e r a t u r e  was m a i n t a i n e d  a t  1500'F 
and  c o n t i n u o u s  p r e s s u r e  measurements  
were r e c o r d e d  d u r i n g  t h e  200-h r  t e s t .  
The  c o n t a i n e r  was f i l l e d  t o  58 p s i  
w i t h  he l ium a t  t h e  1500'F t e m p e r a t u r e ,  
a n d  t h e  p r e s s u r e  d i d  n o t  d e v i a t e  
a p p r e c i a b l y  d u r i n g  t h e  t e s t  p e r i o d .  

F i g u r e s  5 .  1 a n d  5 . 2  s h o w  t h e  
e q u i p m e n t ,  i n c l u d i n g  t h e  B a l d w i n  
s t r a i n  gage  ( 0  t o  250 l b  c a p a c i t y ) .  
He l ium g a s  s e r v e d  a s  t h e  p r e s s u r e  
t r a n s f e r r i n g  medium through s t a i n l e s s  
s t e e l  t u b i n g .  F i g u r e  5 . 1  shows t h e  
c o n s t r u c t i o n  o f  t h e  i n c o n e l  s a m p l e  
c o n t a i n e r  w i t h  thermocoup.1e w e l l  and 
p r e s s u r e  f i t t i n g s .  

R a d i a t i o n  damage s t u d i e s  on t h e  
f u e l  m a t e r i a l  (NaF-KF-UF,) a r e  g o i n g  
ahead  on t h e  Y-12 c y c l o t r o n  and t h e  
d e t a i l s  a r e  d i s c u s s e d  u n d e r  t h e  
h e  a d i n  g "Y- 1 2  C y c l o t r o n  S t u d i e s ,  " 
p. 51. 

F i g .  5 . 2 .  C a p s u l e  a n d  Pressure 
M e a s u r i n g  D e v i c e .  A ,  h i g h - p r e s s u r e  
v a l v e ;  B,Baldwin s t r a i n  gage ;  C, p r e s -  
s u r e  l i n e ;  D ,  c a p s u l e .  
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6 .  CRYSTAL PHYSICS 

Y-12 CYCLOTRON STUDIES 

I .  J .  Sturm M. J .  Feldman 
x-10 

I. J .  J o n e s  J .  S. Luce 
C. L. V i a r  

Y - 1 2  

he e f f o r t s  o f  t h i s  g r o u p  h a v e  
t l y  been d e v o t e d  e x c l u s i v e l y  t o  
t i o n  damage s t u d i e s  f o r  t h e  ARE. 
f i  c a l l  y ,  t h e  e x p e r i m e n t s  h a v e  

d i r e c t e d  toward t h e  d e t e r m i n a t i o n  
e e f f e c t s  o f  p r o t o n  bombardment 
i n c o n e l - e n c a s e d  e u t e c t i c  f l u o r i d e  
i r e  ARE f u e l  e l e m e n t s .  T h r e e  
i o f  f u e l  p i n  c y c l o t r o n  t a r g e t  
. n g  a r e  t o  be  u s e d  d u r i n g  bom- 
e n t :  ( 1 )  r a d i a t i o n ,  ( 2 )  w a t e r ,  
( 3 )  l i q u i d  s o d i u m .  I t  i s  a 
a1 p o l i c y  t h a t ,  whenever p r a c t i -  
new t y p e  c y c l o t r o n  t a r g e t s  a r e  

L a p r e l i m i n a r y  bombardment  i n  
. i g h  f l u x  o f  l o w - e n e r g y  p r o t o n s  
e c a l u t r o n ,  t h u s  s i m u l a t i n g  t h e  
, i n d u c e d  t h e r m a l  e f f e c t s  o f  t h e  
t r o n  and g e n e r a l l y  r e d u c i n g  t h e  

p r o b a b i l i t y  o f  t a r g e t  f a i l u r e  i n  t h e  
c y c l o t r o n .  A s e r i e s  o f  n i n e  f u e l  
e l emen t s ,  c o n s i s t i n g  o f  f o u r  c y c l o t r o n -  
b o m b a r d e d  s a m p l e s  a n d  a s s o c i a t e d  
c o n t r o l  s p e c i m e n s ,  h a v e  t h u s  b e e n  
p r e p a r e d  f o r  a n a l y s i s .  O n l y  p r e -  
l i m i n a r y  a n a l y t i c  r e s u l t s  a r e  a v a i l -  
a b l e  a t  t h i s  t i m e  and w i l l  be  d i s c u s s e d  
below. 

Radiation-Cooled Targets. The 
e u t e c t i c - c o n t a i n i n g  f u e l  p i n  f o r  t h e  
c y c l o t r o n  measurements  i s  an e v a c u a t e d  
6 - in .  l e n g t h  o f  1 / 4 - i n .  - 0 .  d. i n c o n e l  
t u b i n g  w i t h  a 0 . 0 1 0 - i n .  w a l l ,  h a v i n g  
a 4 - i n .  f l a t t e n e d  p o r t i o n  ( F i g .  6 . 1 )  
o f  t h i c k n e s s  s l i g h t l y  g r e a t e r  t h a n  
t h e  r a n g e  o f  t h e  bombarding  p r o t o n s .  
The c y l i n d r i c a l  p o r t i o n  s e r v e s  a s  a 
v o i d  i n t o  w h i c h  t h e  e u t e c t i c  c a n  
e x p a n d  u p o n  h e a t i n g .  I n  o r d e r  t o  
e s t i m a t e  t h e  amount o f  e n e r g y  which  
can  be d i s s i p a t e d  by h e a t  r a d i a t i o n  
a l o n e ,  t h e r m o c o u p l e s  were  welded  t o  
t h e  bombarded f a c e  and uppe r  l e a d i n g  
edge ,  and t h i s  t a r g e t  was mounted i n  
t h e  c a l u t r o n .  Bombardment was made 

DWG. 43259 
PSI-A- 186 

UNCLASSIFIED 

Fig. 6.1. Eutectic-Containing Fuel Pin. 

51 



PHYSICS OF SOLIDS INSTITUTE QUARTERLY PROGRESS REPORT 

w i t h  12.5-Kev p r o t o n s ,  and by  v a r y i n g  
t h e  beam c u r r e n t  t h e  power was made 
t o  r a n g e  from z e r o  t o  a b o u t  4 0  w a t t s .  
T h i s  power  was e x p e n d e d  upon a 1 / 2 -  
by 3 / 1 6 - i n .  a r e a  on  t h e  f a c e  o f  t h e  
f u e l  p in .  The e q u i l i b r i u m  t e m p e r a t u r e  
o f  t h e  p i n  a s  m e a s u r e d  j u s t  o u t s i d e  
t h e  b o m b a r d e d  a r e a  i s  p l o t t e d  i n  
F i g .  6 . 2  a s  a f u n c t i o n  o f  p r o t o n  
b e  am p o w e r .  A c c o r d i n g l y ,  i t  w a s  
e s t i m a t e d  t h a t  t o  m a i n t a i n  t h e  f r o n t  
f a c e  o f  t h e  p i n  a t  t h e  p r o p o s e d  
r e a c t o r  t e m p e r a t u r e  o f  1 5 0 0 ° F ,  by  
p r o t o n  b o m b a r d m e n t  a n d  r a d i a t i o n  
c o o l i n g ,  a p p r o x i m a t e l y  22  w a t t s  o f  
beam would  b e  r e q u i r e d .  S i n c e  t h e  
i r r a d i a t e d  a r e a  o f  t h e  f u e l  t u b e  f o r  
t h e  c a l u t r o n  bombardment was made t o  
a p p r o x i m a t e  t h a t  f o r  t h e  c y c l o t r o n ,  
i t  was e s t i m a t e d  t h a t  1 p a  o f  20-Mev 
p r o t o n s  i n  t h e  c y c l o t r o n  s h o u l d  
p r o v i d e  t h e  r e q u i r e d  h e a t  i n p u t .  
A c t u a l l y ,  b e c a u s e  o f  d i f f e r e n c e s  i n  
beam b a f f l i n g  and  i n  t h e  s h a p e  and 
t e m p e r a t u r e  o f  t h e  t a n k  a r e a ,  d i f -  
f e r e n c e s  i n  h e a t  i n p u t  o f  a f a c t o r  o f  
3 t o  4 can  b e  expec ted .  

