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FORE WORD 

C. J.  McHargue 

S i n c e  most programs of t h e  Metals and Ceramics D i v i s i o n  r e p o r t  
p r o g r e s s  on a q u a r t e r l y  o r  semiannual  s c h e d u l e ,  t h e  need f o r  a n  a n n u a l  
r e p o r t  h a s  d iminished .  
S c i e n c e ,  D i v i s i o n  of P h y s i c a l  Research i s  u s u a l l y  publ i shed  i n  t h e  open 
l i t e r a t u r e .  I n  o r d e r  t o  g i v e  a v i e w  of t h i s  program i n  t h e  Metals and 
Ceramics D i v i s i o n  an  a n n u a l  r e p o r t  h a s  been prepared .  It c o n s i s t s  of 
a b s t r a c t s  of p a p e r s  p u b l i s h e d  o r  p r e s e n t e d  d u r i n g  t h e  y e a r  ending 
June  30, 1975, and summaries of work i n  p r o g r e s s .  

l i s t i n g  (1) ass ignments  of our  s t a f f  i n  o t h e r  o r g a n i z a t i o n s ,  (2)  g u e s t  
ass ignments  i n  our  s e c t i o n ,  ( 3 )  j o i n t  appointments  of our  s t a f f  w i t h  
t h e  U n i v e r s i t y  of Tennessee f o r  t h e  academic y e a r  1974-1975, ( 4 )  p a p e r s  
p r e s e n t e d  a t  t e c h n i c a l  meet ings ,  and (5) p u b l i c a t i o n s .  

However, work suppor ted  by t h e  O f f i c e  of Materials 

Fol lowing t h e  r e p o r t s  of our  t e c h n i c a l  p r o g r e s s  i s  an  Appendix 

iii 
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SUMMARY 

1. STRUCTURE OF MATERIALS 

M u l t i p l e  s c a t t e r i n g  c l u s t e r  programs have been developed and a p p l i e d  
t o  a r a n g e  of problems such as c a l c u l a t i o n  of charge  d i s t r i b u t i o n s  on 
b o t h  f l a t  and s t e p p e d  s u r f a c e s  of t r a n s i t i o n  metals. The bonding o r b i t a l s  
found on s tepped  s u r f a c e s  a r e  of i n t e re s t  i n  c a t a l y s i s .  A new t e c h n i q u e  
f o r  c l u s t e r  c a l c u l a t i o n s  h a s  been developed t h a t  d o e s n ' t  r e q u i r e  t h e  
m u f f i n - t i n  approximation.  

The d i s c r e t e  v a r i a t i o n a l  method t h a t  w e  developed f o r  band t h e o r y  
c a l c u l a t i o n s  on c o v a l e n t  materials h a s  been used t o  c a l c u l a t e  t h e  s o f t  
x-ray emiss ion  and a b s o r p t i o n  i n  diamond and t h e  o p t i c a l  p r o p e r t i e s  of t h e  
3C form of S i c .  

f o r  a new t h e o r y  of t h e  e l e c t r o n i c  s t a t e s  i n  n o n s t o i c h i o m e t r i c  c r y s t a l s  
t h a t  have v a c a n c i e s  on t h e  a n i o n  si tes.  A c r i t i c a l  comparison of t h e  CPA 
w i t h  o t h e r  t h e o r i e s  f o r  s u b s t i t u t i v e  a l l o y s  had l e d  t o  a b e t t e r  under-  
s t a n d i n g  of t h e  approximation.  The wide ly  quoted Anderson-McMillan t h e o r y  
f o r  l i q u i d  metals h a s  been shown t o  b e  wrong. 

G r e e n ' s  f u n c t i o n s ,  s u b s t a n t i a l  improvements i n  our  cons tan t -energy  KKR 
band t h e o r y  t e c h n i q u e s  have been developed.  T h i s  t o o l  i s  p r e s e n t l y  be ing  
used t o  o b t a i n  t h e  Fermi s u r f a c e s ,  d e n s i t i e s  of s tates,  and wave f u n c t i o n s  
f o r  e lements  37 through 47 and t o  c a l c u l a t e  t h e  c r i t i c a l  t e m p e r a t u r e  of 
t h e s e  e lements  f o r  s u p e r c o n d u c t i v i t y .  

The coherent  p o t e n t i a l  approximat ion  (CPA) h a s  been used as a b a s i s  

Combining our  work on band t h e o r y ,  m u l t i p l e  s c a t t e r i n g  t h e o r y ,  and 

A t h e o r y  of t h e  o p t i c a l  a n i s o t r o p y  of pyrocarbons h a s  been developed.  
The d i f f u s i o n  e q u a t i o n ,  i n c l u d i n g  t h e  d r i f t  term due t o  t h e  long- 

range  i n t e r a c t i o n  between t h e  p o i n t  d e f e c t  and a s p h e r i c a l  s i n k ,  is  
s o l v e d  by u s e  of a t e c h n i q u e  we developed.  

a n g l e  s c a t t e r i n g  s t u d i e s  on n e u t r o n - i r r a d i a t e d  aluminum and Si02.  R e s u l t s  
are c o n s i s t e n t  w i t h  and supplement d a t a  from o t h e r  exper iments  - such  
as t r a n s m i s s i o n  e l e c t r o n  microscopy, small-angle  n e u t r o n  s c a t t e r i n g ,  and 
Raman s p e c t r o s c o p y  - performed on t h e  s a m e  samples.  Details of t h e  
f a c e t i n g  of v o i d  s u r f a c e s  i n  i r r a d i a t e d  aluminum have been deduced f o r  
t h e  f i r s t  t i m e .  

i n c l u d e  a l l  i n t e r v a r i a n t  i n t e r f e r e n c e  e f f e c t s  i n  t h e  t o t a l  p r e d i c t e d  
s c a t t e r e d  i n t e n s i t y  d i s t r i b u t i o n .  The t h e o r e t i c a l  maps are a c c u r a t e  f o r  
any g i v e n  shor t - range  s t r u c t u r e  model based on s p e c i f i e d  l a w s  of p r o b a b i l i t y  
governing t h e  sequences of atom c o n f i g u r a t i o n s .  

A new i n e l a s t i c  resonance  x-ray emiss ion  p r o c e s s  i s  r e p o r t e d .  Its 
e x i s t e n c e  may e x p l a i n  c e r t a i n  i n c o n s i s t e n c i e s  i n  e l a s t i c  d i f f u s e  s c a t t e r i n g  
measurements from short-range-ordered a l l o y s .  The observed e f f e c t  i s  
c o r r e l a t e d  w i t h  t h e  rea l  p a r t  of t h e  well-known anomalous d i s p e r s i o n  
c o r r e c t i o n s  t o  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s .  

t e l l u r i d e s  i s  reviewed. Data f o r  a new t e r n a r y  t e l l u r i d e ,  N i T i T e 2 ,  are 
p r e s e n t e d .  

P r o g r e s s  i n  x-ray d i f f r a c t i o n  r e s e a r c h  i n c l u d e s  complet ion of s m a l l -  

W e  have augmented our  model of shor t - range  "omega" s t r u c t u r e s  t o  

The s t a t u s  of our  c o n t i n u i n g  s t r u c t u r a l  s t u d i e s  of t r a n s i t i o n  metal 

x i  
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Experiments des igned  t o  assess t h e  u t i l i t y  of s y n c h r o t r o n  x r a d i a t i o n  
i n  d i f f r a c t i o n  and f l u o r e s c e n c e  a n a l y s e s  were performed. Order-of- 
magnitude estimates of t h e  i n t e n s i t y  and a n g u l a r  r e s o l u t i o n  of t h e  syn- 
c h r o t r o n  s o u r c e  r e l a t i v e  t o  c o n v e n t i o n a l  x-ray g e n e r a t o r s  demonst ra te  t h e  
p o t e n t i a l  advantages  of s y n c h r o t r o n  r a d i a t i o n  and s e r v e  t o  s t i m u l a t e  t h e  
s e a r c h  f o r  areas i n  a tomic  p h y s i c s  and m a t e r i a l s  s c i e n c e  r e s e a r c h  t o  
which i t  may b e  a p p l i e d .  

a l l o y s  w a s  i n v e s t i g a t e d .  Two c a s e s  were c o n s i d e r e d :  a d i f f u s e l y  scat-  
t e r e d  beam s u b j e c t e d  t o  Bragg s c a t t e r i n g  and a Bragg-sca t te red  beam 
subsequent ly  d i f f u s e l y  s c a t t e r e d  b e f o r e  emergence from a specimen. The 
e f f i c i e n c y  of a computer program des igned  t o  s i m u l a t e  d i f f u s e  s c a t t e r i n g  
by a l l o y s  w a s  g r e a t l y  improved. The n a t u r e  of s o l i d - s o l u t i o n  a l l o y s  w a s  
a l s o  i n v e s t i g a t e d  through an  examinat ion of t h e  problems a s s o c i a t e d  w i t h  
d e r i v i n g  e n t r o p y  and h e a t  of mixing v a l u e s  s o l e l y  from f r e e  energy  meas- 
urements.  

Bas ic  p r o p e r t i e s  of r e f r a c t o r y  europium compounds are be ing  s t u d i e d ,  
w i t h  f o c u s  on p o t e n t i a l  a p p l i c a t i o n s  as LMFBR n e u t r o n  a b s o r b e r s .  Phase 
r e l a t i o n s h i p s  and thermodynamic p r o p e r t i e s  of t r a n s i t i o n  metal  t e l l u r i d e s  
are be ing  s t u d i e d ,  w i t h  emphasis on t h e  i n t e r g r a n u l a r  a t t a c k  of t e l l u r i u m  
i n  n icke l -base  a l l o y s .  

Using our  i n t e r n a l  zone growth t e c h n i q u e ,  w e  have grown d e n d r i t e -  
f r e e ,  rod-type o f f - e u t e c t i c  composi tes  of C r 2 0 3 - 2 8 ,  -35, and -40 mole X Mo. 
Rigorous thermomechanical c a l c u l a t i o n s  were used t o  p r e d i c t  t h e  optimum 
oxygen p r e s s u r e  and choice  of g a s e s  f o r  t h e s e  exper iments .  We have s c a l e d  
up our  t e c h n i q u e  of d i r e c t i o n a l  s o l i d i f i c a t i o n  by i n t e r n a l  zone m e l t i n g  
so  as t o  produce melt-zone areas 2 .5  t i m e s  l a r g e r  w i t h  a power i n c r e a s e  
of on ly  60%. We are c o l l a b o r a t i n g  w i t h  some of t h e  s t a f f  of Carnegie-  
Mellon U n i v e r s i t y  t o  tes t  e x p e r i m e n t a l l y  t h e i r  mathemat ica l  modeling of 
i n t e r n a l  zone growth. To provide  a b e t t e r  u n d e r s t a n d i n g  of h e a t  f l o w ,  
t h i n  f i l m ,  c a p i l l a r y ,  and d i e  geometry e f f e c t s  i n  t h e  edge-defined,  f i l m -  
f e d  growth t e c h n i q u e ,  w e  have grown and ana lyzed  c y l i n d r i c a l  samples of 
o f f - e u t e c t i c  MnO-Mn2Si01,. Unexpected rod d i s c o n t i n u i t i e s  on a p l a n e  par -  
a l l e l  t o  t h e  s o l i d - l i q u i d  i n t e r f a c e  (banding)  have been observed a t  s low 
growth ra tes  and are  b e l i e v e d  t o  be caused by a p e r i o d i c  f l u c t u a t i o n  i n  
i n t e r f a c e  l o c a t i o n  and/or  by non-s teady-s ta te  d i f f u s i o n  f i e l d s  i n  t h e  
l i q u i d  f i l m .  The tempera ture  dependence of se l f - luminescence  i n  t h e  
wavelength range  300 t o  700 nm h a s  been s t u d i e d  on our S r C 1 2  c r y s t a l s  
doped w i t h  2 4 4 C m  o r  5 3 E s .  
( t e p h r o i t e )  w e r e  grown by t h e  Czochra lsk i  and edge-defined,  f i lm-fed  
methods. 
S rC12  are  r e p o r t e d .  Recent ly  w e  grew from t h e  s o l v e n t  0.5 N RbOH a c r y s t a l  
of q u a r t z  of s u f f i c i e n t  s i z e  t o  permi t  t h e  d i r e c t  measurement of b o t h  Q 
and a(3500 cm-I). 
publ i shed  c u r v e s  r e l a t i n g  Q and a(3500 cm-l) f o r  s y n t h e t i c  q u a r t z  grown 
e i t h e r  from NaOH o r  N a 2 C 0 3 .  These d a t a  may r e f l e c t  a h i g h e r  d e g r e e  of 
i n t r i n s i c  p e r f e c t i o n  of Rb -grown q u a r t z .  We are now c o n s t r u c t i n g  a l a r g e r  
a u t o c l a v e  system so as t o  grow l a r g e r  c r y s t a l s  and e v a l u a t e  t h i s  p o s s i -  
b i l i t y .  

The e f f e c t  of m u l t i p l e  s c a t t e r i n g  on d i f f u s e  x-ray s c a t t e r i n g  by 

O p t i c a l l y  t r a n s p a r e n t  s i n g l e  c r y s t a l s  of Mn2SiO4 

EPR i n v e s t i g a t i o n s  of 2 5 3 E s 2 +  i n  s i n g l e  c r y s t a l s  of BaF2 and 

A p l o t  of t h i s  s i n g l e  d a t a  p o i n t  does n o t  f a l l  on 

f 
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2. DEFORMATION AND MECHANICAL PROPERTIES 

Reverse shape memory e f f e c t s  i n  a m e t a s t a b l e  U-7.5 w t  % Nb-2.5 w t  % Z r  
a l l o y  were shown t o  r e s u l t  from t h e  i n t e r p l a y  between t h e  deformat ion  
mechanism of mechanica l  twinning ,  t h e  development of p r e f e r r e d  o r i e n t a t i o n s ,  
and t h e  low-temperature a g i n g  of t h e  a l l o y .  The growth f e a t u r e s  and 
m i c r o s t r u c t u r e s  of propene-derived pyrocarbon c o a t i n g s  were examined and 
c h a r a c t e r i z e d  by t r a n s m i s s i o n  e l e c t r o n  microscopy. The n a t u r e  of t h e  
c o a t i n g  depended on t h e  d e p o s i t i o n  tempera ture .  
r a t i o s  were produced i n  p r e c i p i t a t i o n - h a r d e n a b l e  aluminum-gold a l l o y s .  

High r e s i d u a l  r e s i s t i v i t y  

3 .  PHYSICAL PROPERTIES AND TRANSPORT PHENOMENA 

Thermal c o n d u c t i v i t y  of C s C l  w a s  measured and compared w i t h  p r e v i o u s  
r e s u l t s  on t h e  rubid ium-hal ides .  The t h e r m a l  c o n d u c t i v i t i e s  of K C 1  and 
two K C 1  a l l o y s  were c a l c u l a t e d  and compared w i t h  r e c e n t  e x p e r i m e n t a l  
r e s u l t s  by o t h e r s .  The Lorenz number and l a t t i c e  c o n d u c t i v i t y  v a l u e s  f o r  
molybdenum and some d i l u t e  a l l o y s  were determined w i t h  measurements on 
Mo-Nb and Mo-Zr a l l o y s .  T r a n s p o r t  p r o p e r t i e s  of two n i c k e l - b a s e  a l l o y s  
of p o t e n t i a l  u s e  as thermoelements were measured. The s p e c i f i c  h e a t s  of 
241Am and PuC0.8 were measured. Work cont inued  on t e c h n i q u e s  t o  o b t a i n  
more a c c u r a t e  p h y s i c a l  p r o p e r t y  r e s u l t s  on s o l i d s .  T h i s  i n c l u d e d  d e v e l -  
opment of a "p lane  probe" t e c h n i q u e  f o r  measurements on s a l t s  and tes ts  
f o r  reducing  t h e  t i m e  r e q u i r e d  f o r  making CODAS-operated measurements 
of t h e r m a l  expansion.  

W e  cont inued  our  i n v e s t i g a t i o n s  of t h e  e f f e c t  of a l l o y i n g  e lements  
on t h e  d e f e c t  d i f f u s i o n  c o e f f i c i e n t s  alid c o n c e n t r a t i o n s  i n  oxide  scales 
on a l l o y s .  The r e l a t i o n s h i p  between o x i d e  morphology and t h e  r e l a t i v e  
rates of d i f f u s i o n  i n  a n  oxide  scale and t h e  s u b s t r a t e  a l l o y  w a s  s t u d i e d  
f o r  systems i n  which a n i o n  d i f f u s i o n  predominates  i n  t h e  oxide .  Oxida t ion  
and d i f f u s i o n  phenomena i n  several t a n t a l u m  and niobium-base a l l o y s  were 
c h a r a c t e r i z e d ,  and t h e  r e a c t i o n s  of u r a n i a - t u n g s t e n  composi tes  i n  low- 
p r e s s u r e  oxygen, CO-C02 m i x t u r e s ,  and methane were i n v e s t i g a t e d .  