The bombarded members o f  t h e  s e r i e s  
o f  n i n e  f u e l  p i n s  m e n t i o n e d  a b o v e  
w e r e  r a d i a t i o n  c o o l e d  a n d  w e r e  
m a i n t a i n e d  a t  t e m p e r a t u r e  by beam 
h e a t i n g .  A c y c l o t r o n  t a r g e t  d o l l y ,  

EQUILIBRIUM TEMPERATURE 1°C) 

Fig. 6.2. Equilibrium Temperature 
o f  Eutectic-Containing Fuel P i n  as a 
Function of Proton Beam Power. 

r e d e s i g n e d  f o r  t h e s e  e x p e  
w a s  equ ipped  w i t h  two s e t s  o 
c o u p l e  l e a d s ,  and p r o v i s i o n  
f o r  m o u n t i n g  a n d  b a f f l i n g  
e l emen t s .  D u r i n g  t h e  i r r a d i  
beam c u r r e n t  was v a r i e d  t o  
t h e  f r o n t  f a c e  o f  t h e  1 
c o n s t a n t  t e m p e r a t u r e  i n  t1 
o f  7 0 0  t o  725OC. T e m p e r s  
i n d i c a t e d  by a chromel-a lum 
welded t o  t h e  t u b e  n e a r  t h e  
t h e  bombarded  a r e a ,  a n d  c 
beam c u r r e n t  v a r i a t i o n s  w e r  
m a i n t a i n  t h i s  t e m p e r a t u r e  a t  
va lue .  Four f u e l  p i n s  were 
i n  t h i s  m a n n e r  w i t h  beam 
o f  2 t o  3 p a  o f  20-Mev p r o t  
f i r s t  o f  t h e s e ,  a l l o w e d  tc 
875"C,  was m e l t e d  i n  t h e  : 
an i n t e n s e  beam; s u b s e q u e n t  
however, h e l d i n  t h e  lower  t c  
r a n g e ,  s u r v i v e d  and were c 
worthy o f  a n a l y s i s .  

Two t a r g e t s  were  bomb: 
1 h r ,  and  two f o r  4 h r ,  e ,  
a p p r o x i m a t e l y  t h e  same cond 
beam c u r r e n t  a n d  tempe;rati 
t h e  s a k e  o f  c o m p a r a t i v e  
r e s u l t s ,  s e v e r a l  u n i r r a d i  
o f  t h e  same i n c o n e l  s t o c k ,  
p roduced ,  e v a c u a t e d ,  and f i  
f l u o r i d e  m i x t u r e  (UF, -NaF-  
h e a t e d  t o  t h e  same t e m p e r  
f o r  t h e  same p e r i o d  o f  t i m  
c y c l o t r o n  t a r g e t s .  

The a n a l y t i c  p r o c e d u r e ,  
s t a n d s ,  c o n s i s t s  o f  f o u r  p a  
f i r s t ,  a n a l y s i s  o f  t h e  e u t  
t r a c e  q u a n t i t i e s  o f  i n c o n e l  c 
i r o n ,  n i c k e l ,  and  ch romiu i  
s p e c t r o s c o p i c a l l y ;  q u a n t i t  
a r e  i n  t h e  r ange  o f  hundredr  ._ 

p e r  m i l l i o n ,  and a c c u r a c y i s e s t i m a t e d  
t o  be +20%. The  s e c o n d  a n a l y s i s  i s  
an a s s a y  o f  t h e  f u e l  f o r  t h e  e l emen t s  
uranium and f l u o r i n e .  Changes i n  t h e  
r a t i o  o f  t h e s e  e l e m e n t s  m i g h t  b e  
expec ted  t o  y i e l d  d a t a  a b o u t  f l u o r i d e  
d e c o m p o s i t i o n  and r e c o m b i n a t i o n  w i t h  
t h e  i n c o n e l  w a l l .  T h e  a c c u r a c y  
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c la imed f o r  t h i s  a n a l y s i s  i s  +1%. The 
t h i r d  t y p e o f a n a l y s i s i s m a s s  s p e c t r o -  
g r  aph i c , qu an t i  t a t  i v e 1 y e Val u a t i n  g 
t h e  r e l a t i v e  a b u n d a n c e s  o f  t h e  
v a r i o u s  f l u o r i d e s  o f  u r a n i u m  b e f o r e  
and a f t e r  i r r a d i a t i o n  a s  an i n d i c a t i o n  
o f  f l u o r i d e  d e c o m p o s i t i o n  a n d  r e -  
c o m b i n a t i o n .  A t  t h e  p r e s e n t  t i m e ,  
l i t t l e  a b o u t  t h e  a c c u r a c y  o f  t h i s  
a n a l y s i s  can be s a i d ;  i t  i s  e x p e c t e d ,  
however ,  t h a t  a change  o f  l e s s  t h a n  
1% i n  t h e  a b u n d a n c e  o f  t h e  UF, 
c o m p o n e n t  c a n  b e  m e a s u r e d .  T h e  
f o u r t h  a n a l y s i s  i s  m e t a l l u r g i c a l ,  
i n c l u d i n g  e x a m i n a t i o n  f o r  c o r r o s i o n  , 
i n t e r g r a n u l a r  p e n e t r a t i o n ,  and g r a i n  
type  a l t e r a t i o n .  

To d a t e  o n l y  o n e  o f  t h e  1 - h r  
c y c l o t r o n - b o m b a r d e d  f u e l  p i n s  h a s  
b e e n  p a r t i a l l y  a n a l y z e d .  E n e r g y  
d i s s i p a t i o n  d u r i n g  t h e  i r r a d i a t i o n  
w a s  a b o u t  4 0  w a t t s / c c  f o r  t h i s  
s a m p l e .  No c h a n g e  o u t s i d e  e x p e r i -  
m e n t a l  e r r o r  w a s  n o t e d  i n  t h e  t r a c e  
e l e m e n t s  or i n  r e l a t i v e  u r a n i u m  t o  
f l u o r i n e  a b u n d a n c e .  Mass s p e c t r o -  
g r a p h i c  a n a l y s i s  h a s  n o t  b e e n  com- 
p l e t e d .  M e t a l l o g r a p h i c  s t u d i e s  show 
no d e t e c t a b l e  c o r r o s i o n ;  however ,  on 
t h e  f e w  p i n s  t h u s  f a r  s t u d i e d ,  an 
i n c r e a s e  of  a b o u t  t h r e e  d i a m e t e r s  i n  
g r a i n  s i z e  o v e r  t h a t  o f  t h e  " ' as  
r e c e i v e d "  s a m p l e  o f  i n c o n e l  t u b i n g  
a p p e a r s  i n  b o t h  t h e  bombarded  and  
c o n t r o l  s a m p l e s .  S i n c e  t h e  c h a n g e  
i n  g r a i n  s i z e  a p p e a r s  o u t s i d e  t h e  
i r r a d i a t e d  a r e a  i n  t h e  c y c l o t r o n  
s a m p l e  a n d  a p p e a r s  a s  w e l l  i n  t h e  
u n i r r a d i a t e d  c o n t r o l  sample ,  i t  seems 
t h a t  t h e  e f f e c t  i s ,  a t  l e a s t  p r i m a r i l y ,  
d u e  t o  t h e  c o l d  work i n t r o d u c e d . i n  
f a b r i c a t i n g  t h e  f l a t t e n e d  tube  s e c t i o n  
u s e d  f o r  b o t h  c y c l o t r o n  t a r g e t  and 
c o n t r o l  specimens.  Subsequent  t he rma l  
h i s t o r y  v e r y  l i k e l y  a c c o u n t s  f o r  t h e  
r e c r y s t a l l i z a t i o n  o b s e r v e d .  F u r t h e r  
s t u d y  w i l l  be  d i r e c t e d  toward  d e t e r -  
m i n i n g  t h e  r e a l i t y  o f  t h e  e f f e c t ;  
e f f o r t s  w i l l  be  made t o  i n c r e a s e  t h e  
p r e c i s i o n  o f  t h e  t e m p e r a t u r e s  o f  t h e  

con  t r o 1 s pe  c imen s , and  bom b a r  dmen t 
of  t h i c k  s a m p l e s  o f  i n c o n e l  w i l l  be  
unde r t aken  f o r  m e t a l l u r g i c a l  a n a l y s i s .  

Water-Cooled Targets. To i n c r e a s e  
t h e  maximum e n e r g y  w h i c h  c a n  b e  
d i s s i p a t e d  a t  t h e  t a r g e t  w i t h o u t  
e x c e e d i n g  1500°F  a t  t h e  f r o n t  f a c e ,  
s e v e r a l  t y p e s  o f  wa te r - coo led  t a r g e t s  
have  been  d e s i g n e d .  The f i r s t  con-  
s i s t s  o f  a 3 / 8  X 1/2 X 2 .5  i n .  c o o l i n g  
b a r  o f  s t a i n l e s s  s t e e l  b r a z e d  t o  a 
f l  a t  t ened  1/2-in. coppe r  tube  through 
w h i c h  w a t e r  i s  c i r c u l a t e d .  F u e l  
e l e m e n t s  a n d  o t h e r  t a r g e t s  a r e  
mounted on t h i s  b lock .  