I n t e r d i f f u s i o n ,  i n t r i n s i c  d i f f u s i o n ,  and vacancy wind e f f e c t s  were 
s t u d i e d  f o r  a series of V i - T i  a l l o y s ,  and a computer program f o r  c a l c u l a t i n g  
t h e s e  q u a n t i t i e s  from e x p e r i m e n t a l  d a t a  w a s  developed.  S i m i l a r  work 
w i t h  t h e  t e r n a r y  system V-Ti -Cr  w a s  i n i t i a t e d .  W e  a l s o  began s t u d i e s  of 
i n t e r s t i t i a l  d i f f u s i o n  p r o c e s s e s  f o r  t r i t i u m  d i f f u s i o n  i n  COO and oxygen 
i n  niobium a l l o y s .  

d e n s i t y  i n  s e l e c t e d  materials w i t h  v a r y i n g  superconduct ing  p r o p e r t i e s .  
The i n f l u e n c e  of small amounts of y t t r i u m  o r  gadol inium on t h e  super -  
conduct ing t r a n s i t i o n  tempera ture  of niobium w a s  s t u d i e d .  The super-  
conduct ing t r a n s i t i o n  t e m p e r a t u r e  and i t s  p r e s s u r e  dependence were 
determined f o r  a number of technet ium-base hcp s o l i d - s o l u t i o n  a l l o y s .  
We surveyed superconduct ing  t r a n s i t i o n  t e m p e r a t u r e s  and c r y s t a l  s t r u c t u r e s  
f o r  t h e  technet ium-t i tan ium a l l o y  system. The f requency  dependence of 
ac l o s s e s  w a s  s t u d i e d  i n  r e p r e s e n t a t i v e  t y p e  I1 superconductors .  Work 
i n  p r o g r e s s  on f l u x o i d  p i n n i n g  i n  Nb-Hf and Nb-Ti a l l o y s  i s  p r e s e n t e d  as 
w e l l  as work i n  s u p p o r t  of stress e f f e c t s  on commercial superconductors .  

We compared f o u r  methods of measuring superconduct ing  c r i t i c a l  c u r r e n t  
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4 .  RADIATION EFFECTS 

The R a d i a t i o n  E f f e c t s  Program suppor ted  by t h e  D i v i s i o n  of P h y s i c a l  
Research i s  d i r e c t e d  a t  i d e n t i f y i n g  t h e  mechanisms r e s p o n s i b l e  f o r  changes 
i n  m i c r o s t r u c t u r e  and mechanical  p r o p e r t i e s  d u r i n g  n e u t r o n  i r r a d i a t i o n .  
Its u l t i m a t e  a i m  i s  t o  p r o v i d e  guidance f o r  t h e  development of improved 
materials f o r  r e a c t o r  a p p l i c a t i o n s .  It i n c l u d e s  a b lend  of t h e o r e t i c a l  
and e x p e r i m e n t a l  t a s k s  and re l ies  h e a v i l y  on damage s i m u l a t i o n  t e c h n i q u e s .  

T h e o r e t i c a l  s t u d i e s  of d i f f u s i o n  of p o i n t  d e f e c t s  t o  s i n k s  d u r i n g  
i r r a d i a t i o n  are d e s c r i b e d ;  t h e s e  i n c l u d e  c a l c u l a t i o n s  of b i a s  f a c t o r s  
and t h e  ra te  of c l imb of edge d i s l o c a t i o n s .  The l a t te r  i s  used t o  estimate 
i r r a d i a t i o n  c r e e p  behavior  from knowledge of t h e  m i c r o s t r u c t u r e .  Void 
growth k i n e t i c s  i s  shown t o  depend on whether  t h e  v o i d s  o r  d i s l o c a t i o n s  
are t h e  predominant s i n k  f o r  p o i n t  d e f e c t s .  I m p l i c a t i o n s  of t h e  l i m i t i n g  
c a s e s  are d i s c u s s e d .  

Genera l  o b s e r v a t i o n s  on t h e  n u c l e a t i o n  of v o i d s  d u r i n g  n e u t r o n  irra- 
d i a t i o n  and t h e  c o n c l u s i o n s  t h a t  can be drawn from them are summarized. 
Experiments d e s c r i b i n g  t h e  r o l e  of hel ium on t h e  n u c l e a t i o n  of v o i d s  and 
d i s l o c a t i o n  l o o p s  are r e p o r t e d .  E f f e c t s  of s o l u t e  c o n c e n t r a t i o n  and 
p r e c i p i t a t e  d i s t r i b u t i o n  on s w e l l i n g  d u r i n g  n e u t r o n  i r r a d i a t i o n  are de- 
s c r i b e d  f o r  aluminum-copper a l l o y s .  Some e f f e c t s  of v e r y  h i g h  n e u t r o n i c a l l y  
g e n e r a t e d  g a s  c o n t e n t s  on t h e  s w e l l i n g  and mechanica l  p r o p e r t i e s  of 
aluminum are  g i v e n ;  severe e m b r i t t l e m e n t  i s  s e e n  even a t  low t e m p e r a t u r e s .  
The f o r m a t i o n  of cav i t ies  i n  z i rconium d u r i n g  n e u t r o n  i r r a d i a t i o n  is  
r e l a t e d  t o  hel ium c o n t e n t .  The cavi t ies  t h a t  are  found are concluded t o  
be hel ium bubbles  of n e a r - e q u i l i b r i u m  s i z e .  

i n c r e a s e d  t h e  i n t e n s i t y  and u n i f o r m i t y  of t h e  heavy-ion beam used i n  
damage s i m u l a t i o n  exper iments .  A s imple  t e c h n i q u e  f o r  i n j e c t i n g  uni form 
l a y e r s  of hel ium i n t o  specimens b e f o r e  i o n  bombardment i s  d e s c r i b e d .  
Curren t  exper iments  u s i n g  t h e  heavy-ion f a c i l i t y  i n t e n d  t o  assess s w e l l i n g  
behavior  of Fe-Cr-Ni a l l o y s ,  t o  e s t a b l i s h  a c o r r e l a t i o n  between i o n  and 
n e u t r o n  i r r a d i a t i o n ,  and t o  i d e n t i f y  r e p r o d u c i b l e  specimen p r e p a r a t i o n  
t e c h n i q u e s .  The l i g h t - i o n  bombardment f a c i l i t y  f o r  t h e  s t u d y  of i r ra -  
d i a t i o n  c r e e p  i s  d e s c r i b e d .  Design i s  n e a r l y  complete ,  and p r e l i m i n a r y  
exper iments  show t h a t  t h e  h i g h  l e v e l  of t e m p e r a t u r e  c o n t r o l  r e q u i r e d  f o r  
t h e  experiment  can  be o b t a i n e d .  The h igh-vol tage  e l e c t r o n  microscope,  
which w a s  upgraded t o  1 MeV p o t e n t i a l  d u r i n g  t h e  y e a r ,  i s  now o p e r a t i o n a l .  
Examination of d i s l o c a t i o n  loop  f o r m a t i o n  is  d e s c r i b e d .  

M o d i f i c a t i o n s  t o  t h e  ORNL 5-MeV van d e  Graaff  d u r i n g  t h e  y e a r  have 



1. STRUCTURE OF MATERIALS 

1.1 THEORETICAL RESEARCH - J. S. Faulkner  

We have c o n t r i b u t e d  t o  t h e  development of t h e  a n i s o t r o p i c  e l a s t i c i t y  
t h e o r y  of d i s l o c a t i o n s ,  t h e  Korringa-Kohn-Rostoker and d i s c r e t e  v a r i a t i o n a l  
method approaches f o r  c a l c u l a t i n g  e l e c t r o n i c  s ta tes  i n  ordered  s o l i d s ,  
t h e  coherent  p o t e n t i a l  approximation f o r  o b t a i n i n g  t h e  e l e c t r o n i c  s ta tes  
i n  d i s o r d e r e d  s o l i d s ,  and c l u s t e r  methods f o r  t r e a t i n g  a range  of problems 
i n  t h e  t h e o r y  of condensed matter. We are  u s i n g  t h e s e  t e c h n i q u e s  t o  g a i n  
a n  unders tanding  of t h e  p r o p e r t i e s  of t e c h n o l o g i c a l l y  i n t e r e s t i n g  materials 
i n  t h e i r  normal s ta tes  and a f t e r  r a d i a t i o n  damage. 

1.1.1 C l u s t e r  C a l c u l a t i o n s  of t h e  E l e c t r o n i c  S t r u c t u r e  of T r a n s i t i o n  
Metal Surfaces '  - R .  0. J o n e s , 2  P. J .  Jennings , '  and G .  S .  P a i n t e r  

The e l e c t r o n i c  s t r u c t u r e  and charge  d i s t r i b u t i o n s  f o r  13-atom c l u s t e r s  
of 3 d - t r a n s i t i o n  metals (Fe,  N i ,  Cu) have been c a l c u l a t e d  by a s c a t t e r e d  
wave technique .  The c l u s t e r  geometry i s  chosen t o  d i s p l a y  f e a t u r e s  of 
s tepped  and f l a t  s u r f a c e s .  Many s ta tes  i n  t h e  band show pronounced charge  
l o b e s  i n  t h e  neighborhood of edge and c o r n e r  atoms, s u g g e s t i n g  t h a t  t h e s e  
are act ive s i tes  i n  t h e s e  metals. These l o b e s  are more e x t e n s i v e  f o r  
l i g h t e r  e lements  i n  t h e  series and,  f o r  a g i v e n  e lement ,  more d i f f u s e  a t  
lower e n e r g i e s  i n  t h e  d-band. Charge expansion from t h e  c e n t e r  of t h e  
c l u s t e r  t o  t h e  edge atoms i s  a g e n e r a l  f e a t u r e ,  and t h e  s tepped  s u r f a c e s  
show a v a r i e t y  of bonding o r b i t a l s  n o t  p r e s e n t  on t h e  f l a t  s u r f a c e .  

1 . 1 . 2  S i n g l e - S i t e  Numerical O r b i t a l s  f o r  t h e  C a l c u l a t i o n  of t h e  E l e c t r o n i c  
S t r u c t u r e  of C l u s t e r s 4  - G .  S. P a i n t e r  and G. M. S t o c k s 5  

A procedure  i s  d e s c r i b e d  f o r  u s i n g  s e p a r a t e  a tomic- l ike  s i n g l e - s i t e  
p o t e n t i a l s  t o  d e f i n e  numer ica l  b a s i s  sets f o r  e l e c t r o n i c  s t r u c t u r e  calcu- 
l a t i o n s  f o r  c l u s t e r s .  A comparison of r e s u l t s  i s  p r e s e n t e d  f o r  t h e  
molecular  e i g e n v a l u e s  of d i a t o m i c  carbon t r e a t e d  w i t h  S l a t e r - t y p e  o r b i t a l s  
and w i t h  a b a s i s  set of s i n g l e - s i t e  o r b i t a l s .  A c a l c u l a t i o n  of t h e  set 
of s-d levels f o r  a c l u s t e r  of two copper atoms i s  compared w i t h  t h e  
d-band d e n s i t y  of states e v a l u a t e d  from t h e  Lloyd c l u s t e r  de te rminant .  
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7 1 . 1 . 3  S o f t  X-Ray Emission and Absorp t ion  i n  Diamond6 - A.  R .  Lubinsky,  
D .  E. E l l i s , '  and G .  S.  P a i n t e r  

The x-ray K-emission spectrum and t h e  s o f t  x-ray a b s o r p t i o n  spectrum 
are  c a l c u l a t e d  f o r  diamond and compared w i t h  experiment .  The i n f l u e n c e  
of t r a n s i t i o n  m a t r i x  e lements ,  c a l c u l a t e d  i n  a o n e - e l e c t r o n  approximat ion ,  
i s  d i s c u s s e d .  Binding energy c o r r e c t i o n s  on t h e  c o r e  and v a l e n c e  s ta tes  
are e s t i m a t e d  and used t o  e x p l a i n  d i f f e r e n c e s  between band t r a n s i t i o n  
e n e r g i e s  and e x p e r i m e n t a l  d a t a .  Approximate methods are used t o  s t u d y  
l o c a l i z e d  v a l e n c e  r e l a x a t i o n  e f f e c t s  on t h e  t r a n s i t i o n  m a t r i x  e lements  
i n  emission.  

1 . 1 . 4  E l e c t r o n i c  S t r u c t u r e  and O p t i c a l  P r o p e r t i e s  of t h e  3C Form of 
S i l i c o n  Carb ide6  - A. R .  Lubinsky , '  D .  E .  E l l i s , '  and G .  S.  P a i n t e r  

The e l e c t r o n i c  energy bands and wavefunct ions  of c u b i c  "3C"-SiC have 
been c a l c u l a t e d  i n  t h e  f i r s t  p r i n c i p l e s  Hartree-Fock-Slater  model,  making 
u s e  of t h e  Discrete V a r i a t i o n a l  Method. Exper imenta l  o p t i c a l  d a t a ,  ca lcu-  
l a t e d  i n d i r e c t  t r a n s i t i o n s ,  and t h e o r e t i c a l  r e s u l t s  f o r  E ~ ( E )  and r e f l e c -  
t i v i t y  are  compared. The v a l e n c e  band d e n s i t y  of s ta tes  i s  found t o  b e  
i n  r e a s o n a b l y  good agreement w i t h  x-ray emiss ion  s p e c t r a .  

1 .1 .5  E l e c t r o n i c  S t a t e s  of S u b s t o i c h i o m e t r i c  PdH8 - J. S. Faulkner  

A t h e o r y  f o r  t h e  e l e c t r o n i c  s ta tes  of s u b s t o i c h i o m e t r i c  compounds 
based on t h e  coherent  p o t e n t i a l  approximat ion  w a s  d e s c r i b e d  p r e v i o u s l y .  
Using t h i s  t h e o r y  e x t e n s i v e  numer ica l  c a l c u l a t i o n s  have been c a r r i e d  o u t  
on a model of PdH. The r e s u l t s  and t h e  a p p l i c a b i l i t y  of t h e  t h e o r y  t o  
t h i s  system and o t h e r  systems are  d i s c u s s e d .  

1 . 1 . 6  Muffin-Tin CPA C a l c u l a t i o n s  on a Model of a T r a n s i t i o n  Metal 
Alloy'  - W i l l i a m  H. B u t l e r  

W e  have c o n s t r u c t e d  a one-dimensional model of a t r a n s i t i o n  m e t a l  
a l l o y ;  t h e  model i n c l u d e s  t h e  e f f e c t s  of r e s o n a n t  s c a t t e r i n g .  We have 
o b t a i n e d  t h e  e x a c t  e l e c t r o n i c  d e n s i t y  of s ta tes  f o r  t h e  model and have 
compared i t  w i t h  t h e  p r e d i c t i o n s  of two approximate t h e o r i e s ,  t h e  Coherent 
P o t e n t i a l  Approximation (CPA) and t h e  Average t-Matrix Approximation (ATA). 
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We have a l s o  compared t h e  e f f ec t ive  s c a t t e r i n g  ampl i tudes  computed from 
t h e  CPA and ATA. These c a l c u l a t i o n s  l e a d  t o  t h e  f o l l o w i n g  c o n c l u s i o n s ,  
which can b e  shown t o  hold i n  t h r e e  dimensions,  as w e l l  as i n  one. 
(1) The v i r t u a l  bound s t a t e  peak i n  t h e  a l l o y  d e n s i t y  of s ta tes  i s  s h i f t e d  
from i t s  p o s i t i o n  f o r  an i s o l a t e d  muff in  t i n .  
p r e d i c t s  a more elastic e f f e c t i v e  s c a t t e r i n g  ampl i tude  t h a n  t h e  ATA away 
from r e s o n a n t  e n e r g i e s .  (3) The d e n s i t y  of s ta tes  p r e d i c t e d  by t h e  CPA 
and ATA nay  b e  q u a l i t a t i v e l y  similar even when t h e r e  are  a p p r e c i a b l e  
d i f f e r e n c e s  i n  t h e  CPA and ATA e f f e c t i v e  s c a t t e r i n g  ampl i tudes .  

( 2 )  The CPA g e n e r a l l y  

1 . 1 . 7  On t h e  Anderson-McMillan P r e s c r i p t i o n  f o r  t h e  D e n s i t y  of States  
of L i q u i d  I r o n 6  - J .  J. Olson 

Our i n t e n s i v e  numer ica l  i n v e s t i g a t i o n  h a s  r e v e a l e d  a g r o s s  e r r o r  
i n  t h e  d e n s i t y  of s t a t e s  r e p o r t e d  by Anderson and McMillan i n  t h e i r  
1967 paper  “ M u l t i p l e  S c a t t e r i n g  Theory and Resonances i n  T r a n s i t i o n  Metals 
Although t h e y  o b t a i n e d  a broad double-peaked resonance  t h a t  appeared 
s u f f i c i e n t l y  r e a s o n a b l e  t o  j u s t i f y  t h e i r  p r e s c r i p t i o n ,  c o r r e c t  e v a l u a t i o n  
of t h e i r  formula y i e l d s  a s i n g l e  s t r u c t u r e l e s s  resonance  f a r  t o o  narrow 
t o  be r e p r e s e n t a t i v e  of a t r a n s i t i o n  metal d-band. T h i s  c o n c l u s i o n  w a s  
v e r i f i e d  by a l g e b r a i c a l l y  reducing  t h e i r  e x p r e s s i o n  f o r  t h e  d e n s i t y  of 
states t o  a form t h a t  w a s  e a s i l y  e v a l u a t e d  by hand. Anderson and McMillan 
a l s o  e r r e d  i n  c la iming  t h a t  t h e i r  d i s p e r s i o n  r e l a t i o n  l e d  t o  a v a n i s h i n g  
wave number a t  resonance .  T h e i r  z e r o  wave number, i n  f a c t ,  be longs  on 
a n  e x t r a n e o u s  branch and would have l e d  t o  a n o n i n t e g r a b l e  s i n g u l a r i t y  
i n  t h e i r  d e n s i t y  of s ta tes .  E v i d e n t l y  t h e  Anderson-McMillan p r e s c r i p t i o n  
i s  i n a d e q u a t e  as a d e s c r i p t i o n  of t h e  e f f e c t s  of s-d h y b r i d i z a t i o n  on 
t h e  d e n s i t y  of s ta tes  of t r a n s i t i o n  metals. 

1.1.8 Residue Normal iza t ion  of KKR E i g e n f u n c t i o n s  

S i g n i f i c a n t  p r a c t i c a l  improvements i n  our  KKR 
have a r i s e n  as s p i n - o f f s  from f a m i l i a r i t y  w i t h  t h e  
of Green’s  f u n c t i o n s .  

I n  t h e  p r o c e s s  of ex tending  t h e  KKR t h e o r y  t o  

- J .  J. Olson 

band t h e o r y  programs 
mathemat ica l  t h e o r y  

c a l c u l a t e  Green’s  
f u n c t i o n s  w e  observed a s imple  connec t ion  between t h e  r e s i d u e  of t h e  
Green’s  f u n c t i o n  and t h e  n o r m a l i z a t i o n  of t h e  e i g e n f u n c t i o n s .  This  
connec t ion  h a s  i t s  b a s i s  i n  t h e  k-dependence of t h e  KKR de terminant  a t  
a f i x e d  energy and i s  t h e r e f o r e  p a r t i c u l a r l y  w e l l  s u i t e d  t o  t h e  “ c o n s t a n t  
energy search”  t e c h n i q u e  p ioneered  by our  group.  By e x p l o i t i n g  t h i s  
connec t ion  w e  can  now g e n e r a t e  normalized e i g e n f u n c t i o n s ,  t h e  i n t e g r a t e d  
d e n s i t y  of s ta tes ,  and t h e  d e n s i t y  of s t a t e s  i t s e l f  i n  e s s e n t i a l l y  no 
more t i m e  t h a n  w a s  p r e v i o u s l y  r e q u i r e d  t o  c a l c u l a t e  t h e  cons tan t -energy  
s u r f a c e s  of t h e  KKR band s t r u c t u r e .  

Another spin-off  from t h e  t h e o r y  of Green‘s  f u n c t i o n s  h a s  allowed 
u s  t o  e l i m i n a t e  t h e  so-ca l led  f r e e  e l e c t r o n  s i n g u l a r i t i e s  from t h e  KKR 
d e t e r m i n a n t .  T h i s  i n  t u r n  h a s  a l lowed t h e  development of s o p h i s t i c a t e d  
new numer ica l  s e a r c h  t e c h n i q u e s ,  which have s i g n i f i c a n t l y  i n c r e a s e d  t h e  
s i m p l i c i t y  and r e l i a b i l i t y  of our computer programs. 



1 .1 .9  Theory of t h e  O p t i c a l  Aniso t ropy  of Homogeneous Pyrocarbons  - 
J. J .  Olson 

I n s o f a r  as o p t i c a l  p r o p e r t i e s  are concerned ,  a homogeneous pyrocarbon 
i s  e q u i v a l e n t  t o  a p o l y c r y s t a l l i n e  g r a p h i t e  i n  which t h e  m i c r o c r y s t a l l i t e s  
are o r i e n t e d  s t o c h a s t i c a l l y  acco rd ing  t o  some p o l e  d i s t r i b u t i o n  f u n c t i o n .  
W e  have shown t h a t  c u r r e n t  t h e o r i e s  r e l a t i n g  t h e  o p t i c a l  a n i s o t r o p y  t o  t h e  
p o l e  d i s t r i b u t i o n  f u n c t i o n  are a p p l i c a b l e  o n l y  i f  t h e  m i c r o c r y s t a l l i t e s  
are  much l a r g e r  t h a n  t h e  wavelength of l i g h t .  However, x - ray  measurements 
i n d i c a t e  t h a t  t h e  m i c r o c r y s t a l l i t e s  are much smaller t h a n  t h e  wavelength 
of l i g h t .  I n  t h i s  l i m i t  t h e  c u r r e n t  t h e o r i e s  are wi thou t  p h y s i c a l  foun- 
d a t i o n .  We have o u t l i n e d  t h e  s a l i e n t  p h y s i c a l  p r i n c i p l e s  t h a t  must be  
a p p l i e d  i n  t h i s  l i m i t  and have performed p r e l i m i n a r y  c a l c u l a t i o n s  r e l a t i n g  
t h e  o p t i c a l  a n i s o t r o p y  t o  a p a r t i c u l a r  moment of t h e  p o l e  d i s t r i b u t i o n  
f u n c t i o n .  

1 .1 .10 S teady-S ta t e  D i f f u s i o n  of P o i n t  D e f e c t s  i n  t h e  I n t e r a c t i o n  Force  
F i e l d '  -M. H. Yo0 and W. H. B u t l e r  

The d i f f u s i o n  e q u a t i o n  i n c l u d i n g  t h e  d r i f t  term due  t o  t h e  long-range 
i n t e r a c t i o n  between a p o i n t  d e f e c t  and a s p h e r i c a l  s i n k  i s  so lved  numeri- 
c a l l y  f o r  t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  of p o i n t  d e f e c t s .  The e f f e c t i v e  
c a p t u r e  r a d i u s  of a s i n k  i s  c a l c u l a t e d  from t h e  f l u x  i n t e g r a l  of p o i n t  
d e f e c t s ,  and t h e  d i f f u s i o n  b i a s  f a c t o r s  of an  i n f i n i t e s i m a l  d i s l o c a t i o n  
loop f o r  i n t e r s t i t i a l s  and v a c a n c i e s  a r e  o b t a i n e d  from t h e  e f f e c t i v e  
c a p t u r e  r a d i i .  E f f e c t s  of t empera tu re ,  p o i n t  d e f e c t  p a r a m e t e r s ,  and 
e l a s t i c  p r o p e r t i e s  of t h e  medium on t h e  k i n e t i c s  of v a c a n c y - i n t e r s t i t i a l  
recombina t ion  and of p o i n t  d e f e c t - d i s l o c a t i o n  loop  growth are ana lyzed ,  
and a p p l i c a t i o n s  of t h e  c a l c u l a t e d  r e s u l t s  t o  t h e  s t u d y  of r a d i a t i o n -  
induced vo id  f o r m a t i o n  are d i s c u s s e d .  

1 . 2  BASIC RESEARCH ON X-RAY DIFFRACTION - H. L.  Yakel 

Our r e s e a r c h  i n t e r e s t  is  t h e  measurement and i n t e r p r e t a t i o n  of t h e  
p a t t e r n s  of s c a t t e r e d  i n t e n s i t y  t h a t  r e s u l t  from t h e  i r r a d i a t i o n  of matter 
by x r a y s .  I n  r e c e n t  y e a r s  impor t an t  p r o g r e s s  h a s  been made i n  t h e  
technology used  i n  exper iments  t o  measure such  i n t e n s i t y  p a t t e r n s .  X-ray 
s o u r c e s  of h i g h e r  power and p o s s i b l y  d i f f e r e n t  s p e c t r a l  c o n t e n t  e x i s t .  
Modern x-ray d e t e c t o r s  are energy  sensi t ive and may b e  c a p a b l e  of t h e  
s imul t aneous  measurement of a n  i n t e n s i t y  d i s t r i b u t i o n  a long  a l i n e  o r  i n  
a p l a n e .  
t o  e x p l o i t  t h e  new technology.  

e las t ic  d i f f r a c t i o n  p a t t e r n ,  which c o n t a i n s  i n f o r m a t i o n  concern ing  t h e  

We are  a c t i v e l y  modifying e x p e r i m e n t a l  p rocedures  and a p p a r a t u s  

Any x-ray s c a t t e r i n g  p a t t e r n  i s  composed of two p a r t s :  a c o h e r e n t  

'Submitted f o r  p u b l i c a t i o n  i n  Acta MetaZlurgica. 
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atomic arrangement ,  and a n  i n c o h e r e n t  i n e l a s t i c  component r e s u l t i n g  from 
t h e  i n t e r a c t i o n  of t h e  r a d i a t i o n  w i t h  t h e  i n t e r n a l  a tomic  s t r u c t u r e .  We 
are i n t e r e s t e d  i n  b o t h  p a r t s  of t h e  p a t t e r n .  

1.2.1 

A 
i s  t h e  

I n t e r v a r i a n t  I n t e r f e r e n c e  E f f e c t s  i n  P a r t i a l l y  Decomposed Al loys  - 
B.  S.  Bor ie  and H.  L .  Yakel 

common phenomenon r e l a t e d  t o  d i f f u s i o n l e s s  s o l i d - s t a t e  t r a n s f o r m a t i o n s  
p a r t i a l  decomposi t ion,  upon quenching,  of a high-temperature  

s t r u c t u r e  i n t o  one of lower symmetry w i t h  i t s  o r i e n t a t i o n  c o n t r o l l e d  by 
t h e  high-temperature  phase.  Such systems t h a t  have r e c e n t l y  been of 
i n t e r e s t  t o  u s  i n c l u d e  t i t a n i u m -  and zirconium-base a l l o y s  t h a t  p a r t i a l l y  
t r a n s f o r m  t o  t h e  hexagonal  w-phase and uranium-base a l l o y s  t h a t  upon 
r a p i d  c o o l i n g  form t h e  t e t r a g o n a l  ys s t r u c t u r e .  
t empera ture  p a r e n t  s t r u c t u r e  i s  bcc.  For t h e  w phase ,  t h e  c u b i c  c e l l  
d i a g o n a l  becomes t h e  ,c a x i s  of t h e  low-temperature phase w i t h  no p e r c e p t i b l e  
d imens iona l  change r e l a t i v e  t o  untransformed material .  S i n c e  t h e r e  are 
f o u r  e q u a l l y  l i k e l y  c h o i c e s  f o r  t h i s  c u b i c  c e l l  dimension,  t h e  p a r t i a l l y  
t ransformed c r y s t a l  w i l l  i n c l u d e  r e g i o n s  a s s o c i a t e d  w i t h  each of t h e  f o u r  
var iants  of t h e  system i n  p d d i t i o n  t o  untransformed r e g i o n s .  These f i v e  
r e g i o n s  must presumably d i f f r a c t  c o h e r e n t l y  r e l a t i v e  t o  each  o t h e r .  The 
decomposi t ion of b c c  i n t o  t h e  ys c o n f i g u r a t i o n  i s  such  t h a t  a c u b i c  c e l l  
edge becomes a t e t r a g o n a l  a x i s ,  and hence t h e  system i s  c h a r a c t e r i z e d  by 
t h r e e  v a r i a n t s .  

Our i n t e r e s t  i n  t h e s e  systems concerns  t h e  s t r u c t u r a l  meaning of 
c e r t a i n  d i f f u s e  e f f e c t s  and d i f f r a c t i o n  maxima s h i f t s  observed f o r  quenched 
samples ,  i n d i c a t i n g  t h a t  t h e  t ransformed r e g i o n s  have grown w i t h  imper- 
f e c t i o n s  o r  f a u l t s .  Models r e l a t e d  t o  t h e  n a t u r e  of t h e  f a u l t s  have 
s u c c e s s f u l l y  reproduced most of t h e  observed f e a t u r e s  of t h e  i n t e n s i t y  
d i s t r i b u t i o n  i n  r e c i p r o c a l  space .  However, t h e  models used i n  our  ca lcu-  
l a t i o n s  have always i n c l u d e d  t h e  assumption t h a t  t h e  c r y s t a l  c o n t a i n s  o n l y  
one v a r i a n t  and p o s s i b l y  untransformed material .  I n t e r f e r e n c e  e f f e c t s  
among t h e  v a r i a n t s  have been ignored .  

p r e v i o u s l y  r e p o r t e d  i t s  u s e  t o  account  f o r  t h e  i n t e r v a r i a n t  i n t e r f e r e n c e  
c o n t r i b u t i o n s  t o  t h e  s h a r p  fundamental  d i f f r a c t i o n  maxima, f o r  which a l l  
v a r i a n t s  and t h e  untransformed r e g i o n s  have s i g n i f i c a n t  nonzero s c a t t e r i n g  
ampl i tudes .  However, s i n c e  t h e  t ransformed r e g i o n s  are d e f e c t i v e ,  
r e s u l t i n g  i n  d i f f u s e  s c a t t e r i n g ,  t h e r e  may be o t h e r  such r e g i o n s  of o v e r l a p  
g i v i n g  r ise  t o  a n  i n t e r v a r i a n t  i n t e r f e r e n c e  c o n t r i b u t i o n  t o  t h e  d i f f u s e  
s c a t t e r i n g  . 

W e  have computed t h i s  component of t h e  d i f f u s e  s c a t t e r i n g  f o r  a 
p a r t i a l l y  t ransformed a l l o y  of t h e  w phase.  It is  n e g a t i v e ,  i t  t e n d s  t o  
be l a r g e  i n  t h e  v i c i n i t y  of t h e  fundamental  maxima, and t h e  magnitude of 

I n  each  case t h e  high-  

We have now developed a t h e o r y  t o  account  f o r  t h e s e  e f f e c t s .  We 

'OB. S. B o r i e  and H. L. Yakel ,  "The Short-Range S t r u c t u r e  of BCC 
S o l i d  S o l u t i o n  Alloy of Ti tan ium and of Zirconium," MetaZs and Ceramics 
Diu. Annu. Progr. Rep. June 30, 1974,  ORNL-4970, p. 7 .  
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t h e  e f f e c t  a p p e a r s  t o  i n c r e a s e  w i t h  d i s t a n c e  from t h e  o r i g i n  i n  r e c i p r o c a l  
space.  
of t h e  d i f f u s e  s c a t t e r i n g  r e l a t e d  t o  a p a r t i c u l a r  model. 

T h i s  r e s u l t  a l l o w s  u s  t o  f i n d  f o r  t h e  f i r s t  t i m e  a l l  components 

1 .2 .2  C r y s t a l  S t r u c t u r e  of T r a n s i t i o n  Metal T e l l u r i d e s  - H. L.  Yakel 

We have confirmed t h e  r e p o r t e d  l 1  " 

A t e r n a r y  n i c k e l  t i t a n i u m  t e l l u r i d e  w a s  p repared  a t  ORNL by 

monocl in ic  r i c k a r d i t e - t y p e  
s t r u c t u r e  of N i 3 T e 2 .  