P r e l i m i n a r y  i r r a d i a t i o n s  i n  t h e  
c a l u t r o n  i n d i c a t e d  t h a t  w i t h o u t  
e x c e e d i n g  1 5 0 0 ° F  on  t h e  t a r g e t ,  a s  
much a 3 kw o f  p r o t o n  beam c o u l d  be 
d i s s i p a t e d  on t h i s  s t a i n l e s s  s t e e l  
c o o l i n g  s u r f a c e .  H o w e v e r ,  w i t h  a 
f u e l  p i n  mounted on t h i s  s u r f a c e ,  i t  
was n o t  p o s s i b l e  t o  i n t r o d u c e  more  
t h a n  a b o u t  4 0 0  w a t t s  t o  t h e  t a r g e t  
w i t h o u t  exceed ing  t h e  1500°F boundary 
c o n d i t i o n  o n  t h e  f u e l  p i n .  T h i s  
d i s c r e p a n c y ,  u n r e s o l v e d  f o r  some 
t i m e ,  was r emoved  w i t h  t h e  r e c e n t  
e v a l u a t i o n  o f  t h e  v e r y  low t h e r m a l  
c o n d u c t i v i t y  o f  t h e  e u t e c t i c  m i x t u r e .  
C a l c u l a t i o n s  based  upon t h i s  conduc-  
t i v i t y  v a l u e  i n d i c a t e  t h a t  a b o u t  
320 w a t t s  c a n  be  d i s s i p a t e d  i n  t h i s  
geometry ,  i n  t h e  absence  o f  s i g n i f i -  
c a n t  c o n v e c t i o n  e f f e c t s .  One f u e l  
e lement  h a s  b e e n  b o m b a r d e d  o n  t h e  
w a t e r - c o o l e d  moun t  u s i n g  a t h e r m o -  
coup le  mounted on t h e  i r r a d i a t e d  f a c e  
t o  c o n t r o l  t h e  beam c u r r e n t .  A beam 
c u r r e n t  o f  a b o u t  2 0  amp ( a b o u t  4 0 0  
w a t t s )  m a i n t a i n e d  t h e  t a r g e t  a t  t h e  
re qu i  r ed temp e r a t u r e , i n e s s e n t i a 1 
q u a n t i t a t i v e  a g r e e m e n t  w i t h  t h e  
i n d i  c a t e d  c a 1  cu 1 a t  i o n .  

The f u e l  p i n  t h u s  bombarded showed 
a t  5 f t  s e v e r a l  r o e n t g e n s  o f  r a d i o -  
a c t i v i t y  a t  t h e  end o f  a 1 h r  i r r a d i -  
a t i o n  a n d  t h u s  f a r  h a s  n o t  b e e n  
ana lyzed .  _The p i n  i t s e l f ,  e x c e p t  f o r  
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t h e  manner o f  c o o l i n g ,  was i d e n t i c a l  
w i t h  t h e  s e r i e s  o f  r a d i a t i o n - c o o l e d  
p i n s  d i s c u s s e d  a b o v e ,  and  a n a l y t i c  
r e s u l t s  can be compared d i r e c t l y  w i t h  
t h e  c o n t r o l  s a m p l e s  o f  t h e  e a r l i e r  
s e r i e s .  

Two f u r t h e r  t y p e s  o f  w a t e r - c o o l e d  
t a r g e t s  a r e  a t  v a r i o u s  s t a g e s  o f  
c o m p l e t i o n ;  e a c h  h a s  w a t e r  c h a n n e l s  
and t h i n  window f u e l  chambers  and i s  
machined from a s i n g l e  i n c o n e l  b lock .  
One o f  e a c h  t y p e  h a s  b e e n  p r e p a r e d  
and  i s  r e a d y  t o  be f i l l e d  w i t h  t h e  
f l u o r i d e  e u t e c t i c .  

X-RAY WORK 

G. E. K l e i n  and F. A .  S h e r r i l l  

A H i l g e r  HRX X - r a y - d i f f r a c t i o n  
u n i t  h a s  b e e n  i n s t a l l e d  and  p l a c e d  
i n  o p e r a t i n g  c o n d i t i o n .  S l i g h t  
m o d i f i c a t i o n s  were made i n  t h e  vacuum 
s y s t e m  t o  i n s u r e  s a t i s f a c t o r y  o p e r -  
a t i o n .  T h e  H i l g e r  t u b e  h a s  f o u r  
windows and i t s  anode c o n t a i n s  s e c t o r s  
o f  c o p p e r ,  c o b a l t ,  c h r o m i u m ,  a n d  
s i l v e r .  I t  i s  p o s s i b l e  t o  s i m u l t a -  
n e o u s l y  o b t a i n  s e v e r a l  d i f f e r e n t  
r a d i a t i o n s  f rom t h e  v a r i o u s  windows 
a n d  t o  q u i c k l y  s h i f t  t h e  r a d i a t i o n  
b e i n g  g i v e n  o f f  a t  any  p a r t i c u l a r  
window. T h i s  i s  a d i s t i n c t  advan tage  
when w o r k i n g  w i t h  m a t e r i a l s  n o t  
s u i t e d  t o  t h e  u s e  o f  t h e  c o n v e n t i o n a l  
copper  r a d i a t i o n  and a l s o  where i t  i s  
a d v a n t a g e o u s  t o  u s e  m o r e  t h a n  o n e  
r a d i a t i o n  i n  t h e  e x a m i n a t i o n  o f  a 
s i n g l e  sample.  

A N o r t h  Amer ican  P h i l i p s  G e i g e r -  
c o u n t e r  s p e c t r o m e t e r  h a s  been p l a c e d  
i n  o p e r a t i o n  u s i n g  t h e  X - r a y  r a d i a -  
t i o n  from t h e  H i l g e r  u n i t  s i n c e  t h i s  
i s  t h e  o n l y  X-ray s o u r c e  a v a i l a b l e  a t  
t h e  p r e s e n t  t ime.  I t  i s  p r o p o s e d  t o  
i n s t a l l  a P h i l i p s  c o p p e r - t a r g e t  t u b e  
a n d  t u b e  h e a d  o n  a s e p a r a t e  t a b l e  
wh ich  w i l l  b e  u s e d  t o  p r o v i d e  t h e  

X - r a y  s o u r c e  f c  
d u r i n g  n o r m a l  
r e s e r v e  t h e  r a d i i  
u n i t  o n l y  f o r  t i  
o t h e r  t h a n  coppe  
P h i l i p s  t u b e  w i  
t h e  power s u p p l y  
The b a s i c  r eason  
t u b e  w i t h  t h e  s p  
se a1 ed -  o f f t u b e  
t u b e  p r o v i d e s  a 
X-ray  e n e r g y  O U I  

i s  p rov ided  by a c( 
t u b e  s u c h  a s  t 
c o n s t a n t  X - r a y  
f o r  t h e  e f f i c i  
G e i g e r -  coun t e r  r 
a d d i  t i o n  a 1  o p e n  
tube  head  w i l l  bc 
and ba c k-  r e  f 1 e c t: 

A d a r k  room I 
i n  L a b o r a t o r y  9 ,  
m e n t  t a n k  h a s  
connec ted .  E l e c  
h a v e  been  p r o v i  
n e c e s s a r y  f i x t u r e  

Two 114.59-mm 
c a m e r a s ,  a Norc 
s c a l e  a n d  f i l m  
v i e w e r  f o r  t h e  
r e c e i v e d .  A b a '  
a n d  s a m p l e  h o l c  
a l o n g  w i t h  n e c e s  
u s e  w i t h  t h e  H i 1  

T h e  X - r a y  
u t i l i z e d  t o  t a  
p a t t e r n s  f o r d e t  
o f  z i n c  and cop  
Powder p a t t e r n s  
i d e n t i f i c a t i o n  
n u m e r o u s  m a t e r :  
i m p u r i t i e s  or st 
s u s p e c t e d .  T in  
1 6 O C  was  e x a m i  
t r o m e t e r  t o  d e  
me thods  u s e d  h a  
p r o d u c i n g  g r a y  
showed no e v i d e n  
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e n s i o n  c a b l e  w h i c h  i s  y e t  
e i v e d  w i l l  p r o v i d e  a con-  
l e t w e e n  t h e  H i l g e r  p o w e r  
.d t h e  s p e c t r o m e t e r  t o  b e  

t h e  h o t  c e l l  and  be tween  
e r  p o w e r  s u p p l y  a n d  t h e  
- r a y  tube.  When t h e  comple t e  
t i o n  i s  m a d e  i t  w i l l  b e  
t o  o p e r a t e  a n y  o n e  o f  t h e  
t s  a t  any  p a r t i c u l a r  t i m e  
change o f  connec t ions .  

zompl  e t e l y  e q u i p p e d ,  t h e  
b ra to ry  w i l l  b e  i n  a p o s i t i o n  
! X - r a y  p r o b l e m s  c o n c e r n e d  
h n o r m a l  a n d  i r r a d i a t e d  
,. The v e r s a t i l i t y  o f  t h e  
, w i l l  make i t  p o s s i b l e  t o  
e mos t  a d v a n t a g e o u s  method 
t e r i a l  unde r  i n v e s t i g a t i o n .  