J .  Brynestad by h e a t i n g  T i T e 2  w i t h  a n i c k e l  w i r e  a t  1050°C f o r  several 
days .  The c r y s t a l  s t r u c t u r e  of t h i s  p h a s e ,  N i T i T e 2 ,  h a s  been determined 
from p h o t o g r a p h i c a l l y  recorded  d a t a .  The u n i t  c e l l  i s  monocl in ic  C-centered,  
w i t h  a.  = 6 .65  It 0.001 8, bo = 3.835 ? 0.005 8 ,  eo  = 6.40 t 0.01 8, 
B = 90.4 2 0.1". With two formula weights  of N i T i T e 2  p e r  c e l l ,  t h e  x-ray 
d e n s i t y  i s  7.38 g/cm3. 
occupy t h e  f o l l o w i n g  s p e c i a l  p o s i t i o n s  of t h i s  group:  

The most p r o b a b l e  s p a c e  group is  C2/m; atoms 

2 N i  i n  2a: O,O,O; 1 / 2 , 1 / 2 , 0  
2 T i  i n  2c: 0 , 0 , 1 / 2 ;  1 / 2 , 1 / 2 , 1 / 2  
4 T e  i n  4;: x , O , z ;  e tc . ,  w i t h  x e 113 and z = 3 / 4  + 6 ,  w i t h  6 = 0.03 0.01. 

The s t r u c t u r e  i s  a monocl in ic  d i s t o r t i o n  of a n  ordered  NiAs(B8)-type1 
arrangement .  

1 . 2 . 3  Computer Programs of Genera l  Use i n  X-Ray C r y s t a l l o g r a p h y  - 
H. L. Yakel 

During the  r e p o r t i n g  p e r i o d  t h e  f o l l o w i n g  programs have been w r i t t e n  

1. REGEL. - T h i s  FORTRAN I V  program computes ( a )  Bragg a n g l e s  and 
o r  modi f ied :  

s p a c i n g s  f o r  l a t t i c e s  w i t h  known d imens ions ,  o r  (b) Bragg a n g l e s ,  s p a c i n g s ,  
and powder i n t e n s i t i e s  f o r  phases  w i t h  known c r y s t a l  s t r u c t u r e s .  I n  t h e  
l a t t e r  case, a CALCOMP o r  CRT p l o t  of t h e  powder p a t t e r n  may b e  g e n e r a t e d  
a n d / o r  saved f o r  i n c l u s i o n  i n  a composi te  p l o t  of p a t t e r n s  f o r  several  
phases .  

l l R .  B. Kok, G .  A. Wiegers,  and F .  J e l l i n e k ,  "The System Nickel-  
T e l l u r i u m ,  I. S t r u c t u r e  and Some S u p e r s t r u c t u r e s  of t h e  N i 3 + a T e p  
Phase,"  Ree. Trav. Chim.  Pays-Bas 84: 1585-88 (1965).  

20: 2865-79 (1966).  

Akademische V e r l a g s g e s e l l s c h a f t  m.b.H., L e i p z i g ,  1931. 

2J. Bars tad  e t  a l . ,  "On t h e  T e l l u r i d e s  of Nickel," Acta Chem. Scand. 

13P.  P. Ewald and C.  Hermann, Strukturbericht, Band I, pp. 84-87, 
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2. LAUEPL. - T h i s  FORTRAN I V  program g e n e r a t e s  CKT p l o t s  of forward- 
o r  b a c k - r e f l e c t i o n  Laue p a t t e r n s  from t h e  s u p e r p o s i t i o n  of up t o  f o u r  
c r y s t a l s  w i t h  any s p e c i f i e d  o r i e n t a t i o n s  and c r y s t a l l o g r a p h i c  symmetries. 
The s p e c i a l  d e s i g n a t i o n  of c h a r a c t e r i s t i c  Laue r e f l e c t i o n s  d e s c r i b e d  by 
C h r i s t i a n s e n ,  Gerward, and A l s t r u p ’  

language.  

h a s  been i n c o r p o r a t e d  i n  t h i s  program. 
3. STEREO. - T h i s  program15 h a s  been modif ied t o  t h e  FORTRAN I V  

1 . 2 . 4  Excess D i f f u s e  X-Ray S c a t t e r i n g  and Anomalous Dispers ion’  - 
C.  J.  Sparks ,  Jr. 

Because t h e  low c r o s s  s e c t i o n s  f o r  d i f f u s e l y  s c a t t e r e d  x-rays may be 
comparable w i t h  t h o s e  f o r  o t h e r  a tomic  p r o c e s s e s ,  which may y i e l d  a d d i t i o n a l  
i n t e n s i t y ,  we have ana lyzed  t h e  energy of d i f f u s e  x - r a d i a t i o n  t o  a t t e m p t  
t o  i d e n t i f y  t h e s e  p o s s i b l e  components. Crystal-monochromated Cu Ka o r  
Mo KO, r a d i a t i o n  w a s  s c a t t e r e d  from v a r i o u s  e lements  and a l l o y s  and analyzed 
w i t h  a S i ( L i )  s o l i d - s t a t e  d e t e c t o r .  The observed i n t e n s i t i e s  w e r e  p laced  
on a n  a b s o l u t e  b a s i s  by comparison w i t h  t h e  s c a t t e r i n g  from p o l y s t y r e n e .  
C o r r e c t i o n s  f o r  p o l a r i z a t i o n  from t h e  monochromator, dead t i m e  i n  t h e  
d e t e c t o r  e l e c t r o n i c s ,  and double  d i f f u s e  s c a t t e r i n g  were made t o  a p r e v i o u s l y  
l i s t e d  v a l u e  of t h e  s c a t t e r i n g  from p o l y s t y r e n e .  F luorescence  from b o t h  
t h e  sample and i m p u r i t i e s  i n  t h e  sample i s  a p o s s i b l e  s o u r c e  of e x t r a  
i n t e n s i t y  n o t  n e c e s s a r i l y  removed by b a l a n c e  f i l t e r s .  

Another s o u r c e  of e x t r a  d i f f u s e  i n t e n s i t y  i s  an i n e l a s t i c  s c a t t e r i n g  
p r o c e s s ,  which d i f f e r s  from Compton s c a t t e r i n g .  The i n t e n s i t y  of t h i s  
r a d i a t i o n  i n c r e a s e s  as t h e  i n c i d e n t  x-ray energy approaches an  a b s o r p t i o n  
edge and is  independent  of s c a t t e r i n g  a n g l e .  The i n t e n s i t y  r e a c h e s  a 
maximum a t  an energy  lower t h a n  t h e  i n c i d e n t  energy  by a n  amount e q u a l  t o  
t h e  b inding  energy of a n  i n n e r  s h e l l  e l e c t r o n .  The c r o s s  s e c t i o n  i s  
p r e d i c t e d  by summing t h e  s q u a r e s  of t h e  r ea l  p a r t  of t h e  anomalous d i s -  
p e r s i o n  c o r r e c t i o n .  We i n t e r p r e t  t h e s e  i n e l a s t i c a l l y  s c a t t e r e d  x r a y s  
as a r i s i n g  from t h e  resonance  p r o c e s s  a s s o c i a t e d  w i t h  anomalous d i s p e r s i o n .  
T h i s  p r o c e s s  can c o n t r i b u t e  s i g n i f i c a n t l y  t o  measured d i f f u s e  i n t e n s i t i e s  
when t h e  H & l  c o r r e c t i o n  i s  l a r g e .  

I 4 G .  C h r i s t i a n s e n ,  L. Gerward, and I. A l s t r u p ,  “High-Precis ion 
O r i e n t a t i o n  of C r y s t a l s  Using t h e  Laue Method w i t h  C h a r a c t e r i s t i c  X-rays,” 
Acta C r y s t .  A31: 142-45 (1975).  

Plot t ing Stereographic Projections of Latt ice  Plane NomaZs and Directions, 
OWL-TM-2461 (March 1969) .  

’ 5H. L. Yakel,  Program STEREO: A FORTRAN-Language Program for 

I 6 A b s t r a c t  of a n  i n v i t e d  paper  p r e s e n t e d  a t  and t o  be publ i shed  i n  
t h e  proceedings  of t h e  I n t e r n a t i o n a l  Congress Conference on Anomalous 
S c a t t e r i n g ,  Madrid,  Spa in ,  A p r i l  22-26, 1974. T h i s  conference  w a s  
sponsored by t h e  I n t e r n a t i o n a l  Union of C r y s t a l l o g r a p h y .  
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1 .2 .5  X-Ray D i f f r a c t i o n  and F luorescence  a t  t h e  S tan fo rd  Synchro t ron  
R a d i a t i o n  P r o j e c t ’ ” ’ ’  - C.  J.  Sparks ,  Jr. and J. B. Has t ings  

E l e c t r o n s  c i r c u l a t i n g  i n  synchro t rons  and s t o r a g e  r i n g s  are an  i n t e n s e  
sou rce  of e l e c t r o m a g n e t i c  r a d i a t i o n  of an  energy  from 1 e V  t o  s e v e r a l  
keV. I n  March 1975, a t  t h e  S tan fo rd  Synchro t ron  R a d i a t i o n  P r o j e c t  w e  
performed exper iments  des igned  t o  e v a l u a t e  and e x p l o i t  t h e  unique  p r o p e r t i e s  
of t h i s  x - r a d i a t i o n  source .  S c a t t e r i n g  of t h e  broad x - r a d i a t i o n  spectrum 
from p o l y c r y s t a l l i n e  materials produced powder d i f f r a c t i o n  p a t t e r n s  pe r -  
m i t t i n g  compound i d e n t i f i c a t i o n s  i n  less than  4 min, w i t h  t h e  a d d i t i o n a l  
i n fo rma t ion  of t h e  f l u o r e s c e n t  spectrum f o r  e l e m e n t a l  i d e n t i f i c a t i o n .  The 
synchro t ron  o p e r a t i n g  a t  on ly  1.85 G e V  and 8 mA gave 10  t i m e s  more x-ray 
i n t e n s i t y  i n  t h e  2 t o  10  keV range  t h a n  t h e  cont inuous  r a d i a t i o n  spectrum 
from t h e  h i g h e s t  powered commercially a v a i l a b l e  x-ray s o u r c e s .  S c a t t e r i n g  
of t h i s  r a d i a t i o n  from (111) p l a n e s  of s i l i c o n  s i n g l e  c r y s t a l s  gave d i f -  
f r a c t i o n  peaks t o  t h e  1 1 t h  o r d e r  w i t h  e x c e l l e n t  peak-to-background r a t i o s .  
T h i s  r e s o l u t i o n  r e s u l t s  from t h e  s m a l l  i n h e r e n t  d ive rgence  of t h e  synchro t ron  
r a d i a t i o n ,  which i s  2 X t i m e s  t h a t  f o r  r a d i a t i o n  from conven t iona l  
sou rces .  

beam i n  t h e  p l a n e  of t h e  synchro t ron  r i n g .  
synchro t ron  i s  p l a n e  p o l a r i z e d ,  coherent  and Compton s c a t t e r i n g  should  
be minimal i n  t h i s  s c a t t e r i n g  d i r e c t i o n .  R e s u l t s  showed a hundredfo ld  
r e d u c t i o n  i n  background under  t h e  f l u o r e s c e n c e  peaks ,  compared w i t h  t h e  
conven t iona l  x-ray f l u o r e s c e n c e  exper iment ,  which u s e s  unpo la r i zed  w h i t e  
r a d i a t i o n  from a t u n g s t e n  t a r g e t .  Double and h ighe r  m u l t i p l e  s c a t t e r i n g  
p r o c e s s e s  w e r e  observed t o  occur  w i t h  i n c r e a s i n g  p r o b a b i l i t i e s  as t h e  
average  a tomic  number of t h e  s c a t t e r i n g  material w a s  dec reased .  The p l a n e  
p o l a r i z a t i o n  of synchro t ron  x - r a d i a t i o n  p e r m i t s  d i r e c t  o b s e r v a t i o n  of 
h ighe r  o r d e r  s c a t t e r i n g  p r o c e s s e s ,  which were no t  p r e v i o u s l y  measurable .  

Br i e f  exper iments  a t  h ighe r  synchro t ron  e n e r g i e s  demonstrated t h e  
ex t remely  h i g h  x-ray f l u x  a t  e n e r g i e s  of 2 t o  25 keV a v a i l a b l e  under  t h e s e  
c o n d i t i o n s ;  i n t e n s i t i e s  t h a t  exceed t h e  brehmss t rah lung  from t h e  most 
powerful  conven t iona l  s o u r c e s  by a f a c t o r  of lo3 may be  ach ieved ,  a g a i n  
w i t h  5 X lo3 b e t t e r  beam c o l l i m a t i o n .  

F luo rescence  from t r a c e  i m p u r i t i e s  w a s  measured a t  90” t o  t h e  i n c i d e n t  
S ince  t h e  r a d i a t i o n  from t h e  

1 .2 .6  I n e l a s t i c  Resonance Emission of X Rays: Anomalous S c a t t e r i n g  
Assoc ia ted  w i t h  Anomalous D i s p e r s i o n ”  - C. J. Sparks ,  Jr. 

An i n e l a s t i c  resonance  s c a t t e r i n g  of monochromatic Cu K a  x- rays  
i n c i d e n t  on v a r i o u s  t a r g e t s  i s  observed when an  a b s o r p t i o n  edge of t h e  

1 7 T h i s  work w a s  suppor ted  i n  p a r t  by t h e  N a t i o n a l  Sc ience  Foundat ion 
Grant  DMR73-07692 A02, i n  coope ra t ion  w i t h  t h e  S tan fo rd  L inea r  A c c e l e r a t o r  
Center  and t h e  Energy Research and Development Admin i s t r a t ion .  

American C r y s t a l l o g r a p h i c  A s s o c i a t i o n ,  ‘ J n i v e r s i t y  of V i r g i n i a ,  
C h a r l o t t e s v i l l e ,  V a . ,  March 9-13, 1975 

”Abs t r ac t  of o r a l  p r e s e n t a t i o n  g iven  a t  t h e  Winter  Meeting of t h e  

I g A b s t r a c t e d  from Phys. Rev. L e t t .  33: 262-fj5 (1974).  
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t a r g e t  is  j u s t  above t h e  energy  of t h e  i n c i d e n t  x-rays.  T h i s  f requency-  
dependent and angular- independent  i n e l a s t i c  s c a t t e r i n g  i s  i n t e r p r e t e d  
w i t h  t h e  x-ray s c a t t e r i n g  t h e o r y  of anomalous d i s p e r s i o n .  Conservat ion-  
o f - i n t e n s i t y  arguments a l l o w  a comparison of t h e  observed i n e l a s t i c  
i n t e n s i t y  w i t h  t h e  rea l  p a r t  of t h e  anomalous d i s p e r s i o n  c o r r e c t i o n s  t o  
t h e  coherent  a tomic  s c a t t e r i n g  f a c t o r s  f o r  x-rays.  

mat ion  about  t h e  e l e c t r o n i c  n a t u r e  of t h e  atom. A s  a new s p e c t r o g r a p h i c  
t o o l ,  i t  should  open p a t h s  t o  g r e a t e r  u n d e r s t a n d i n g  of t h e  e l e c t r o n i c  
e f f e c t s  s o  impor tan t  t o  t h e  p h y s i c a l  and chemical  p r o p e r t i e s  of matter. 

T h i s  newly d i s c o v e r e d  s c a t t e r i n g  p r o c e s s  w i l l  g i v e  a d d i t i o n a l  i n f o r -  

1 . 2 . 7  Neutron I r r a d i a t i o n  E f f e c t s  and S t r u c t u r e  of N o n c r y s t a l l i n e  S i 0 2 2 0  - 
J. B. Bates,L1 R. W. Hendricks,  and L.  B. S h a f f e r L L  

The n a t u r e  of t h e  d e f e c t s  produced i n  n o n c r y s t a l l i n e  Si02 and a-quar tz  
s i n g l e  c r y s t a l s  by f a s t - n e u t r o n  i r r a d i a t i o n  (>0.18 MeV) h a s  been i n v e s t i g a t e d  
by Raman and i n f r a r e d  s p e c t r o s c o p y ,  small-angle  x-ray s c a t t e r i n g ,  and 
e l e c t r o n  microscopy. Measurements were made a t  25'C on samples i r r a d i a t e d  
t o  i n t e g r a t e d  f l u x e s  (exposures)  from about  1 X 10" to 2 X lo2' n/cm2. 
A t  2 X lo2' n/cm2, t h e  a -quar tz  sample had been t ransformed t o  an  e s s e n t i a l l y  
n o n c r y s t a l l i n e  material. However, a t  9 X l o 1  n/cm2, remnant c r y s t a l l i t e s  
of t h e  o r i g i n a l  a -quar tz  having a r a d i u s  of g y r a t i o n  of 47 A were found. 
The s p e c t r a  of t h e  n o n c r y s t a l l i n e  phase of t h e s e  materials are i n t e r p r e t e d  
i n  terms of l o c a l  modes a t  d e f e c t  c e n t e r s .  Simple models account  f o r  t h e  
v i b r a t i o n a l  s p e c t r a  and e x t r a p o l a t e d  x-ray s c a t t e r i n g  i n  t h e  forward d i r e c -  
t i o n .  The p o s t i r r a d i a t i o n  annea l ing  behavior  of t h e  a -quar tz  samples h a s  
been fo l lowed t o  1000°C. The s t r u c t u r e  of t h e  n o n c r y s t a l l i n e  phase  g r a d u a l l y  
t ransformed t o  t h a t  of u n i r r a d i a t e d  S i 0 2 .  I n  t h e  a -quar tz  sample i r r a d i a t e d  
t o  9 X lo1' n/cm2, t h e  remnant m i c r o c r y s t a l l i t e s  annealed out  by 1000°C. 