THERMAL CONDUCTIVITY OF 
RUCTURAL MATERIALS AT 
HIGH TEMPERATURES 

A. Foner  Cohen 

a m p l e  o f  i n c o n e l  h a s  b e e n  
d t o  i n - p i l e  t e s t s .  T h e  
c o n d u c t i v i t y  a p p e a r s  t o  
by a f a c t o r  o f  two i n  l e s s  

week o f  e x p o s u r e  i n  t h e  
td t h e n  r e a c h e s  an a p p r o x i -  
I n s t a n t  v a l u e .  The  s a m p l e  
i r e  was a p p r o x i m a t e l y  820°C 
bove exper iment .  The e f f e c t  
, p i l e  t e m p e r a t u r e  a n n e a l  by 
n g  t h e  t e m p e r a t u r e  o f  t h e  

a p p r o x i m a t e l y  7OoC f o r  4 0  
;hen r e t u r n i n g  t h e  spec imen  
p e r a t u r e  o f  82OOC c a u s e d  
g o u t  o f  a p p r o x i m a t e l y  20% 
a m a g e ,  a f t e r  w h i c h ,  w i t h  
i r r a d i  a t  i o n ,  t h e  t h e  rma 1 
i t y  d e c r e a s e d  by t h i s  amount 
ach ing  an e q u i l i b r i u m  va lue .  
I t s  d i s c u s s e d  above  a r e  t o  
l e r e d  p r e l i m i n a r y  u n t i l  more 
ire measured.  O t h e r  e x p e r i -  
e i n  p r o g r e s s  o n  t y p e s  316 

a n d  3 1 0  s t a i n l e s s  s t e e l  a n d  p u r e  
n i c k e l .  The e x p e r i m e n t s  i n  p r o g r e s s  
a r e  p l a n n e d  t o  g i v e  
t h e  f l u x  d e p e n d e n c e  
c o n d u c t i v i t y  i n  t h e  
d e t a i l e d  i n  f o r m a t i o n  
a n n e a l i n g  o u t  o f  t h e  
a n t i c i p a t e d .  

i n f o r m a t i o n  on  
o f  t h e  t h e r m a l  
a l l o y s .  More  
con c e r n i n  g t h e  
damage i s  a l s o  

ELECTBICAL AND THERMAL C O N D ~ J C T I V I T Y  
OF METALS 

A .  Foner  Cohen and L. C. Templeton 

C i r c u i t r y  for t h e  i n - p i l e  measure-  
ment  o f  e l e c t r i c a l  c o n d u c t i v i t y  o f  
p u r e  m e t a l s  and f o r  r e l a t i v e  changes  
i n  t h e  t h e r m a l  c o n d u c t i v i t y  h a s  been 
completed.  Most o f  t h e s e  measurements  
w i l l  b e  made  a t  t e m p e r a t u r e s  n o t  
e x c e e d i n g  400OC. The f i r s t  m a t e r i a l  
i n  t h i s  c l a s s  o f  m a t e r i a l s  i s  p u r e  
n i c k e l .  A p r e l i m i n a r y  a p p a r a t u s  f o r  
m e a s u r i n g  t h e  m a g n e t o r e s i s t a n c e  o f  
m e t a l s  o r  a l l o y s  b e f o r e  a n d  a f t e r  
p i l e  i r r a d i a t i o n  a t  t e m p e r a t u r e s  u p  
t o  a p p r o x i m a t e l y  800OC h a s  b e e n  
d e s i g n e d  and  some o f  t h e  p a r t s  h a v e  
been  made. 

METAL CRYSTALS 

T. H. B l e w i t t  R. R. Coltman, Jr. 
R. E. Jamison  

D u r i n g  t h e  p a s t  q u a r t e r  t h e  work 
d e s c r i b e d  i n  p r e v i o u s  r e p o r t s ( l e 2 )  
h a s  b e e n  c o n t i n u e d ,  a d d i t i o n a l  
e x p e r i m e n t s  h a v e  been  s t a r t e d ,  and  
new expe r imen ta l  f a c i l i t i e s  have  been 
added.  The s t a t u s  o f  e a c h  o f  t h e s e  
w i l l  be d i s c u s s e d  i n  some d e t a i l .  

(‘IT. 9; Blewitt, R. R. Coltman, and F. A. 
Sherrill, Study,of the Effect of Radiation on 
Metal Crystals, Physics of Solids Institute 
uarterl Progress R e  ort f o r  Period Ending 

Qonuary 3 l  1951, oRNtlO(5, p. 22 (July 17, 1951). 
(*IT. H. Blewitt and R. R. Coltman, “Metal 

Crystals,” Physics of Solids Institute Quarterly 
Pro ress R e  o r t  f o r  Period Endin April 3 0 ,  
1958, oRNLlg95, p. 17 (Nov. 12, 1956. 
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TABLE 6 . 1  

Elec tr i ca l  Resistivity of Copper Crystals  

T = t empera ture  ( O C ) ;  PT = r e s i s t i v i t y  a t  t empera ture  T; 4 2  = change 
t empera tu re  T. 

SAMPLE 

19A 

2 1A 

14B 

17A 

16A 

TREATMENT 

Anieal ed 

Exposed t o  
3.28 x 108r 
Y rays 

Annealed 

Exposed t o  
3.2 x 108r 
Y rays  

Annealed 

After 
2 x 10'*nvt 

Annealed 

After 
2 x 1018nvt 

Annealed 

After 
2 x 1018nvt 

T 
( "C) 

18.27 
17.58 
15.81 

17.48 
18.19 
12.43 

18.59 
20.86 
17.03 

13.85 
8.28 

19.19 
18.53 

19.64 
19.77 
18.94 
19.96 
18.72 
18.31 
15.82 

18.43 
18.01 

19.77 
20.25 
19.25 
18.26 
21.57 

17.80 
17.81 

20.70 
17.12 
20.37 

PT 
pohm- cm) 

1.6732 
1.6686 
1.6569 

1.6680 
1.6729 
1.6347 

1.6731 
1.6877 
1.6628 

1.6418 
1.6046 

1.6777 
1.6733 

1.6855 
1.6890 
1.6812 
1.6885 
1.6799 
1.6766 
1.6631 

1.6774 
1.6748 

1.6914 
1.6946 
1.6892 
1.6822 
1.7043 

1.6724 
1.6726 

1.6974 
1.6745 
1.6955 

f320 
(phm-cm) 

1.6846 
1.6846 
1.6847 

1.6846 
1.6849 
1.6848 

1.6824 
1.6819 
1.6825 

1.6825 
1.6822 

1.6830 
1.6830 

1.6879 
1.6904 
1.6882 
1.6887 
1.6884 
1.6878 
1.6908 

1.6878 
1.6880 

1.6929 
1.6929 
1.6942 
1.6937 
1.6939 

1,6870 
1.6871 

1.6928 
1.6936 
1.6931 

T' 
( OC) 

-196.03 
-196.01 

-195.91 
-196.01 

- 195.99 
- 196.02 
-196.03 

- 196.00 
-196.11 

- 195.99 
-196.02 

- 195.97 
-196.04 
-196.07 - 196.02 
- 196.03 

- 195.98 
-196.02 

-196.05 
-196.04 
-196.01 
- 196.01 

- 195.99 
-196.04 

-196.03 
-196.06 
- 195.94 

PT' 
jmhm- cm) 

.19692 

.19678 

.19726 

.19642 

.19922 
-19885 
.19926 

.19941 

.19828 

.20129 

.30118 

.20608 

.20599 

.20537 

.20543 

.20565 

.20248 

.20222 

.20643 

.20640 

.20677 

.20680 

.20305 

.20269 

,207 55 
.20720 
.20755 

p-196.0 
( p h m -  c m )  

.19412 

.19685 

.19666 

.19649 

.19915 

.19898 

.19945 

.19941 

.19902 

.20107 

.20131 

.20588 

.20 586 

.20584 

.20555 

.20585 

.20235 

.20235 

.20677 
-20666 
.20677 
.20687 

.20298 

.20296 

.2077 5 

.20760 

.20715 
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MARY 

, 0 0 0 1  pohm-cm 
.ohm-cm a f t e r  

.00014 pohm- 
pohm-cm a f t e r  

, 0 0 0 2  pohm-cm 
:ohm-cm a f t e r  

.00018 pohm- 
I 0 2 0  pohm-cm 

, 0 0 0 0  pohm-cm 
sohm-cm a f t e r  

.00012 pohm- 
IO10 pohm-cm 

, 0 0 0 1  pohm-cm 
iohm-cm a f t e r  

.OOOOO pohm- 
I 0 0 5  pohm-cm 

. O O O l  pohm-cm 
lohm-cm a f t e r  

.00001 pohm- 
1023 pohm-cm 

ty o f  Copper 
r r a d  i a t  i o n .  
r e s u l t s  o f  

quid  n i t r o g e n  
s o n  c o p p e r  
i f t e r  a p i l e  

n v t .  The  
i r e  u s e d  i s  

i n  a p r e v i o u s  
1 drop  a c r o s s  

a known ga l  
Rubi con t y  
PO t e n  t iome 
were s i n t e  
temper  a t u  r 
cons  t an  tan  

The res 
a n o m o l o u s  
induced  r e :  
a t u r e  d e €  
res i  s t i  v i  1 
290"A t h a n  
t h e  r a d i a l  
s m a l l  t h a i  
t h i s  phena 
t h e  observs 
t h e  p robab  
t o  n o t e  t h  
m e  a s u  r e d  
w i  th  t h o s e  
o l d e r  r e s u  
t h  a t  r a d i  
temper  a t u  r 
re  s i  s t an  ce 
To a f i r s t  
t h e  methoc 
g a v e  t h e  F 
re si s ti  v i  t i  

F u r t h e  
temp e r a  t u  r 
a t  p r e s e n t  
r e p o r t ,  ( '  
m e  asuremer  
u s e  o f  a c 
a temp e r a t  
men t s h ave 
w i l l  r e s u  
hundred ths  
r e s u l t s  a r  
m e  a s u  r e m  e 
e i t h e r  l i  
h y d r o g e n  
r e s i d u a l  1 

d i a m e t e r  h 
' h e  i r r a d i  
be  m a d e  i 

*In previ  
hardness wi tl 
observed whil 
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TABLE 6.2  