1 .2 .8  S t u d i e s  of Voids i n  N e u t r o n - I r r a d i a t e d  Aluminum S i n g l e  C r y s t a l s  
I. Small-AnPle X-Ray S c a t t e r i n g  and Transmiss ion  E l e c t r o n  
MicroscopyL3 - J. E. Epperson," R. W. Hendricks,  and K.  F a r r e l l  

Small-angle x-ray s c a t t e r i n g  and t r a n s m i s s i o n  e l e c t r o n  microscopy 
exper iments  were performed on h i g h - p u r i t y  (99.9999+%) aluminum s i n g l e  
c r y s t a l s  t h a t  had been n e u t r o n - i r r a d i a t e d  t o  a f l u e n c e  of 1 . 5  X l o 2 '  n/cm2 
(>0.18 MeV) a t  5 0 ° C .  The volume changes determined by each t e c h n i q u e  are 
i n  good agreement.  Evidence f o r  s c a t t e r i n g  e f f e c t s  r e s u l t i n g  from f a c e t i n g  

2 0 A b s t r a c t  of paper  publ i shed  i n  J .  Chem. Phys. 61: 4163-76 (1974).  

21 S o l i d  S t a t e  D i v i s i o n .  

2 2 V i s i t i n g  c o n s u l t a n t  from Anderson Col lege ,  Anderson, I n d i a n a .  

2 3 A b s t r a c t  of paper  p u b l i s h e d  i n  PhiZos. Mag. 3 0 ( 4 ) :  803-17 (1974). 

24Max Planck  I n s t i t u t  f < r  Meta l l forschung,  S t u t t g a r t ,  West Germany. 
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of the voids is presented. Assuming a truncated octahedral void shape, 
the ratios of the third to the second moment of the distribution of void 
sizes determined by both SAXS and TEM are in excellent agreement. 
effects of isochronal annealing on the swelling have been followed to 
near the melting point. The annealing of voids was clearly seen; no 
evidence was found for bubble formation at elevated temperatures. 

The 

1.2.9 Studies of Voids in Neutron-Irradiated Aluminium Single Crystals 
11. 
J. Schelten,26 and W. SchmatzZ6 

Small-Angle Neutron Scatterin%" - R. W. Hendricks, 

Absolute small-angle neutron scattering measurements have been made 
on six aluminium single crystals irradiated with fast neutrons (>0.18 MeV) 
to fluences between 0.3 and 2.0 x loz1 n/cm2. The results are interpreted 
in terms of the truncated octahedral shape of voids, and are compared 
with companion transmission electron microscopy and immersion density 
measurements. 
and the moment ratios of the size distribution ( (D6) / ( D 3 )  
are in good agreement. 
but also show a marked temperature dependence resulting from the small 
thermal gradient in the reactor core. 

The swelling, total void surface area, radius of gyrat;on, 
and (D ) / (D ) )  

These quantities are not only fluence dependent 

1.2.10 A New Small-Angle X-Ray Scattering Spectrometer Using a Rotating 
Anode Generator, Pin-Hole Collimation, and a Two-Dimensional 
Position-Sensitive Proportional Counter - R. W. Hendricks 

Previous experiments with a one-dimensional position-sensitive x-ray 
counter have indicated the feasibility of measuring various void size 
distribution parameters (radius of gyration, surface area, swelling, 
surface anisotropy) in very small ( X O .  002 mm3) neutron-irradiated specimens 
by small-angle x-ray scattering. 2 7  
similar parameters for specimens in which the voids are created by heavy-ion 
damage, it was necessary to increase the detected x-ray intensity by approx- 
imately two orders of magnitude over our earlier system. To achieve this 
goal, we have constructed a new small-angle x-ray spectrometer, which 
features (1) a 5-m collimation distance and a 5-m specimen-to-detector 
distance, (2) a two-dimensional position-sensitive x-ray detector with 
200 by 200 resolution elements, (3) on-line computer system for data 
acquisition and display, and (4) an ultra-high-speed interface between 
the detector electronics and computer memory. The current design of the 

To extend this technique to determine 

"Abstract of paper published in Philos. Mag. 30(4): 819-37 (1974). 

261nstitut fir Festkorperf orschung der Kernforschungsalange, Julich, 

27J. Schelten and R. W. Hendricks, "A New Small-Angle X-Ray 

West Germany. 

Scattering Facility Utilizing a Rotating Anode, Pin-Hole Collimation and 
a Position-Sensitive Proportional Counter," JournaZ of AppZied  
CyystaZZography, in press. 
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i n t e r f a c e  i s  c a p a b l e  of c o n v e r t i n g  t h e  p o s i t i o n  i f  t h e  i n c i d e n t  x r a y  
from two a n a l o g - t o - d i g i t a l  c o n v e r t e r s  i n t o  a n  a b s o l u t e  memory a d d r e s s  
i n  t h e  computer,  increment ing  t h a t  l o c a t i o n  and t e s t i n g  i t  f o r  over f low 
a t  over  l o 5  e v e n t s l s e c .  
w i t h  minimal m o d i f i c a t i o n s .  We a n t i c i p a t e  t h a t  t h e  p r e s e n t l y  a v a i l a b l e  
6-kW r o t a t i n g  anode x-ray s o u r c e  w i l l  b e  r e p l a c e d  w i t h  a 60-kW s o u r c e  
i n  t h e  n e x t  y e a r ,  t h u s  g i v i n g  s u f f i c i e n t  power t o  d e t e c t  about  0.1% 
s w e l l i n g  i n  specimens 1 mm diam by 0.001 mm t h i c k .  

Extens ion  t o  over  5 X l o 5  e v e n t s / s e c  i s  p o s s i b l e  

1 . 2 . 1 1  Q u a n t i t a t i v e  X-Ray Fluorescence  A n a l y s i s  Using Fundamental 
Parameters“  - C.  J. Sparks ,  Jr. 

The u s e  of a monochromatic s o u r c e  of x r a y s  f o r  e x c i t a t i o n  p e r m i t s  
d i r e c t  and r e l a t i v e l y  s imple  c a l c u l a t i o n s  t o  b e  made t o  q u a n t i f y  t h e  
measured f l u o r e s c e n t  i n t e n s i t i e s  on an  a b s o l u t e  b a s i s  of weight  p e r  u n i t  
weight  of sample. Only t h e  mass a b s o r p t i o n  c o e f f i c i e n t s  of t h e  sample 
f o r  t h e  e x c i t i n g  r a d i a t i o n  and t h e  f l u o r e s c e n t  r a d i a t i o n  need t o  b e  d e t e r -  
mined. Bes ides  t h e  t e c h n i q u e s  f o r  t h e  d i r e c t  measurement of t h e s e  ab- 
s o r p t i o n  c o e f f i c i e n t s ,  o t h e r  s o l u t i o n s  are c o n s i d e r e d ,  which r e q u i r e  fewer  
sample m a n i p u l a t i o n s  and measurements. Exper imenta l  measurements are 
d e s c r i b e d  t h a t  permi t  t h e  d e t e r m i n a t i o n  of nonhomogeneous m a t r i x  i n t e r -  
f e r e n c e  e f f e c t s .  R e s u l t s  are  g i v e n  f o r  several  k i n d s  of samples .  These 
methods p e r m i t  q u a n t i t a t i v e  a n a l y s i s  w i t h o u t  r e c o u r s e  t o  t h e  t i m e -  
consuming p r o c e s s  of p r e p a r i n g  s t a n d a r d s .  

1 . 2 . 1 2  E f f e c t s  of Neutron I r r a d i a t i o n  on t h e  Long-Range Order and 
Superconduct ing Temperatures  of NbsSn - C .  J .  S p a r k s , L y  
R .  B e t t , ”  and B.  A. Bellamy” 

S t u d i e s  of n e u t r o n  i r r a d i a t i o n  on Nb3Sn superconduct ing  t a p e s  have 
r e l a t e d  t h e  a tomic  o r d e r  of t h e  A15 compound t o  t h e  c r i t i c a l  superconduct ing  
t r a n s i t i o n  t e m p e r a t u r e ,  Tc. 
e x c e s s  of lo1’ n/cm2 w i l l  lower IT, below t h a t  u s e f u l  f o r  magnets.  Annealing 
f o r  about  4 h r  a t  7 5 O o C  w i l l  r e c o v e r  t h e  c r i t i c a l  t e m p e r a t u r e ,  which is 
d i r e c t l y  r e l a t e d  t o  t h e  amount of o r d e r  i n  t h e  A15 s t r u c t u r e .  F i g u r e  l . l ( b )  
shows t h e  volume changes undergone i n  a c r o s s  s e c t i o n  of t h e  superconduct ing  
t a p e  upon i r r a d i a t i o n .  The Nb3Sn expands normal t o  t h e  niobium s u b s t r a t e  
on i r r a d i a t i o n ,  p l a c i n g  niobium i n  t e n s i o n  i n  t h e  p l a n e  of t h e  t a p e .  
Annealing a t  450°C f o r  a few h o u r s  w i l l  r e l a x  t h i s  e l a s t i c  s t r a i n  w i t h o u t  
changing t h e  d e g r e e  of o r d e r .  A s  t h e  a n n e a l  does n o t  change t h e  c r i t i c a l  

A s  shown i n  F i g .  l . l ( a ) ,  n e u t r o n  f l u e n c e s  i n  

2 8 A b s t r a c t  of i n v i t e d  paper  f o r  24th Annual Denver X-Ray Conference,  
Denver, Col . ,  Aug. 6 - 9 ,  1975.  

’Work performed w h i l e  on assignment  t o  AERE , H a r w e l l ,  England. 

‘Members of t h e  s t a f f ,  AERE, Harwell .  
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F i g .  1.1. E f f e c t  of Neutron I r r a d i a t i o n  a t  7 O o C  on NbsSn Supercon- 
d u c t i n g  Tape. ( a )  Decrease i n  c r i t i c a l  t e m p e r a t u r e ,  T e ,  and long-range- 
o r d e r  parameter ,  S, as a f u n c t i o n  of n e u t r o n  dose .  (b)  E la s t i c  s t r a i n s  
i n t r o d u c e d  by t h e  d i f f e r e n t i a l  expansion of Nb3Sn and t h e  niobium 
s u b s t r a t e .  

t e m p e r a t u r e ,  w e  conclude  t h a t  T, i n  Nb3Sn i s  u n a f f e c t e d  by e l a s t i c  s t r a i n  
t o  0.6% and depends m o s t l y  on t h e  amount of long-range o r d e r .  

1.3 ALLOY STRUCTURE - R.  0. W i l l i a m s  

Many t e c h n o l o g i c a l l y  impor tan t  a l l o y s  are s o l i d  s o l u t i o n s ,  and t h e  
atomic d i s o r d e r  induced by t h e  a l l o y i n g  p r o c e s s  i n f l u e n c e s  t h e  chemical  
and mechanica l  p r o p e r t i e s  of t h e  a l l o y s .  A b e t t e r  u n d e r s t a n d i n g  of t h e s e  
s t r u c t u r a l  e f f e c t s  i s  e s s e n t i a l  i n  o r d e r  t o  p r e d i c t  t h e  i n t r i n s i c  s t a b i l i t y  
of a l l o y s  and t o  e v a l u a t e  r a d i a t i o n  e f f e c t s  and t h e  p o t e n t i a l  f o r  long- 
t e r m  p r o p e r t y  changes i n  s t r u c t u r a l  components of energy  g e n e r a t i n g  
systems.  

The s p e c i f i c  g o a l  of t h i s  research i s  t o  c h a r a c t e r i z e  t h e  d i s o r d e r  
i n  s o l i d - s o l u t i o n  a l l o y s  i n  terms of i t s  i n f l u e n c e  on t h e  thermodynamic 
p r o p e r t i e s  of t h e  a l l o y s  and t o  d e s c r i b e  i t  through a n a l y s e s  of t h e  d i f f u s e  
x-ray s c a t t e r i n g  phenomena. Our work t h u s  encompasses t h e  a p p l i c a t i o n  
of s o l u t i o n  thermodynamics t o  a l l o y  systems and t h e  a n a l y s i s  of x-ray 
d i f f r a c t i o n  phenomena e x h i b i t e d  by a l l o y s .  

1.3.1 Computer S i m u l a t i o n  of S o l i d  S o l u t i o n s  - R. 0. W i l l i a m s  

We have developed and used a computer program t h a t  s i m u l a t e s  t h e  
rearrangement  of t h e  atoms i n  a random b i n a r y  m i x t u r e  so  as t o  make t h e  
r e s u l t i n g  a tomic  d i s t r i b u t i o n s  i n  t h e  immediate neighborhoods of t h e  
atoms a g r e e  w i t h  e x p e r i m e n t a l  x-ray r e s u l t s .  I n  o r d e r  t o  g e t  t h e  d e s i r e d  
s t a t i s t i c a l  s i g n i f i c a n c e ,  i t  i s  e s s e n t i a l  t h a t  t h e  model c o n t a i n  a l a r g e  
number of atoms, and i n  o r d e r  t o  g e t  agreement w i t h  t h e  x-ray r e s u l t s ,  
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it  i s  n e c e s s a r y  t o  extend t h e  neighborhoods b e i n g  examined t o  several 
hundred atoms. Such m o d i f i c a t i o n s  r e s u l t  i n  s u b s t a n t i a l  i n c r e a s e  i n  
computa t iona l  t i m e ,  s o  t h e  o r i g i n a l  program h a s  been r e w r i t t e n  t o  make 
i t  more e f f i c i e n t .  It h a s  been extended t o  p r o v i d e  v a r i o u s  k i n d s  of 
c h a r a c t e r i z a t i o n  of t h e  f i n i s h e d  model. I n  p a r t i c u l a r ,  t h e  x-ray i n t e n s i t y  
c a l c u l a t e d  f o r  t h e  model i s  compared w i t h  t h e  observed i n t e n s i t y .  

1 . 3 . 2  The Nature  of t h e  L i m i t a t i o n s  of Second Law Determina t ions  of 
S o l u t i o n  T h e r r n ~ d y n a m i c s ~ ~  - R. 0. W i l l i a m s  

The u n r e l i a b i l i t y  of t h e  e n t r o p y  and h e a t  of mixing of s o l u t i o n s  
deduced s o l e l y  from f r e e  energy measurements r e s u l t s  from s y s t e m a t i c  
e r r o r s  i n  t h e  d a t a  and t h e  l a c k  of i n f o r m a t i o n  on t h e  tempera ture  de- 
pendence of t h e  h e a t  of mixing. I f  one could p r e d i c t  t h e  e n t r o p y  i n  t h e  
high-temperature  l i m i t  t h e n  one needs  t o  s o l v e  o n l y  one of t h e s e  problems. 
The tempera ture  dependence of t h e  h e a t  of mixing cannot  b e  s a t i s f a c t o r i l y  
deduced from t h e  f r e e  energy and must b e  measured c a l o r i m e t r i c a l l y .  The 
f i n i t e  s e n s i t i v i t y  of t h e  f r e e  energy measurements, which h a s  p r e v i o u s l y  
been blamed as t h e  o r i g i n  of t h i s  problem, i s  n o t  n e c e s s a r i l y  an  impor tan t  
f a c t o r .  

1.3.3 The Importance of M u l t i p l e  X-Ray S c a t t e r i n g  i n  Measurements of 
D i f f u s e  I n t e n s i t y 3 '  - R. 0. W i l l i a m s  and C .  J.  Sparks 

C a l c u l a t i o n s  by o t h e r s  of d o u b l e - d i f f u s e  and m u l t i p l e  Bragg s c a t t e r i n g  
have been made f o r  amorphous and p o l y c r y s t a l l i n e  materials, r e s p e c t i v e l y .  
We have now t r e a t e d  t h e  s i t u a t i o n  of d i f f u s e l y  s c a t t e r e d  r a d i a t i o n  under- 
going Bragg s c a t t e r i n g  as w e l l  as t h e  case of a Bragg-sca t te red  beam be ing  
s u b j e c t e d  t o  a d i f f u s e  s c a t t e r i n g  p r o c e s s  b e f o r e  emergence from t h e  sample.  
I n  b o t h  i n s t a n c e s  i n t e n s i t y  may b e  added t o  o r  s u b t r a c t e d  from t h e  d i f f u s e  
i n t e n s i t y  of i n t e r e s t .  W e  t reat  t h e s e  t w o  cases i n  terms of t h e  g e o m e t r i c a l  
p o s i t i o n s  i n  r e c i p r o c a l  space  a t  which enhancement o r  r e d u c t i o n  of t h e  
measured i n t e n s i t y  can occur .  One example of t h e s e  m u l t i p l e  s c a t t e r i n g  
e f f e c t s  i s  provided  by t h e  d i f f u s e  i n t e n s i t y  measured from a f c c  s i n g l e  
c r y s t a l  of Cu-16 a t .  % A l .  The p o s i t i o n s  i n  r e c i p r o c a l  s p a c e  t h a t  c o i n c i d e  
w i t h  Bragg s c a t t e r i n g  of t h e  i n c i d e n t  o r  d e t e c t e d  r a d i a t i o n  are p l o t t e d  
and shown t o  occur  a t  p o s i t i o n s  where d i f f e r e n c e s  are found between observed 
and c a l c u l a t e d  i n t e n s i t i e s .  An example of secondary Bragg s c a t t e r i n g  is  
g i v e n  by t h e  t h e r m a l  d i f f u s e  s c a t t e r i n g  measurements made on hot-pressed 
p y r o l y t i c  g r a p h i t e .  

3 1 A b s t r a c t  of paper  p u b l i s h e d  i n  Mater. Sei. Eng. 19: 37-42 (1975). 

2 A b s t r a c t  of paper  prepared  f o r  p u b l i c a t i o n .  
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1 . 3 . 4  Fl ip-Flop  Decomposition With in  M i s c i b i l i t y  Gaps3 - R.  0. W i l l i a m s  

A l o c a l  p e r t u r b a t i o n  t h a t  i s  s u f f i c i e n t l y  s t a b l e  t o  prow can l e a d  t o  
a f l i p - f l o p  t y p e  of decomposi t ion w i t h i n  a m i s c i b i l i t y  gap w i t h o u t  subse- 
q u e n t i a l  n u c l e a t i o n .  T h i s  p r o c e s s  must occur  i f  t h e  sur rounding  m a t r i x  
i s  e s s e n t i a l l y  unchanged. T h i s  model i s  invoked t o  e x p l a i n  t h e  h i g h e r  
r e g u l a r  p l a t e  s t r u c t u r e s  t h a t  are observed ,  s t r u c t u r e s  t h a t  appear  t o  have 
a d e g r e e  of r e g u l a r i t y  g r e a t e r  t h a n  t h a t  p r e d i c t e d  by Cahn's t h e o r y  of 
s p i n o d a l  decomposi t ion.  The o r i g i n  of t h e  p l a t e  s t r u c t u r e  i s  a s s o c i a t e d  
w i t h  a n i s o t r o p i c  energy  f a c t o r s ,  and i n  t h e  absence  of such f a c t o r s  t h e  
f l i p - f l o p  mode of decomposi t ion would l e a d  t o  a Swiss-cheese s t r u c t u r e ,  
which would be ex t remely  d i f f i c u l t  t o  d i s t i n g u i s h  from t h a t  p r e d i c t e d  by 
Cahn's t h e o r y .  During c o a r s e n i n g  t h e  p l a t e l i k e  s t r u c t u r e  can b e  r e t a i n e d  
through t h e  s u c c e s s i v e  e l i m i n a t i o n  of i n d i v i d u a l  p l a t e s  w i t h o u t  changing 
t h e  e s s e n t i a l  n a t u r e  of t h e  s t r u c t u r e .  

1 . 4  FUNDAMENTAL CERAMICS - J. Brynestad 

T h i s  group conducts  r e s e a r c h  on r e f r a c t o r y  m a t e r i a l s  and on r e a c t i o n s  
between ceramics, metals, and c o r r o s i v e  envi ronments ,  i n  s u p p o r t  of v a r i o u s  
energy programs. 

1 . 4 . 1  R e f r a c t o r y  Europium Compounds - J .  Brynestad and S .  L .  Bennet t  

A program h a s  been i n i t i a t e d  t o  i n v e s t i g a t e  t h e  p r o p e r t i e s  of europium 
compounds of p o t e n t i a l  importance t o  t h e  development of a l t e r n a t e  advanced 
f a s t - n e u t r o n  a b s o r b e r s  f o r  t h e  LMFBR. E f f o r t s  have begun i n  t h e  areas: 
(1) p r e p a r a t i o n  of s i n g l e  c r y s t a l s  of Eu203 f o r  c r y s t a l l o g r a p h i c ,  t h e r m a l  
expans ion ,  and thermal  c o n d u c t i v i t y  s t u d i e s ,  ( 2 )  p r e p a r a t i o n  and inves-  
t i g a t i o n  of t h e  p r o p e r t i e s  of EuO, ( 3 )  i n v e s t i g a t i o n  of t h e  e x i s t e n c e  of 
of europium-rich phosphides ,  and ( 4 )  i n v e s t i g a t i o n  of t e r n a r y  compounds 
i n  t h e  systems Eu-B-C and Eu-B-N. 

1.4 .2  S u r f a c e  P r o p e r t i e s  of Europium Oxide: I n i t i a l  S t u d i e s  - 
H. F. Holmesj4 

The a d s o r p t i o n  of n i t r o g e n  ( a t  77'K), a rgon  ( a t  77'K), water ( a t  2 O o C ) ,  
and carbon d i o x i d e  ( a t  20'C) on c u b i c  europium oxide  w a s  measured w i t h  a 
vacuum microbalance .  
and w a s  nonporous,  as evidenced by t h e  r e v e r s i b i l i t y  of t h e  n i t r o g e n  and 
argon i s o t h e r m s .  Water and carbon d i o x i d e  s o r p t i o n  w a s  complicated by a n  

T h i s  sample had a s p e c i f i c  s u r f a c e  area of 5.79 m2/g 

3Abst rac ted  from paper  submi t ted  t o  Journal of Materials Science. 
340n l o a n  from Chemistry D i v i s i o n .  
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i n i t i a l l y  f a s t  chemisorp t ion  accompanied by r e v e r s i b l e  p h y s i c a l  a d s o r p t i o n  
and a v e r y  s low i r r e v e r s i b l e  a d s o r p t i o n .  The amount of i r r e v e r s i b l y  
adsorbed water w a s  l a r g e r  t h a n  could b e  accounted f o r  w i t h  a s imple  one- 
l a y e r  chemisorp t ion  model ( t h i s  w a s  t r u e  a l s o  f o r  carbon d i o x i d e ) .  A t  
t h e  p r e s e n t  t i m e ,  i t  i s  n o t  clear whether t h e  s low i r r e v e r s i b l e  a d s o r p t i o n  
of water ( o r  carbon d i o x i d e )  i s  a b u l k  p r o c e s s  o r  t h e  f o r m a t i o n  of a 
complex s u r f a c e  compound. P r o j e c t e d  s t u d i e s  i n c l u d e  s imilar  exper iments  
w i t h  t h e  monocl in ic  form of europium oxide .  T h i s  r e s e a r c h  re la tes  t o  t h e  
s t o r a g e  s t a b i l i t y  of f a s t - n e u t r o n  c o n t r o l  r o d s  f a b r i c a t e d  from europium 
oxide .  

1.4.3 U n i d i r e c t i o n a l  S o l i d i f i c a t i o n  of Eu203-Mo Composites - 
A. T .  Chapman,35 J. Brynestad,  and M. B. Watsonj5 

Molybdenum-f i b e r - r e i n f  orced  and doped Eu2O3 w a s  grown by d i r e c t i o n a l  
s o l i d i f i c a t i o n .  T h i s  may be of p o t e n t i a l  s i g n i f i c a n c e  f o r  t h e  development 
of crack-r  es i s  t a n t  e u r o p i a  f a s  t -neutron a b s o r b e r s .  

1 .4 .4  Thermodynamic and Chemical P r o p e r t i e s  of T r a n s i t i o n  Metal 
T e l l u r i d e s  - J. Brynes tad ,  S .  L. B e n n e t t ,  and R.  E.  Claus ing  

Thermodynamic p r o p e r t i e s  of s e l e c t e d  t r a n s i t i o n  m e t a l  t e l l u r i d e s  
The d i s t r i b u t i o n  of t e l l u r i u m  are be ing  s t u d i e d  w i t h  a TGA/DTA u n i t .  

between t h e  b u l k  phase  and t h e  g r a i n  boundar ies  i n  n i c k e l  is  be ing  
s t u d i e d  by means of Auger s p e c t r o s c o p y  and chemical  a n a l y s i s .  The r e s u l t s  
demonst ra te  t h a t  t e l l u r i u m  h a s  a v e r y  s t r o n g  p r e f e r e n c e  f o r  t h e  g r a i n  
boundar ies  i n  p u r e  n i c k e l .  S t u d i e s  are under  way t o  i n v e s t i g a t e  t h e  
n a t u r e  

1 .4 .5 

of i n t e r g r a n u l a r  a t t a c k  by t e l l u r i u m  on n icke l -base  a l l o y s .  

C r y s t a l l i z a t i o n  of E11203 and of Eu203-Containing Compounds From 
Molten-Salt  S o l v e n t s  i n  t h e  Range 900-1400°C - S.  L. B e n n e t t ,  
C.  B. F i n c h ,  and H. L. Yakel 

Mass t r a n s p o r t  of Eu203 w a s  ach ieved  o v e r  a 30°C tempera ture  g r a d i e n t  
from surp1.us Eu2O3 i n  NaF s o l v e n t  a t  1150 t o  1180°C. 
product  w a s  Eu2O3 p l a t e s  and n e e d l e s  less t h a n  1 mm i n  l e n g t h ,  and t h e  
Et1203 s o l u b i l i t y  i n  NaF w a s  e s t i m a t e d  t o  b e  less t h a n  5 mole %. Use of 
NaF-EuF3 s o l v e n t  r e s u l t e d  i n  d e p o s i t i o n  of EuOF, and EuC13 gave EuOCl 
a t  900°C. A l l  exper iments  w e r e  conducted i n  s e a l e d  p la t inum v e s s e l s  and 
a n  atmosphere of d r i e d  argon.  Also s t u d i e d  were t h e  n o n h a l i d e  s o l v e n t s  
Eu203-CuO-Cu20 and Eu203-Na20-B203, which r e s u l t e d  i n  c r y s t a l l i z a t i o n  of 
EuCuOX and EuB03 a t  1400 and 1200"C, r e s p e c t i v e l y .  

The r e c r y s t a l l i z a t i o n  

5Consul tan t  from t h e  School of Ceramic Engineer ing ,  Georgia  
I n s t i t u t e  of Technology. 
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1 .5  CRYSTAL PHYSICS - G. W. C l a r k  

The growth of c r y s t a l s  of r e f r a c t o r y  materials is  our  c e n t r a l  theme. 
F requen t ly  v e r y  s p e c i f i c  c r y s t a l s  (composi t ion ,  phase ,  p u r i t y ,  p e r f e c t i o n ,  
s i z e ,  e t c . )  are r e q u i r e d  t o  c h a r a c t e r i z e  p h y s i c a l  p r o p e r t i e s  u n i q u e l y  o r  
are r e q u i r e d  i n  t e c h n i c a l  d e v i c e s  f o r  t h e i r  optimum o p e r a t i o n .  Such 
s u i t a b l e  c r y s t a l s  are o f t e n  d i f f i c u l t  t o  o b t a i n ;  hence ,  w e  are  conduc t ing  
a c o n t i n u i n g  program t o  d e v i s e  and improve methods of c r y s t a l  growth,  t o  
deve lop  i n c r e a s e d  unde r s t and ing  of c r y s t a l  growth p r o c e s s e s  and k i n e t i c s ,  
and t o  p r o v i d e  c r y s t a l s  needed i n  r e s e a r c h .  C r y s t a l s  are grown by s e v e r a l  
methods: by i n t e r n a l  zone growth,  by t empera tu re -g rad ien t  zone m e l t i n g ,  
from m o l t e n - s a l t  s o l v e n t s ,  from s u p e r c r i t i c a l  aqueous sys tems,  by edge- 
d e f i n e d  f i lm- fed  growth,  and by t h e  V e r n e u i l  method. During t h i s  r e p o r t  
p e r i o d ,  ou r  c r y s t a l s  were sha red  f o r  i n v e s t i g a t i n g  e l e c t r o n  s p i n  r e sonance ,  
o p t i c a l  and e l a s t i c  p r o p e r t i e s ,  de fo rma t ion ,  d i f f u s i o n ,  f i e l d  emis s ion ,  
and e l e c t r o n i c  o s c i l l a t o r  q u a l i t y .  We are i n v e s t i g a t i n g  s e l e c t e d  p h y s i c a l  
p r o p e r t i e s ,  bo th  t h o s e  r e l a t e d  t o  t h e  c r y s t a l  growth p r o c e s s  and t h o s e  
impor t an t  f o r  c h a r a c t e r i z i n g  new compounds and e u t e c t i c  s t r u c t u r e s .  Of 
s p e c i f i c  c o n s i d e r a t i o n  i s  t h e  u s e  of metal oxide-meta l  e u t e c t i c  composi tes  
as MHD e l e c t r o d e  mater ia l  and t u r b i n e  components. 

1 . 5 . 1  D i r e c t i o n a l  S o l i d i f i c a t i o n  by I n t e r n a l  Zone Mel t ing  of Cr203-Mo 
Composites - J. D.  Holder and G. W. C l a r k  

S t u d i e s  of metal  oxide-metal  e u t e c t i c s  w i t h  C r 2 O 3  o r  (Cr,A1)203 
m a t r i c e s  are under  way. The most r e c e n t  i n f o r m a t i o n  p l a c e s  t h e  C r 2 O 3  
e u t e c t i c  e q u i l i b r i u m  composi t ion  a t  approx ima te ly  11 mole % Mo. 
w e  have s u c c e s s f u l l y  used i n t e r n a l  zone m e l t i n g  t o  grow o f f - e u t e c t i c  
composi tes  of Cr2O3-28, -35, and -40 mole % Mo. While w e  are n o t  c e r t a i n  
as t o  whether w e  have achieved  s t e a d y - s t a t e  c o n d i t i o n s  d u r i n g  d i r e c t i o n a l  
s o l i d i f i c a t i o n ,  w e  have grown a d e n d r i t e - f r e e ,  rod- type  eu tec t ic  a t  growth 
rates up t o  5 cm/hr,  even f o r  t h e  composi t ion  Cr203-40 mole % Mo. W e  a l s o  
have confirmed t h a t  t h e  c r i t e r i o n  A 2 K  = c o n s t a n t  i s  m e t  i n  a r e a s  where 2t 
least n e a r - s t e a d y - s t a t e  c o n d i t i o n s  e x i s t .  We have shown t h a t  r i g o r o u s  
thermomechanical  c a l c u l a t i o n s ,  where m e t a s t a b l e  o x i d e  s p e c i e s  are c o n s i d e r e d ,  
can b e  used t o  p r e d i c t  t h e  optimum oxygen p r e s s u r e  f o r  s u c c e s s f u l  i n t e r n a l  
zone m e l t i n g  and d i r e c t i o n a l  s o l i d i f i c a t i o n  i n  t h e  system Cr203-Mo. 
Improper c o n t r o l  of t h e  f u r n a c e  atmosphere can r e s u l t  i n  a f a i l u r e  t o  
melt o r  i n  l a r g e  sample l o s s e s  by o x i d a t i o n  of molybdenum o r  r e d u c t i o n  
of C r 2 0 3  a t  oxygen p r e s s u r e s  where s i m p l e  f r e e  energy  c a l c u l a t i o n s  would 
p r e d i c t  s t a b i l i t y .  