Measurements of the E l e c t r i c a l  Resistance of Copper S ing le  
Crystals  by Comparison w i t h  the Resistance 

of a Standard Control Specimen 

01 42-A 
men 39-A 
erence 

I 
01 42-A 
men 39-A 
erence 

f ference 
.s I and 11)  

lntrol 39-B 
.men 39-4 
yerence 

I 
lntrol 39-B 
men 39-A 
erence 

f ference  
s I and 11)  

RESISTANCE (whm) AT 
ROOM TEMPERATURE 

57.9150 
57.9204 

0.0054 

57.8014 
57.8121 

0.0107 

57.9043 
57.9060 

0.0017 

57.8073 
57.8128 

0.0055 

0.0058 f 0.0024 

58.5987 
57.8328 
-0.7659 

58.5160 
57.7502 
-0.7658 

58.5828 
57.8138 
-0.7690 

58.5153 
57.7492 
-0.7661 

-0.7667 rt 0 .0011 

RESISTANCE (whm 
LIQUID NITROGEN TEMI 

I :  I = 5.0 amp 

6.8920 
6.9219 
0.0299 

6.8857 
6.9160 
0.0303 

0.0287 * 0.0011 

6.91737 
6.90643 

- 0.01094 

6.9289 
6.9179 

-0.0110 

-0 .0122 k 0.001: 

t y  d e s c r i b e d  l a t e r  i n  t h i s  
. I t  i s  e s t i m a t e d  t h a t  t h e  
ux w i l l  b e  u p  by a f a c t o r  o f  
o v e r  t h a t  o f  t h e  i r r a d i a t i o n s  

s l y  made i n  t h e  X p i l e .  

t h e r  e x p e r i m e n t s  h a v e  b e e n  
I on t h e  samples  f o r  which t h e  
own i n  T a b l e  6 . 1  w a s  de te rmined .  
IS d e s i r a b l e  t h a t  e x p e r i m e n t a l  
:e be  o b t a i n e d  t o  show a c o r r e -  
between r a d i a t i o n  h a r d n e s s  and 
:rease i n  r e s i s t i v i t y  r e s u l t i n g  

from r a d i a t i o n ;  c o n s e q u e n t 1  
samples  w i l l  be  a n n e a l e d  a t  t empera -  
t u r e s  r a n g i n g  f rom 2 5 0  t o  4 O O 0 C , ( ' )  
and t h e  r e s i s t i v i t y  and s t r e s s - s t r a i n  
s u b s e q u e n t l y  w i l l  b e  d e t e r m i n e d .  
S i n c e  i t  i s  d e s i r a b l e  t o  p e r f o r m  t h e  
a n n e a l i n g  i n  a vacuum a W i l s o n  s e a l  
h a s  b e e n  c o n s t r u c t e d  s o  t h a t  t h e  
samples  can be g i v e n  a s p e c i f i e d  h e a t  
t r e a t m e n t  in a vacuum. I t  i s  i n t e r -  
e s t i n g  t o  n o t e  t h a t  i n c r e a s e  i n  
r e s i s t i v i t y  induced  by work h a r d e n i n g  
i s  r educed  a t  t e m p e r a t u r e s  below t h a t  
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r y  o f  t h e  
g t h a t  a t  
o b s e r v e d  
y i s  n o t  
rork h a r d -  

i c e  o f  t h e  
e r v e d  from 
6 . 1  may b e  
n - i n d u c e d  
s t a n t s  o f  
2 a l c u l a t e d  
nd vacancy 
n t s .  These 
a t  i n t e r -  
c r e a s e  t h e  
:a1 o r d e r s  
ed  f rom a 
ncy  a t o m s  
; a n t s  o n l y  
? c t e d  from 
t h e  e f f e c t  
need  t o  be 
cu  l a  t i o n  s 
atoms w i l l  
s t a n t s  i n  
s shown i n  
c e  o f  t h e  
: r a t u r e  on 
5 e x p r e s s e d  

73/2 r3 

where 

K = bu lk  modulus,  

3 . 6  x 1 0 ’ ~  
C =  

~ 1 / 3  1/3 P 
(A = a tomic  weight :  p =  d e n s i t y ) ,  

(T = P o i s s o n ’ s  r a t i o .  

For an o r d e r  o f  magni tude c a l c u l a t i o n  
i t  c a n  b e  a s s u m e d  t h a t  t h e  c o p p e r  
c r y s t a l s  a r e  i s o t o p i c ,  a n d  w e  t h e n  
have t h e  f o l l o w i n g  r e l a t i o n s h i p s  
be  tween t h e  e l  a s  t i c  con s t  a n t s .  

where S i j  a r e  e l a s t i c  moduli .  I t  can 
be  shown f o r  f c c  c r y s t a l s  t h a t  t h e  
r e l a t i  on  s h i p  b e  t w e e n  t h e  e l  a s  t i c 
modul i ,  S .  ., and t h e  e l a s t i c  c o n s t a n t ,  
C . . ,  i s  1.7 

‘I 

s 1 2  C l 2  

Then in a c c o r d a n c e  w i t h  t h e  assump- 
t i o n s  made w e  can w r i t e  

1/3 

1 

1 

‘stirate O f  the b ,COT&;): I en t s To a f i r s t - o r d e r  
i n  t h e  e l a s t i c  

approx ima t ion  changes 
c o n s t a n t s  w i l l  a f f e c t  
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TABLE 6 . 3  

; of I n t e r s t i t i a l s  on the E l a s t i c  Coef f i c i ent s  of ( 

ELASTIC CONSTANTS (dync 

3 ia  ted ) 

a t e d )  

- e,,](%) 

1 

x = 0% 

5.1 X 10" 

8.6 X 10" 

1.33 x lo', 

2.125 X 1 O I 2  

1.355 X lo', 

PERCENT INTERSTITI1 

x = 1% 

5.3 x 10" 

0.2 x loll 

3.9 

9.4 x 10" 

0.8 X 10" 

9.3 

1.45 X lo', 

0.12 x lo', 
9.0 

2.32 X 1OI2 

0.195 X l o 1 ,  

9.2 

1.417 X lo', 

0.062 X lo', 

4.56 
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o n l y  t h e  n u m e r a t o r .  T h u s ,  f o r  an 
o r d e r  o f  magni tude c a l c u l a t i o n  

S u b s  t i t u  t i n  g D i  en e s ' c a 1  cu 1 a t e d  
e f f e c t s  on t h e  e l a s t i c  c o n s t a n t s  w e  
o b t a i n  

"-[ 1.33 X 10" ] ' I z  
I 

1.45  x lot2 O D  A 

where 6 D B  i s  t h e  Debye c h a r a c t e r i s t i c  
t e m p e r a t u r e  b e f o r e  i r r a d i a t i o n  and  
O B A  i s  t h e  D e b y e  c h a r a c t e r i s t i c  
t e m p e r a t u r e  a f t e r  i r r a d i a t i o n .  I f  
one t a k e s  f o r  6' a v a l u e  o f  333°A,(4) 
t h e n  O D ,  = 3 1 9  A .  I t  s h o u l d  b e  
emphasized t h a t  t h e  magn i tude  o f  t h e  
c h a n g e  i n  D e b y e  t e m p e r a t u r e  i s  
probably  much too  g r e a t  as  t h e  number 
o f  r e t a i n e d  i n t e r s t i t i a l  a t o m s  i s  
p r o b a b l y  c o n s i d e r a b l y  l e s s  t h a n  1% 
assumed. ( ) 

D B O  

The e f f e c t  o f  t h i s  change  i n  cha r -  
a c t e r i s t i c  t e m p e r a t u r e  on t h e  e l e c -  
t r i c a l  r e s i s t i v i t y  can  b e e s t i m a t e d  by 
t h e  u s e  o f G r u n i e s e n ' s  e q u a t i o n ,  which 
g i v e s  

where p i s  t h e  e l e c t r i c a l  r e s i s t i v i t y ,  
C, p, E and y a re  c o n s t a n t s ,  T i s  t h e  
a b s o l u t e  t e m p e r a t u r e ,  and  G i s  t h e  
G r u n i e s e n  f u n c t i o n  h a v i n g  a f i f t h  
power  d e p e n d e n c e  o n  ( B D / T ) .  The  
term ( 1  + yT + P T z )  w i l l  i n  g e n e r a l  
be s m a l l  and w i l l  be  n e g l e c t e d  h e r e .  
Then 

(4 )N .  F. Mott and H. Jones, The Theory of the 
P r o p e r t i e s  of  Metals and A 1  l oys ,  Clarendon Press, 
Oxford, 1936. 

For copper  a t  300'A w e  have  

and f o r  coppe r  a t  90'A w e  have  

and 

ru % Ap = pA - p B  = .OS3 p B  J ,0103 pohm-cm. 

These  c a l c u l a t i o n s  then  show t h a t  
i f  1% i n t e r s t i t i a l  a toms a r e  p r e s e n t  
and i f  t h e y  a f f e c t  t h e  e l a s t i c  con-  
s t a n t s  i n  a c c o r d a n c e  w i t h  D i e n e s '  
c a l  c u l  a t i  o n ,  t h  e D e  bye t e m p e r a  t u  re 
shou ld  d e c r e a s e ;  i n  t h e  c a s e  o f  copper  
t h i s  d e c r e a s e  s h o u l d  be  f rom 3 3 3  t o  
319'. The e l e c t r i c a l  r e s i s t i v i t y  o f  
c o p p e r  w i l l  t h e n  be  r a i s e d  by 6 / 1 0  
p e r c e n t  a t  room t e m p e r a t u r e  a n d  by 
a b o u t  5 p e r c e n t  a t  l i q u i d  n i t r o g e n  
t e m p e r a t u r e s .  The m a g n i t u d e  o f  t h e  
change r e s i s t a n c e ,  however ,  a t  t h e s e  
two t e m p e r a t u r e s  w i l l  be a p p r o x i m a t e l y  
e q u a l ,  t h e  l o w - t e m p e r a t u r e  i n c r e m e n t  
b e i n g  somewhat g r e a t e r .  I t  shou ld  be 
n o t e d  t h a t  o n l y  t h e  c h a n g e  i n  t h e  
t h e r m a l  component  o f  r e s i s t a n c e  h a s  
b e e n  c o n s i d e r e d  h e r e  a n d  t h a t  t h e  
i n t e r s t i t i a l s  w i l l  a l s o  c a u s e  an  
i n c r e a s e  i n  t h e  r e s i s t i v i t y .  I f  one 
t a k e s  s e r i o u s l y  t h e  s u g g e s t i o n ( ' )  
t h a t  t h e  i n t e r s t i t i a l  a t o m s  s h o u l d  
b e h a v e  l i k e  z i n c  i m p u r i t i e s ,  t h e  
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m a g n i t u d e  o f  t h i s  c h a n g e  s h o u l d  be 
. 3  whm-cm, which i s  c o n s i d e r a b l y  i n  
e x c e s s  o f  t h e  d e c r e a s e  a r i s i n g  from 
t h e  change  i n  t h e  e l a s t i c  c o n s t a n t .  
I t  can be s e e n  t h a t  t h e  magn i tude  o f  
t h e  c h a n g e s  i n d u c e d  by c h a n g e s  i n  
e l a s t i c  c o n s t a n t s  w i l l  be  an o r d e r  
of  magni t ude  lower  than  those  induced  
from t h e  r e s i d u a l  r e s i s t i v i t y .  There-  
f o r e ,  t o  a good a p p r o x i m a t i o n  i t  can 
be assumed i n  t h e  c a s e  o f  copper  t h a t  
t h e  Debye c h a r a c t e r i s t i c  t e m p e r a t u r e  
r ema ins  c o n s t a n t  d u r i n g  bombardment, 
hence,  t h e  anomolous r e s u l t s  r e p o r t e d  
t h e r e  canno t  be e x p l a i n e d  from changes 
i n  t h e  Debye t empera tu re .  

E f f e c t  o f  Rad 
R e f l e c t i o n  Coef 
c r y s t a l  o f  coppe 
a low-energy bean 
The energy  was 2 
was 1 5  pamp-hr .  
was s h i e l d e d  f r l  
s t u d i e s  were ther  
c r y s t a l  very  s l o t  
a n g l e  (1' p e r  hot 
r e f l e c t e d  r a d i a  
t u b e .  F i l t e r e d  
was u s e d  f o r  ths 
The r e s u l t s  a r e  i 
I f  t h e  s l i g h t  c 
t h e  t a i l  o f  t h e  

0.8 I I I I I I I  

0.7 
cn + 
f 0.6 
3 
> 

0.5 
U 
I- ! 0.4 
a 
>- 0.3 I- 
cn 

h 

v 

- 
2 0.2 
z - 
0. I 
L 

0 

I I I I I I I I I I I  
-20 -16 -12 -8 -4 0 4 8 12 16 20 24 

ANGLE (min) 

F i g .  6 . 3 .  The 220 Ref lect ion from an Unirradiated and an Irradiated Copper 
Crystal.  
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i n d i c a t i v e  o f  a d e c r e a s e  i n  t h e  
re f l e c  ti  on coe f f i c i en  t s . Apparen t ly  
t h e  e x t i n c t i o n  i n c r e a s e s  s l i g h t l y ,  
i n d i c a t i n g  an  i n c r e a s e  i n  t h e  p e r f e c -  
t i o n  o f  t h e  c r y s t a l .  

Effect of Radiation on the Stress- 
Strain C u r v e s  o f  P o l y c r y stalline 
Copper. Four  s t a n d a r d  . 5 0 5 - i n .  t e n -  
s i l e  specimens were machined from t h e  
s a m e  p i e c e  o f  OFHC c o p p e r .  T h e s e  
were  t h e n  g i v e n  an  i d e n t i c a l  h e a t  
t r e a t m e n t  o f  1 h r  a t  9 5 0 ° C  i n  a 
vacuum o f  10'' mm o f  mercury.  Two o f  
t h e  s a m p l e s  were t h e n  p l a c e d  i n  t h e  
p i l e  and i r r a d i a t e d  i n  a n e u t r o n  f l u x  
o f  2 x 1 0 l 8  n v t .  The s t r e s s - s t r a i n  
c u r v e  was s u b s e q u e n t l y  m e a s u r e d  on 
a l l  f o u r  samples .  A Baldwin Southwark 
1 2 0 , 0 0 0 - l b  m a c h i n e  was u s e d .  The  
s t r a i n  was measured by a microformer .  
The r e s u l t s  a r e  shown i n  . F i g .  6 . 4 .  
I t  i s  c l e a r  t h a t  t h e  e l a s t i c  l i m i t  
i s  r a i s e d  s u b s t a n t i a l l y  a s  one  would 
e x p e c t  from t h e  d a t a ( ' )  o b t a i n e d  on 
s i n g l e  c r y s t a l s .  I t  a p p e a r s  t h a t  
u l t i m a t e  s t r e n g t h  i s  d e c r e a s e d  
s l i g h t l y .  

40 I I I 

A L L  SAMPLES ANNEALED I N  A VACUUM 7 
1 hr AT 1 0 0 0 ° C  9 /' 

B NO 30, UNIRRADIATED OFHC COPPER 
0 NO 32, UNIRRADIATED OFHC COPPER 
o NO 33, 2 ~ 1 0 ' ~  n v l  OFHC COPPER 
o NO 31, 2 ~ 1 0 ' ~ n v t  OFHC COPPER 

- 

iv x 
I I I I 1 

I10 115 1 2 0  1 2 5  4'0 105 
STRAIN ( I t  y )  

Fig. 6.4. Effect of Radiation on 
the Str e s s - S t r a i n  C u r v e s  of P o l y -  
crystalline Copper. 

Study of the Radiation Effects o n  
Disordered Cu, Au. An e x p e r i m e n t  i s  
now u n d e r  way which p r o m i s e s  t o  g i v e  
some i n s i g h t  i n t o  t h e  mechan i sm o f  
r a d i a t i o n  damage. C o n s i d e r a b l e  work 
h a s  been done( * 6 ,  i n  t h e  p a s t  on t h e  
e f f e c t s  o f  r a d i a t i o n  on o r d e r e d  and 
d i s o r d e r e d  Cu,Au. The  r e s u l t s  o f  
t h e s e  expe r imen t s  c l e a r l y  showed t h a t  
d i s o r d e r  r e s u l t e d  from t h e  n e u t r o n  
bombardment i n  t h e  c a s e  o f  t h e  o r d e r e d  
system. I t  was obse rved ,  however,  by 
t h e  o b s e r v e r s  a t  H a r w e l l  t h a t  t h e  
o r d e r e d  s a m p l e  a t  f i r s t  s e e m e d  t o  
r e a c h  a s l i g h t l y  h i g h e r  d e g r e e  o f  
o r d e r  wh ich  t h e n  d e c r e a s e d  r a p i d l y  
w i t h  f u r t h e r  bombardment .  The  o b -  
s e r v e r s  a t  Chalk R i v e r  found a s i m i l a r  
e f f e c t  and f u r t h e r  found t h a t  i n  some 
c a s e s  a d i s o r d e r e d  a l l o y  a p p a r e n t l y  
was o r d e r e d .  T h e r e  was  a s l i g h t  
i n d i c a t i o n  i n  t h e  S i e g e l  and B i l l i n g t o n  
d a t a  t h a t  some o r d e r i n g  o c c u r r e d  i n  
a d i s o r d e r e d  sample a s  t he  e l e c t r i c a l  
r e s i s t i v i t y  d e c r e a s e d  s l i g h t l y  a f t e r  
c o r r e c t i o n  f o r  t h e  mercu ry  formed by 
t r a n s m u t a t i o n .  I t  i s  i n t e r e s t i n g  t o  
n o t e  t h a t  c o l d  work o f  o r d e r e d  Cu,Au 
c r y s t a l s  shows a b e h a v i o r  s i m i l a r  t o  
t h a t  r e p o r t e d  f o r  t h e  i r r a d i a t i o n  o f  
o r d e r e d  Cu,Au by t h e  H a r w e l l  o b s e r v -  
e r s ,  n a m e l y ,  t h e  o r d e r  a p p a r e n t l y  
i n c r e a s e s  f o r  s m a l l  damage and  t h e n  
ap p a ren  t 1 y de  c r e  a s  e s r ap i d 1 y . 