To d a t e  
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1.5 .2  Exper imenta l ly  S c a l i n g  Up I n t e r n a l  Zone Growth - A. T .  Chapman35 
and G. W. Clark 

A number of a p p l i c a t i o n s  t h a t  r e q u i r e  l a r g e  volumes of t h e  e u t e c t i c  
materials ( i . e . ,  MHD e l e c t r o d e s ,  e l e c t r o n i c  components, t u r b i n e  components, 
e t c . )  h a s  developed.  Consequent ly ,  t h e  scale-up of our  t e c h n i q u e  of 
d i r e c t i o n a l  s o l i d i f i c a t i o n  by i n t e r n a l l y  zone m e l t i n g  t o  l a r g e r  samples 
is  under  i n v e s t i g a t i o n .  S i n c e  we have t h e  most e x p e r i e n c e  w i t h  U02, it  
w a s  s e l e c t e d  as t h e  material  f o r  t h e  f i r s t  e f f o r t .  P r e v i o u s l y  t h e  d i a m e t e r  
of t h e  molten zone h a s  been 9 t o  12 mm. I n  s e e k i n g  t o  produce a mol ten  
zone of twice t h i s  d i a m e t e r  (20-25 mm), we  c o n s t r u c t e d  a n  e n l a r g e d  system 
t o  accommodate a g r e e n  p r e s s e d  U02 bar of 31 mm d i a m e t e r .  During t h e s e  
tests,  no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  m e l t i n g  and s o l i d i f i c a t i o n  pro- 
c e d u r e s  were encountered .  A power i n c r e a s e  of o n l y  60% w a s  r e q u i r e d  f o r  
samples having melt-zone d i a m e t e r  of 1 6  mm as opposed t o  10 mm ( i . e .  a 
r a t i o  of m e l t  areas of 2 . 5 ) .  T h i s  t r e n d  i s  i n  s u p p o r t  of t h e  c o n c l u s i o n s  
of mathemat ica l  modeling. S i m i l a r  tests are  now i n  p r o g r e s s  u s i n g  t h e  
e u t e c t i c  UO2-W. 

1.5.3 Mathematical  Modeling of I n t e r n a l  Zone Growth - R.  A. H a r t ~ e l l , ~ ~  
R. F. Sekerka ,3’  J. D.  Holder ,  and G .  W. C l a r k  

A c o l l a b o r a t i o n  between Carnegie-Mellon U n i v e r s i t y  and ORNL h a s  
been i n i t i a t e d  t o  deve lop  a model of t h e  i n t e r n a l  zone growth t e c h n i q u e .  
The purpose  i s  t o  u t i l i z e  t h e  p r e d i c t i v e  c a p a c i t i e s  of t h i s  model t o  
improve p r e s e n t  i n t e r n a l  zone growth systems and t o  ex tend  t h e  u s e  of 
t h i s  g e n e r a l  method. The Carnegie-Mellon s t a f f  i s  modeling t h e  r e l a t i o n -  
s h i p s  i n v o l v i n g  eddy-current  h e a t i n g  i n  an  i n d u c t i v e l y  h e a t e d  material 
whose e l ec t r i ca l  c o n d u c t i v i t y  i n c r e a s e s  r a p i d l y  w i t h  tempera ture .  The 
i n f l u e n c e  of p r o c e s s i n g  parameters  and mater ia l  p r o p e r t i e s  on t h e  l i q u i d  
zone shape  w i l l  b e  i l l u s t r a t e d  w i t h  computer-generated p r o f i l e s  of t h e  
i s o t h e r m s  and e l e c t r o m a g n e t i c  f i e l d s .  An e x p e r i m e n t a l  program i s  s t a r t e d  
a t  ORNL t o  re la te  t h e  computer-generated p r o f i l e s  w i t h  t h e  i n t e r n a l  zone 
growth of s i l i c o n .  

‘Graduate s t u d e n t ,  Department of M e t a l l u r g y  and Materials S c i e n c e ,  
Carnegie-Mellon U n i v e r s i t y .  
O f f i c e  of Materials S c i e n c e ,  D i v i s i o n  of P h y s i c a l  Research.  

Carnegie-Mellon U n i v e r s i t y .  

Work suppor ted  by ERDA s u b c o n t r a c t  by t h e  

7 F a c u l t y ,  Department of M e t a l l u r g y  and Materials S c i e n c e ,  
Work suppor ted  by ERDA s u b c o n t r a c t .  
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1 .5 .4  The D i r e c t i o n a l  S o l i d i f i c a t i o n  of Pb-Sn-Cd A l l o y s  - J .  D .  Holder3 '  
and B. F. 01iverj' 

The growing i n t e r e s t  i n  composi te  s t r u c t u r e s  f o r  new mater ia l  a p p l i -  
c a t i o n s  makes i t  n e c e s s a r y  t o  de te rmine  j u s t  how g e n e r a l l y  w e  can a p p l y  
e x i s t i n g  s o l i d i f i c a t i o n  t h e o r y  t o  c o n t r o l l e d  three-phase  t e r n a r y  s o l i d i -  
f i c a t i o n .  The Pb-Sn-Cd t e r n a r y  e u t e c t i c  system w a s  used as a model t o  
map comple te ly  t h e  phase morphology as a f u n c t i o n  of r a t i o  of growth t o  
tempera ture  g r a d i e n t  (G/R)  and composi t ion.  By c a r e f u l l y  c o n t r o l l i n g  t h e  
f r e e z i n g  r a t e  and t h e  t h e r m a l  g r a d i e n t  i n  t h e  l i q u i d  ahead of t h e  s o l i d -  
l i q u i d  i n t e r f a c e  ( i n  t h e  range  4O-5O0C/mm) t h e  f o l l o w i n g  areas of i n t e r e s t  
were i n v e s t i g a t e d :  (1) t h e  e f f e c t  of growth v e l o c i t y  and composi t ion on 
coupled s t r u c t u r e s ,  ( 2 )  t e r n a r y  i m p u r i t i e s  and t h e i r  e f f e c t  on t h e  minimum 
G/R f o r  coupled growth i n  a b i n a r y  sys tem,  (3) t h e  e f f e c t  of growth v e l o c i t y  
and composi t ion on t h e  nonplanar  i n t e r f a c e  s t r u c t u r e s ,  and ( 4 )  t h e  adapta-  
b i l i t y  of p r e s e n t  t h e o r i e s  ( t h e  c o n s t i t u t i o n a l  s u p e r c o o l i n g  c r i t e r i o n  and 
C l i n e ' s  b i n a r y  a n a l y s i s )  i n  p r e d i c t i n g  t h e  r e g i o n  of coupled growth i n  a 
three-component e u t e c t i c  system growing a t  s t e a d y - s t a t e .  Much of t h e  one- 
and two-phase d i r e c t i o n a l  s o l i d i f i c a t i o n  t h e o r y  and te rminology could  b e  
d i r e c t l y  extended t o  a t e r n a r y  e u t e c t i c  system. T h i s  s u g g e s t s  a f u r t h e r  
e x t e n s i o n  t o  n-phase,  m-component system (m 2 n )  w i t h  a t  least a q u a l i t a t i v e  
u n d e r s t a n d i n g  of t h e  s o l i d i f i c a t i o n  p r o c e s s .  

1.5.5 U n i d i r e c t i o n a l  S o l i d i f i c a t i o n  of a MnO-MnzSi04 E u t e c t i c  by t h e  
Edge-Defined, Film-Fed Method - G .  W. C l a r k ,  C.  B. F inch ,  
J .  D .  Holder ,  and H. L. Yakel 

To p r o v i d e  a b e t t e r  unders tanding  of h e a t  f l o w ,  t h i n  f i l m ,  c a p i l l a r y ,  
and d i e  geometry e f f e c t s  i n  t h e  EFG4' t e c h n i q u e ,  w e  have grown c y l i n d r i c a l  
samples  of o f f - e u t e c t i c  MnO-Mn2SiO4. Samples have been prepared  w i t h  
d i f f e r e n t  d i e  s u r f a c e  shapes  ( i . e . ,  p l a n a r ,  concave,  and convex) ,  over  a 
broad r a n g e  of growth v e l o c i t i e s ,  and over  a r a n g e  of composi t ions .  Metal- 
lography h a s  r e v e a l e d  MnO f i b e r s  2 t o  3 pm i n  d i a m e t e r ,  e x i s t i n g  i n  c o l o n i e s  
i n  a s i n g l e - c r y s t a l  Mn2Si04 m a t r i x .  The p e r f e r r e d  c r y s t a l l o g r a p h i c  

38J. D .  Holder i s  a member of t h e  s t a f f  of Oak Ridge N a t i o n a l  
Labora tory .  T h i s  c o n t r i b u t i o n  is  based upon h i s  Master of Sc ience  T h e s i s  
i n  M e t a l l u r g i c a l  Engineer ing.  

'P rofessor  i n  Charge of M e t a l l u r g i c a l  Engineer ing  a t  t h e  U n i v e r s i t y  
of Tennessee,  c o n s u l t a n t  t o  t h e  C r y s t a l  P h y s i c s  Group. 

40H. E. L a B e l l e ,  Jr. and A. I .  Mlavsky, "Growth of C o n t r o l l e d  
P a r t  I - S a p p h i r e  F i l a m e n t s , "  Mater. P r o f i l e  C r y s t a l s  from t h e  Melt: 

Res. BUZZ. 6: 571-80 ( 1 9 7 1 ) ;  H. E. L a B e l l e ,  J r . ,  "Growth of C o n t r o l l e d  
P r o f i l e  C r y s t a l s  from t h e  Melt: P a r t  I1 - Edge-Defined Film-Fed Growth 
(EFG)," Mater. Res. BUZZ. 6: 581-89 (1971).  
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al ignment  of t h e  MnO f i b e r s  ( c u b i c )  re la t ive  t o  t h e  m a t r i x  (or thorhombic)  
i s  be ing  determined by x-ray d i f f r a c t i o n .  Rod d i s c o n t i n u i t i e s  on a p l a n e  
p a r a l l e l  t o  t h e  s o l i d - l i q u i d  i n t e r f a c e  (banding)  have been observed a t  
growth rates of 1 0  mm/hr o r  s lower and are b e l i e v e d  t o  be caused by a 
p e r i o d i c  f l u c t u a t i o n  i n  i n t e r f a c e  l o c a t i o n  and/or  by non-s teady-s ta te  
d i f f u s i o n  f i e l d s  i n  t h e  l i q u i d  f i l m .  T h i s  phenomenon, which i s  c u r r e n t l y  
be ing  i n v e s t i g a t e d ,  may be v e r y  impor tan t .  

1.5.6 E f f e c t  of Temperature on t h e  Self-Luminescence of S r C 1 2  Doped 
w i t h  2 4 4 C m  o r  L 5 3  E s :  Observa t ion  of Host Defec t  Emission41 - 
C.  B. Finch and J. P .  Young4‘ 

The se l f - luminescence  of SrCl2 c r y s t a l s  doped w i t h  2 4 4 C m  o r  253Es 
w a s  s t u d i e d  a t  77 t o  700 K i n  t h e  wavelength range  300 t o  700 nm. Two 
t y p e s  of emiss ion  s p e c t r a  were observed f o r  e i t h e r  dopant ,  depending on 
sample tempera ture .  The 77 K t o  room-temperature spectrum cor responds  
t o  a predominant b l u e ,  and t h e  500 t o  700 K spectrum t o  a predominant 
yellow-orange emiss ion .  The luminescence i n t e n s i t y  a t  500 t o  700 K 
remains r e l a t i v e l y  c o n s t a n t  w i t h  t i m e ,  s u g g e s t i n g  t h e  p o s s i b l e  a p p l i c a t i o n  
of t h i s  material as a r a d i o i s o t o p i c  l i g h t  s o u r c e  i n  t h i s  tempera ture  
r e g i o n .  

1.5.7 Growth of S i n g l e - C r y s t a l  MnzSiO4 ( T e p h r o i t e )  by C z o c h r a l s k i  and 
Edge-Defined, Film-Fed Techniques4’  - C .  B.  F inch ,  G .  W. C l a r k ,  
and 0. C. Kopp4’ 

O p t i c a l l y  t r a n s p a r e n t  s i n g l e  c r y s t a l s  of Mn2SiO4 ( t e p h r o i t e )  were 
grown by t h e  C z o c h r a l s k i  method i n  s i z e s  up t o  1 0  mm diam by 30 mm long .  
Growth w a s  ach ieved  from m e l t s  conta ined  i n  p l a t i n u m  c r u c i b l e s  a t  
1313 t 5 O C  under  a n  atmosphere of mois t  A r 4 %  €12 [Po2 X lo-’’ a t m  
(10 p P a ) ] .  S a m p l e s  were a l s o  prepared  by t h e  edge-defined f i lm-fed  
growth method (EFG), which confirmed t h e  importance of m a i n t a i n i n g  a 
2MnO:SiOp m e l t  s t o i c h i o m e t r y  t o  o b t a i n  t h e  optimum c r y s t a l  q u a l i t y .  The 
r e s u l t i n g  c r y s t a l s  were c h a r a c t e r i z e d  by x-ray d i f f r a c t i o n  and o p t i c a l  
methods. M n 2 S i 0 ~  i s  t r a n s p a r e n t  t o  i n f r a r e d  r a d i a t i o n  t o  5 pm, and a p p e a r s  
rose-colored  t o  t r a n s m i s s i o n  i n  t h e  v i s i b l  e .  

’Accepted f o r  p u b l i c a t i o n  i n  Journal of Inorganic and Nuclear 

2 A n a l y t i c a l  Chemistry D i v i s i o n .  

Chemistry. 

43Accepted f o r  p u b l i c a t i o n  i n  Journal of C q s t a l  GmWth. 
4 4 C o n s u l t a n t  from t h e  Department of G e o l o g i c a l  S c i e n c e s ,  U n i v e r s i t y  

of Tennessee,  Knoxvi l le .  



20 

1 .5 .8  EPR I n v e s t i g a t i o n s  of 2 5 3 E s 2 +  i n  S i n g l e  C r y s t a l s  of BaF2 and 
SrC12” -M. M. . -  Abraham,46 C .  B. F inch ,  L. A. B o a t n e r , 4 ‘  and 
R. W. Reynolds’ ’ 

The EPR s p e c t r a  of d i v a l e n t  253Es (5f’ c o n f i g u r a t i o n )  have been 
observed i n  t h e  f l u o r i t e - s t r u c t u r e  h o s t s  of BaF2 and SrC12. S p e c t r a  
ob ta ined  f o r  bo th  h o s t s  a t  about  24 GHz and 4.2 K e x h i b i t  a we l l - r e so lved ,  
e i g h t - l i n e  h y p e r f i n e  p a t t e r n  (I = 7 / 2 ) .  The magnet ic  f i e l d  p o s i t i o n s  
of t h e  observed t r a n s i t i o n s  were independent  of a p p l i e d  f i e l d  o r i e n t a t i o n ,  
bu t  l i n e  wid th  a n i s o t r o p i e s  were p r e s e n t .  The measured e l e c t r o n i c  g-va lues  
were s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  two h o s t s ,  i n d i c a t i n g  t h a t  t h e  ground 
s ta te  i s  a r 6  d o u b l e t  f o r  BaF2 and a r7 d o u b l e t  f o r  S r C 1 2 .  T h i s  behav io r  
is  s i m i l a r  t o  t h a t  e x h i b i t e d  by Ho2+ (47’’ c o n f i g u r a t i o n )  i n  t h e s e  same 
two h o s t s .  
e f f e c t s  f o r  t h e  s p e c t r a  of a c t i n i d e  i o n s ,  t h e  o b s e r v a t i o n  of a ground 
s t a t e  c r o s s o v e r  f o r  E s 2 + ,  which i s  ana logous  t o  t h a t  found f o r  Ho2+, is  
remarkable .  

I n  view of t h e  known impor tance  of i n t e r m e d i a t e  coup l ing  

1 .5 .9  Measurement of Q f o r  RbOH-Grown Quar tz4’  - 0. C .  K ~ p p ~ ~  and 
P. A.  ~ t a a t s ~ ’  

S t u d i e s  of q u a r t z  c r y s a l t s  have shown a l i n e a r  r e l a t i o n s h i p  between 
e x t i n c t i o n  c o e f f i c i e n t  a a t  3500 cm-’ and a c o u s t i c  l o s s  Q. 
ago w e  p r e s e n t e d  d a t a  r e l a t i n g  a (3500 cm-’) t o  growth pa rame te r s  (temper- 
a t u r e  i n  t h e  growth r e g i o n  and growth r a t e )  f o r  RbOH-grown q u a r t z ,  bu t  
because  of t h e  s m a l l  s i z e  of t h e  c r y s t a l s  w e  w e r e  n o t  a b l e  t o  p r o v i d e  any 
Q measurements. Recen t ly ,  w e  o b t a i n e d  a c r y s t a l  of s u f f i c i e n t  s i z e  t o  
pe rmi t  t h e  d i r e c t  measurement of bo th  Q and a(3500 cm-’). The c r y s t a l  
w a s  grown under  t h e  fo l lowing  c o n d i t i o n s :  s o l v e n t ,  0.5 N RbOH; growth 
t empera tu re ,  458 f 5OC; base  t empera tu re  488 If: 5OC; p r e s s u r e ,  1 . 2  t 0.1  
kbar  (0.12 GPa); growth ra te ,  0.36 mm/day; s e e d ,  AT-cut. The temper- 
a t u r e s  w e r e  measured w i t h  e x t e r n a l l y  s t r a p p e d  thermocouples .  The v a l u e s  
of a (3500 cm-’) and Q ob ta ined  f o r  t h i s  c r y s t a l  w e r e  0.15 and 1 . 5  x lo6, 
r e s p e c t i v e l y .  

and Q f o r  e i t h e r  NaOH o r  N a 2 C 0 3  [ a n  a (3500 cm-’ of 0 .15 f o r  t h e s e  l a t t e r  
s o l v e n t s  co r re sponds  t o  a Q of on ly  about  0 .8  t o  0 .9  X lo6]. The o f f s e t  
p o s i t i o n  of t h e  d a t a  p o i n t  f o r  RbOH-grown q u a r t z  may be  r e l a t e d  t o  

Some t i m e  

Th i s  s i n g l e  d a t a  p o i n t  does  n o t  f a l l  on cu rves  r e l a t i n g  a (3500 cm-’) 

5Presen ted  a t  I n t e r n a t i o n a l  Conference  on t h e  E l e c t r o n i c  S t r u c t u r e  
of t h e  A c t i n i d e s ,  Argonne N a t i o n a l  Labora to ry ,  October  1974. 