S i e g e l  and B i l l i n g t o n  have  s u g g e s t e d  
t h a t  t h e  d i s o r d e r  i s  p roduced  by t h e  
h i g h l y  l o c a l i z e d  t e m p e r a t u r e  o f  t h e  
the rma l  s p i k e s  which i s  t h e n  r a p i d l y  
quenched ,  l e a v i n g  t h e  a l l o y  i n  t h e  
v i c i n i t y  o f  t h e  thermal  s p i k e  i n  h i g h -  
t e m p e r a t u r e  p h a s e .  I t  s e e m s  t h a t  
r a d i a t i o n  o r d e r i n g  can be u n d e r s t o o d  
by a c o n s i d e r a t i o n  o f  t h e  e f f e c t  o f  
t h e  i m p e r f e c t i o n s  i n d u c e d  by t h e  

(')S. S i e g e l ,  "Effect of Ne$tron Bombardment 
on Order i n  the  Al loy  Cu,Au, P h y s .  R e v .  7 5 ,  
1823 (1949). 

( 6 ) L .  G. Cook and R. L. Cushing, Efl e c t s  of 
Neutron I r r a d i a t i o n  on the S t ruc ture  of t e Order- 
Disorder A1 loy  Cu,Au, I"-3235 (May 2 5 ,  1951). 
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n e u t r o n  k n o c k - o n s  on  t h e  d i f f u s i o n  
p r o c e s s .  H u n t i n g t o n  a n d  si et^(^) 
h a v e  shown t h e o r e  t i c a l l y  t h a t  d i f -  
f u s i o n  s h o u l d  o c c u r  by a v a c a n c y  
m e c h a n i s m ,  and  r e c e n t  e x p e r i m e n t s  
s u p p o r t  t h e i r  t h e o r y ;  c o n s e q u e n t l y ,  
i f  an a p p r e c i a b l e  number o f  v a c a n c i e s  
a r e  g e n e r a t e d  by a p i l e  i r r a d i a t i o n  
t h e n  t h e  d i f f u s i o n  r a t e  s h o u l d  i n -  
c r e a s e  s u b s t a n t i a l l y  and t h e  r e l a x -  
a t i o n  t ime  o f  t h e  o r d e r i n g  p r o c e s s  
s h o u l d  be lowered.  

L e t  u s  now c o n s i d e r  t h e  e f f e c t  o f  
a 2-Mev n e u t r o n  on sample Cu3Au. The 
n e u t r o n  w i l l  knock on an atom, c a u s i n g  
i t  t o  be d i s p l a c e d  from i t s  l a t t i c e  
s i t e  w i t h  a k i n e t i c  e n e r g y  o f  s e v e r a l  
hundred  Kev. T h i s  e n e r g y  w i l l  t h e n  
be l o s t ,  l a r g e l y  by i n e l a s t i c  c o l l i -  
s i o n ,  u n t i l  a t h r e s h o l d  e n e r g y  i s  
r e a c h e d ,  a n d  t h e n  t h e  r e m a i n i n g  
e n e r g y  w i l l  b e  l o s t ,  p r i m a r i l y  by 
e l a s t i c  b i l l i a r d  b a l l  t y p e  c o l l i s i o n s .  
In  t h i s  l a t t e r  p r o c e s s  f u r t h e r  atoms 
w i l l  be  d i s p l a c e d  from t h e  e q u i l i b r i u m  
c o n d i t i o n s  by t h i s  p r i m a r y  knocked-on 
atom, some w i t h  s u f f i c i e n t  e n e r g y  t o  
be d i s p l a c e d  from t h e i r  l a t t i c e  s i t e s  
and o t h e r s  wi th  o n l y  s u f f i c i e n t  energy  
t o  o s c i l l a t e  a b o u t  t h e i r  l a t t i c e  
p o s i t i o n  i n  a manner  e q u i v a l e n t  t o  
the rma l  o s c i l l a t i o n .  I n  t h e  c a s e  o f  
a d i s o r d e r e d  s a m p l e  t h i s  e q u i v a l e n t  
t h e r m a l  o s c i l l a t i o n  w i l l  h ave  l i t t l e  
e f f e c t  s i n c e  t h e  s a m p l e  i s  a l r e a d y  
i n  t h e  h i g h -  t e m p e r a t u r e  e q u i l i b r i u m  
c o n d i t i o n .  T h e  r a p i d  d i s s i p a t i o n  
o f  t h e  l a t t i c e  o s c i l l a t i o n s  w i l l  
b e  e q u i v a l e n t  to a r a p i d  q u e n c h .  
A p h a s e  s t a b l e  a t  h i g h  t e m p e r a -  
t u r e s  w i l l  t h u s  be  r e t a i n e d  i n  t h e  
r eg ion  i n  t h e  v i c i n i t y  o f  t h e  knocked- 
on a tom.  I n  t h e  c a s e  o f  o r d e r e d  
a l l o y s  t h e  d i s o r d e r e d  phase  i s  s t a b l e  
a t  h i g h  t e m p e r a t u r e s .  However ,  i n  
t h e  v i c i n i t y  o f  t h e  knocked-on  atom 
t h e r e  w i l l  a l s o  b e  a l a r g e  number o f  

(7)H. B. Huntington and F. S e i t z ,  "M~~hanisrn 
P h y s .  for  Self-Diffusion i n  Metal l ic  Copper, 

Rev .  61, 315 (1942). 

i n t e r s t i t i a l  and vaci 
o f  magni t ude  c a l  c u l  a .  
t o  f i n d  t h e  number ( 

i n t e r s t i  t i a l s  c r e a t e (  
The number o f  p r i m a r  
be g iven  by 

where 

us s c a t t e r i n g  C I  

nv = n e u t r o n  f l u x ,  

t t ime,  

N = number o f  a t (  

For copper  us i s  E 

thermal  n e u t r o n s  and 
an a s s u m p t i o n  o f  abc 
b e  made. Then f o r  a 
ment i n  the  c e n t e r  ol 

c e n t i m e t e r .  

Each  p r i m a r y  d i  s p l  a 
t u r n  cause  s e c o n d a r  
knock-ons.  T h e  t o  
knock-ons w i l l  t h e n  k 

nd = n, 

S e i t z ( ' )  h a s  c a l c u l  
o f  d i s p l a c e d  atoms P E  
on f o r  s e v e r a l  l i g h t  
i t  i s  assumed t h a t  h 
f o r  a l u m i n u m  c a n  a .  
copper  and g o l d ,  then 

Nd = 6 x 1Ol7 x IO2 

('IF. Seitz ,  "GI the Diss 
Action o f  Fast Massive Part 
SOC., No. 5 ,  271 (1949). 
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d b e  n o t e d  t h a t  t h e  v a l u e  o f  
i s  p r o b a b l y  t o o  low. T h i s  

’ 6 x 10’’ d i s p l a c e d  atoms i s  
same o r d e r  a s  t h a t  o b t a i n e d  
e m e a s u r e d  v a l u e s  o f  t h e  

i n  e l e c t r i c a l  r e s i s t a n c e  o f  
i n g l e  c r y s t a l s  from a 1-month 
e n t  i n  t h e  X p i l e .  T h u s  t h e  
mber o f  d i s p l a c e d  atoms would 
. . 06% i f  t h e y  were homogene- 
i s  t r i  bu t e d .  However  , t h e s e  
: e d  a t o m s  w i l l  b e  h i g h l y  
e d  i n  t h e  v i c i n i t y  o f  t h e  
d i s p l a c e m e n t .  I f  we assume 
range  o f  t h e  d i s p l a c e d  atoms 

t h a t  t h e  o r d e r  o f  l o 4  a toms 
e r e  w i l l  be  6% i n t e r s t i t i a l  

t h i s  l o c a l i z e d  r e g i o n .  T h i s  
I p p r e c i a b l y  i n c r e a s e  t h e  d i f -  
b a t e  and l o w e r  t h e  r e l a x a t i o n  
r t h e  f o r m a t i o n  o f  o r d e r  i n  
mal sp ike .  I f ,  t hen ,  a sample 
ndered CujAu i s  i r r a d i a t e d  or 
J a t  a t e m p e r a t u r e  wh ich  i s  
igh t o  p r o h i b i t  o r d e r  w i t h o u t  
ence o f  t h e  a d d i t i o n a l  vacancy 
i t  s u f f i c i e n t l y  h i g h  s o  t h a t  
a b l e  o r d e r i n g  w i l l  o c c u r  i n  
s e n c e  o f  t h e  h i g h  number  o f  

a toms,  t h e n  t h e  r e s u l t  w i l l  
iber o f  o r d e r e d  r e g i o n s  e s s e n -  
he s i z e  o f  t h e  thermal  s p i k e s .  
’ and number o f  o r d e r e d  r e g i o n s  
meadily d e t e r m i n e d  from X-ray 
z t r i c a l  r e s i s t i v i t y  measure-  
I t  may be possible t h a t  the 

i f  v a c a n c i e s  can a l s o  b e  e s t i -  
:om t h e  re1 axa t i o n  t i m e  a f t e r  
lent .  

f o l l o w i n g  e x p e r i m e n t  i s  now 
? r fo rmed .  A sample  o f  CuBAu 

s y n t h e s i z e d  i n  t h e  l a b o r a t o r y  
n g  t h e  p r o c e d u r e  g i v e n  i n  
:e . ( ’ )  The sample  was homo- 

b y  an a n n e a l  a t  900°C f o r  
1 t hen  drawn t o  a 10 -mi l  wi re .  

rkes and H. Evans, “T)e Transformation 
)er-Gold Alloy Cu,Au, J .  I n s t .  Metals  
(1936). 

Some o f  t h e  w i r e  was s u b s e q u e n t l y  
a n n e a l e d  a t  825°C f o r  4 h r  and t h e n  
wound on a 1 / 4 - i n .  l a v i t e  s p o o l  t o  
form a h e l i x  w i t h  a p i t c h  o f  10 t u r n s  
p e r  i n c h .  P o t e n t i a l  p r o b e s  w e r e  
we lded  n e a r  t h e  e n d s  o f  t h e  h e l i x ,  
and t h e  a s s e m b l y  was t h e n  s e a l e d  i n  
an e v a c u a t e d  g l a s s  t u b e  ( 1  X mm 
p r e s s u r e )  and h e l d  a t  450°C f o r  4 h r  
i n  a v e r t i c a l l y  mounted t a p e  fu rnace .  
The g l a s s  t u b e  was t h e n  suspended  i n  
t h e  f u r n a c e  w i t h  a p i e c e  o f  n i c k e l  
w i r e  which was c u t  a t  t h e  end o f  t h e  
a n n e a l ,  d r o p p i n g  t h e  g l a s s  t u b e  w i t h  
t h e  assembly  i n t o  a w a t e r  b a t h .  The 
g l a s s  b r o k e o n  c o n t a c t  w i t h  t h e  w a t e r ,  
g i v i n g  a r a p i d  quench  and r e t a i n i n g  
t h e  d i s o r d e r e d  p h a s e .  T h i s  s a m p l e  
was mounted i n  a ho l low l a v i  t e  c y l i n d e r  
w i t h  a n i c h r o m e  w i n d i n g  s o  t h a t  a 
p r e d e t e r m i n e d  t e m p e r a t u r e  c o u l d  be  
reached .  The whole assembly was then  
mounted i n  a s t a i n l e s s  s t e e l  c a p s u l e  
w i t h  t h e  p o t e n t i a l ,  c u r r e n t ,  thermo- 
c o u p l e  a n d  h e a t e r  l e a d s  b r o u g h t  
t h rough  k o v a r  s e a l s ,  and t h e  c a p s u l e  
was e v a c u a t e d  t o  b e t t e r  t h a n  10’’ 
mm p r e s s u r e .  T h i s  s a m p l e  w i l l  
s h o r t l y  be i r r a d i a t e d  a t  250”C,  and 
t h e  e l e c t r i c a l  r e s i s t i v i t y  w i l l  b e  
measured a s  a f u n c t i o n  o f  i r r a d i a t i o n .  
The t e m p e r a t u r e  o f  250°C was d e t e r -  
mined f o r  t h e  f o l l o w i n g  r e a s o n s .  I n  
p r e v i o u s  c a l c u l a t i o n s  w e  have  shown 
t h a t  f o r  a 1 - m o n t h  b o m b a r d m e n t  i n  
t h e  X p i l e  3 X l o ”  p r i m a r y  knock-ons 
should  r e s u l t .  I f  i t  i s  assumed t h a t  
t h e r e  a r e  l o 4  a t o m s  i n  t h e  t h e r m a l  
s p i k e  and t h a t  t h e  e q u i l i b r i u m  degree  
o f  o r d e r  w i l l  r e s u l t  a t  250°C a s  a 
r e s u l t  o f  t h e  a d d i t i o n a l  v a c a n c i e s ,  
t h e n  a p p r o x i m a t e l y  1% o f  t h e  t o t a l  
volume w i l l  be  o rde red .  T h i s  w i l l  be  
e q u i v a l e n t  t o  a change i n  e l e c t r i c a l  
r e s i s t i v i t y  o f  a b o u t  3%. A t  200°C 
t h e  r e l a x a t i o n  t i m e  f o r  m a t e r i a l  
quenched a b o u t  t h e  c r i t i c a l  t empera-  
t u r e  i s  i n  e x c e s s  o f  1 0 , 0 0 0  h r .  
H o w e v e r ,  t h e  r e l a x a t i o n  t i m e  f o r  
o r d e r  w i t h i n  a domain i n  t h e  absence  
o f  a n t i p h a s e  b o u n d a r i e s  i s  o f  t h e  
o r d e r  o f  55 h r ,  c o n s e q u e n t l y  a t  250°C 
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t h e  t h e r m a l  s p i k e s  c a n  n u c l e a t e  t h e  
o r d e r  which can  t h e n  c o n t i n u e  a t  an 
a c c e l e r a t e d  r a t e .  The f l u x  i s  s o  low 
i n  t h e  X p i l e  t h a t  i t  i s  f e l t  t h a t  
some m a g n i f i c a t i o n  such  a s  i s  r e c e i v e d  
a t  t h i s  t e m p e r a t u r e  i s  n e c e s s a r y  t o  
o b t a i n  measu rab le  r e s u l t s .  

O t h e r  s a m p l e s  h a v e  b e e n  p r e p a r e d  
f o r  bombardment i n  t h e  LITR f a c i l i t y  
d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n  o f  
t h i s  r e p o r t .  These  samples  have been 
annea led  a t  625°C r a t h e r  than  a t  900°C 
f o l l o w i n g  t h e  wire  d r a w i n g  i n  o r d e r  
t o  s e c u r e  a g r a i n  s i z e  s u i t a b l e  f o r  
X - r a y  p o w d e r  p a t t e r n s .  T h e y  w i l l  
t hen  b e  i r r a d i a t e d  a t  room t empera tu re  
i n  t h e  LITR, a f t e r  which they  w i l l  b e  
a n n e a l e d  a t  v a r i o u s  t e m p e r a t u r e s  and 
t imes,  and t h e  X-ray powder p a t t e r n s  
and e l e c t r i c a l  r e s i s t i v i t i e s  w i l l  
then  be  s t u d i e d .  An a n n e a l  a t  200°C 
w i l l ,  f o r  e x a m p l e ,  i n h i b i t  g r o w t h  
e x c e p t  i n  t h e  v i c i n i t y  o f  t h e  added 
v a c a n c i e s  wh ich  w i l l  r e s u l t  i n  t h e  
volume o f  t h e  o r d e r e d  domain  b e i n g  
t h e  s i z e  o f  t h e  the rma l  s p i k e .  T h i s  
s i z e  can  be de t e rmined  by t h e  b r e a d t h  
o f  t h e  s u p e r l a t t i c e  l i n e s  i f  t h e y  
exceed 20"A. I f  t h e  sample i s  f u r t h e r  
annea led  a t  250°C t h i s  o r d e r e d  domain 
will grow u n t i l  t h e y  become a d j a c e n t  
t o  e a c h  o t h e r .  T h e  s i z e  o f  t h e  
domains and t h e  number o f  n u c l e i  can 
t h e n  be  d e t e r m i n e d .  From t h e  e l e c -  
t r i c a l  r e s i s t i v i t y  and t h e  i n t e n s i t y  
o f  t h e  s u p e r l a t t i c e  l i n e ,  t h e  d e g r e e  
o f  o r d e r  w i t h i n  e a c h  domain  c a n  be  
computed and hence  t h e  r e l a x a t i o n  can 
be computed. From t h i s  d a t e  i t  shou ld  
be  p o s s i b l e  t o  e s t i m a t e  t h e  number  

o f  v a c a n c y  a t c  
knocked-on aton 

I t  s h o u l d  bc 
e n c e  o f  t h e s e  
s h o u l d  n o t  ap  
macroscopic  d i f  
average  mean f I  
s h o u l d  b e  r e l a  
c a s e  o f  t h e  Cu,A 
movement o f  an a 
due  t o  i t s  o r d  
d i f f u s i o n  o f  t 
o r d e r e d  a l l o y  
d e t e c t e d  u n l e s  
c i a b l e  d i s t a n c e  

LITR F a c i l i t  
t h e  maximum f a  
h o l l o w  f u e l  e l  
which  w i l l  b e  
l a t t i c e .  N i n  
h a v e  b e e n  r e m c  
a n d  a r e c t a n l  
2 - 7 / 1 6  i n .  ha5 
e l emen t .  A 2 s  
be used  t o  hold 
t o o l s  h a v e  b e  
t o r p e d o e s  and  
r e a d i l y  b e  mo 
t h e  o b v i o u s  a (  
t h e  s a m p l e s  a r  
in t h e  r eac to r .  
can e a s i l y  b e  
a n d  i n  t h e  c 
s h o r t  l i v e s  the  
r e a c t o r  w a t e  
n e c e s s i t y  o f  c 
m a t e d  t h a t  t h  
f a c i l i t y  w i l l  
and 1 x 1013 n i  
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