4 6 S o l i d  S t a t e  D i v i s i o n .  

7Advanced Technology Cen te r ,  P .O. Box 6144, Dallas, Texas 75222. 

4 8 A b s t r a c t e d  from J .  Phys. Chem. SoZids 36: 356 (1975).  

’Phys ics  D i v i s i o n .  
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2. DEFORMATION AND MECHANICAL PROPERTIES 

R. A. Vandermeer 

The c o r n e r s t o n e  of Materials Sc ience  as a d i s c i p l i n e  i s  founded on 
t h e  b a s i s  t h a t  impor tan t  r e l a t i o n s h i p s  ex is t  between t h e  m i c r o s t r u c t u r e  
of  a material and i t s  p r o p e r t i e s .  T h i s  group s e e k s  t o  e s t a b l i s h  t h e s e  
r e l a t i o n s h i p s ,  w i t h  p a r t i c u l a r  emphasis on mechanical  b e h a v i o r ,  i n  m a t e -  
r ia ls  of  r e l e v a n c e  t o  n u c l e a r  and o t h e r  e n e r g y - r e l a t e d  f i e l d s .  We a l s o  
s e a r c h  t o  d i s c o v e r ,  c h a r a c t e r i z e ,  and unders tand  new p a t t e r n s  of  b e h a v i o r ,  
such as t h e  reverse-shape-memory e f f e c t .  The unique materials w e  inves-  
t i g a t e  i n c l u d e  uranium a l l o y s ,  pyrocarbon c o a t i n g s ,  and h i g h - c o n d u c t i v i t y  
aluminum a l l o y s .  

2 . 1  AGING-INDUCED SHAPE INSTABILITY I N  AN ELASTICALLY BENT U-7.5 w t  % 
Nb-2.5 w t  % Z r  ALLOY; A REVERSE SHAPE MEMORY EFFECT - R. A. Vandermeer 

The U-7.5 w t  % Nb-2.5 w t  % Z r  a l l o y  when quenched from 1073 K (800°C) 
e x i s t s  a t  room t e m p e r a t u r e  as a m e t a s t a b l e  phase,  which i s  a s l i g h t  
t e t r a g o n a l  d i s t o r t i o n  of t h e  e leva ted- tempera ture  b c c  phase.  F l a t ,  as- 
quenched specimens have  been e l a s t i c a l l y  deformed i n  four -poin t  bending  
t o  maximum o u t e r  f i b e r  stresses below t h e  stress r e q u i r e d  f o r  p l a s t i c  
deformat ion  b u t  i n t o  a range  of  stress where p s e u d o e l a s t i c  b e h a v i o r  h a s  
been observed.  Aging of t h e s e  e l a s t i c a l l y  b e n t  specimens a t  423 K (15OOC) 
w h i l e  c o n s t r a i n e d  by t h e  bending  f i x t u r e  r e s u l t e d  i n  a permanent d e f l e c t i o n  
and shape  change. F u r t h e r  i s o t h e r m a l  a g i n g  a f t e r  removal from t h e  bending  
a p p a r a t u s  caused i n c r e a s i n g  d e f l e c t i o n  and cont inued  shape  i n s t a b i l i t y  
i n  s p i t e  of t h e  absence of t h e  a p p l i e d  l o a d .  X-ray examinat ion of samples 
c u t  from a b e n t  and aged specimen r e v e a l e d  impor tan t  p r e f e r r e d  o r i e n t a t i o n  
and l a t t i ce  parameter  d i f f e r e n c e s  between t h e  t e n s i o n  and compression 
r e g i o n s  and t h e  high-  and low-s t ress  p a r t s  o f  t h e  specimen. These obser-  
v a t i o n s  were compared w i t h  p r e v i o u s  f i n d i n g s  on quenched samples of t h i s  
a l l o y  t h a t  had been e i t h e r  deformed s e p a r a t e l y  o r  aged s e p a r a t e l y .  
r a t i o n a l i z a t i o n  of t h e  shape i n s t a b i l i t y  w a s  p u t  f o r t h  and may b e  summarized 
as f o l l o w s :  

1. Deformation d u r i n g  e l a s t i c  bending  w a s  accomplished p r i m a r i l y  
by a twin  n u c l e a t i o n  and growth p r o c e s s .  

2. Because of t h e  nonuni formi ty  of stress s t a t e  i n  bending and t h e  
s t r o n g  s t r e s s - d i r e c t i o n a l  dependence of  twinning  on c r y s t a l  o r i e n t a t i o n ,  
a unique k i n d  of p r e f e r r e d  o r i e n t a t i o n  ( t e x t u r e )  developed d u r i n g  e l a s t i c  
bending;  t h e  t e t r a g o n a l  a axis tended t o  a l i g n  p a r a l l e l  t o  t h e  t e n s i o n  
stress, w h i l e  t h e  e axis l i n e d  up w i t h  t h e  compressive stress. 

g a t i o n  t o  p i n  t h e  twin  i n t e r f a c e s ,  c a u s i n g  a permanent deformat ion  when 
t h e  l o a d  w a s  removed. 

Because t h e  a l a t t i c e  parameter  expanded and t h e  e parameter  
c o n t r a c t e d  on f u r t h e r  u n c o n s t r a i n e d  a g i n g  and because  of  t h e  p r e f e r r e d  
al ignment  of  t h e s e  d i r e c t i o n s  on t h e  t e n s i o n  and compression s i d e s  of 

A 

3 .  Aging under  c o n s t r a i n t  a l lowed so lu te -a tom c l u s t e r i n g  o r  segre-  

4 .  
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t h e  specimens,  r e s p e c t i v e l y ,  a cont inued  deformat ion  took  p l a c e  even 
though no load  w a s  imposed. 

a i d  of an a p p l i e d  stress by r e h e a t i n g  t o  673 K (4OOOC). 
c l u s t e r s  d i s s o l v e d ,  twin boundar i e s  became unpinned, and t h e  twins  - 
s t i l l  b e i n g  e l a s t i c  - receded and t h e  material s t r a i g h t e n e d .  

p r e d i c t  t h i s  and o t h e r  shape memory e f f e c t s  i n  uranium a l l o y s .  

5. Much of t h e  bending  deformat ion  could  be removed w i t h o u t  t h e  
The s o l u t e  

F u r t h e r  work is under  way t o  unders tand  q u a n t i t a t i v e l y  and t o  

2.2 TRANSMISSION ELECTRON MICROSCOPY OF PROPENE-DERIVED PYROLYTIC  CARBON^ - 
C. S .  Yust and H.  P. Krau twasse r2  

The m i c r o s t r u c t u r e s  of  pyrocarbon c o a t i n g s  d e p o s i t e d  under  a wide 
range of c o n d i t i o n s  have been i n v e s t i g a t e d  by means of t r a n s m i s s i o n  
e l e c t r o n  microscopy. A complete  unde r s t and ing  of t h e  s p e c i f i c  s t r u c t u r e s  
formed under  known d e p o s i t i o n  c o n d i t i o n s  and t h e  r e l a t i o n s h i p  of t h e s e  
s t r u c t u r e s  t o  deformat ion  and i r r a d i a t i o n  damage e f f e c t s  are necessa ry  
f o r  o p t i m i z a t i o n  of t h e  coa t ing .  The a n a l y s i s  of specimens d e p o s i t e d  
from A r 2 0 %  propene (C3H6) a t  t empera tu res  r ang ing  from 1250 t o  200O0c 
shows t h a t  s t r u c t u r e s  formed under  t h e s e  c o n d i t i o n s  can  b e  d e s c r i b e d  
i n  terms of t h r e e  components. The low-temperature  component (< 14OOOC) 
c o n s i s t s  of  s p h e r e l i k e  growth f e a t u r e s  approximate ly  0 .5  t o  1 .0  v m  
d i ame te r  of h igh  d e n s i t y  and f i n e  c r y s t a l l i t e  s i z e .  
m i c r o s t r u c t u r e  c o n t a i n s  s p h e r i c a l  f e a t u r e s  composed e n t i r e l y  of f i n e ,  
t a n g l e d  f i b e r s  and i s  consequent ly  very  porous .  A s  t h e  d e p o s i t i o n  
t empera tu re  i n c r e a s e s ,  t h e  c o a t i n g  becomes more dense  as i n c r e a s i n g  
amounts of a l a y e r - s t r u c t u r e  pyrocarbon form a t  t h e  o u t e r  edges of t h e  
porous growth f e a t u r e s .  The appearance  of t h e  s t r u c t u r e s  as a f u n c t i o n  
of t empera tu re  is i n  agreement wi th  d e n s i t y  measurements of t h e  c o a t i n g s  
and wi th  t h e  mic roporos i ty  d i s t r i b u t i o n  i n  t h e  c o a t i n g  as determined 
by smal l -angle  x-ray s c a t t e r i n g .  

i n  
A t  1 4 O O 0 C ,  t h e  

2 .3  PRECIPITATION HARDENING I N  ALUMINUM-GOLD ALLOYS - J .  C .  Ogle and 
R. A. Vandermeer 

I n  t h e  proposed underground superconduct ing  power t r a n s m i s s i o n  l i n e s ,  
u l t r a - h i g h - p u r i t y  aluminum is a c a n d i d a t e  material t o  c a r r y  f a u l t  c u r r e n t s  
and t o  p rov ide  a pa th  f o r  t h e  r a t e d  c u r r e n t  shou ld  t h e  superconductor  
t empora r i ly  go normal.  I f  t h e  aluminum could  a l s o  mechanica l ly  s u p p o r t  
t h e  superconductor  assembly c e r t a i n  d e s i g n  s i m p l i f i c a t i o n s  and weight  
s av ings  might be  r e a l i z e d .  High-puri ty  aluminum, though e l e c t r i c a l l y  
s u i t a b l e ,  i s  t o o  weak. The purpose  of t h i s  r e s e a r c h  has  been t o  d i s c o v e r  
methods f o r  producing a s t r eng thened  aluminum r e t a i n i n g  r easonab ly  h igh  
c o n d u c t i v i t y .  

'Abs t r ac t  of a paper  pub l i shed  i n  Carbon 13:  125-33 (1975).  

20n assignment  from I n s t i t u t  FGr Reak to rwerks to f fe ,  KFA, J G l i c h ,  
Germany. 
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W e  are e x p l o r i n g  t h e  p o s s i b i l i t y  of man ipu la t ing  t h e  d i s p e r s a n t  i n  
a d i l u t e ,  p r e c i p i t a t i o n - h a r d e n a b l e  a l l o y  whose s o l i d  s o l u b i l i t y  is  
ext remely  l i m i t e d .  C a r e f u l l y  c h a r a c t e r i z e d  a l l o y s  of zone- ref ined  
aluminum (RRR = 13,000) 
mel ted ,  cast ,  homogenized, and f a b r i c a t e d  i n t o  w i r e s  2.6 mm i n  d i ame te r .  
Aging t r e a t m e n t s  were c a r r i e d  o u t  i n  sa l t  b a t h s  a t  371, 460, and 573 K 
(98, 187 ,  and 3OOOC) on specimens c u t  from t h e s e  w i r e s  a f t e r  t hey  were 
s o l u t i o n  h e a t - t r e a t e d  f o r  57,000 sec a t  913 K (64OOC) and quenched i n t o  
an  ice-water b r i n e  s o l u t i o n  a t  n e a r  273 K (OOC). 
between 360 and 3.6 X l o 6  s e c .  
r e p r e s e n t a t i v e  d a t a  are summarized i n  Table  2 .1 .  For comparison, d a t a  
from pure  aluminum are a l s o  l i s t e d .  S u b s t a n t i a l  i n c r e a s e s  i n  RRR can 
obv ious ly  b e  achieved  by ag ing .  
examinat ion  of t h e  aged specimens i s  c u r r e n t l y  under  way, as is  moni tor ing  
t h e  microhardness .  W e  w i l l  e s t a b l i s h  r e l a t i o n s h i p s  between m i c r o s t r u c t u r e  
(i.e.,  p r e c i p i t a t e  t y p e ,  s i z e ,  d e n s i t y ,  e tc . ) ,  and RRR. We i n t e n d  t o  
i n v e s t i g a t e  t h e  mechanical  p r o p e r t i e s  of t h i s  a l l o y  by t e n s i l e  t e s t i n g  
w i t h  t h e  o b j e c t i v e  b e i n g  t o  "map out"  t h e  r e l a t i o n s  between y i e l d  s t r e n g t h  
and RRR f o r  v a r i o u s  d i s p e r s i o n  states. 

c o n t a i n i n g  0 .07 ,  0 .12 ,  and 0.26 w t  % gold  were 

Aging t i m e s  v a r i e d  
A f t e r  ag ing ,  RRR w a s  measured, and 

Transmission e l e c t r o n  microscopic  

3RRR = r e s i d u a l  r e s i s t i v i t y  r a t i o  ( P 2 9 8  KIP4.2 K). 

Table 2 . 1 .  Res idua l  R e s i s t i v i t y  R a t i o  

_ _ _ _ _ ~ ~  ~~ 

RRR -Under  V a r i o u s  C o n d i t i o n s  

A g i n g  T r e a t m e n t s  Go ld  C o n t a c t  

S H T Q ~  ( w t  %> A s  

36,000 sec 460 K 3.6 x l o 6  sec 573 K F a b r i c a t e d  

13,570 0 .ooo 3953 3808 13,512 

0.07 114 138 246 885 

0.12 98 115 256 2,674 

0.26 75 55 112 1,186 ___ 
a S o l u t i o n  h e a t - t r e a t e d  a n d  q u e n c h e d .  

2.4 THE MICROSTRUCTURE OF COAL - L. A. Harris and C. S .  Yust 

The u l t r a f i n e  po re  systems i n  c o a l  are under  s t u d y  by t r a n s m i s s i o n  
e l e c t r o n  microscopy. 
c o a l  may c o n t r i b u t e  t o  t h e  development of improved c o a l  l i q u e f a c t i o n  
and g a s i f i c a t i o n  p r o c e s s e s .  
bi tuminous c o a l  w a s  p repared  f o r  e l e c t r o n  microscopy by argon-ion bom- 
bardment.  The c o a l  w a s  found t o  c o n t a i n  several po re  forms,  one of 
which i s  shown i n  F i g .  2 . 1 .  I n  t h i s  i n s t a n c e ,  an  a l i g n e d  group of c o n i c a l  

Improved knowledge of t h e  f i n e  p o r e  s t r u c t u r e  of 

A t h i n  s l ice  of a low s u l f u r ,  h i g h - v o l a t i l e ,  



26 

F i g .  2 . 1 .  Conica l  Voids Formed i n  a Coal C o n s t i t u e n t .  The small 
s p h e r i c a l  p a r t i c l e s  (about  250 a i n  d i a m e t e r )  n e a r  t h e  heads of t h e  v o i d s  
are f r e q u e n t l y  observed i n  p o r e s  i n  c o a l .  

v o i d s  a p p a r e n t l y  o r i g i n a t e s  on t h e  c e n t r a l  p l a n e  of a p a r t i c u l a r  c o a l  
c o n s t i t u t e n t .  The small  s p h e r e s  observed i n  many of t h e  v o i d s  are a l s o  
s e e n  i n  n o n c o n i c a l  v o i d s ,  and are  p o s s i b l y  r e s p o n s i b l e  f o r  t h e  v o i d  
f o r m a t i o n  by means of a c a t a l y t i c  r e a c t i o n .  



3 .  PHYSICAL PROPERTIES AND TRANSPORT PHENOMENA 

3 . 1  PHYSICAL PROPERTIES RESEARCH - D. L. McElroyl 

The g e n e r a l  g o a l s  of t h i s  e f f o r t  are  t h e  g e n e r a t i o n  of a c c u r a t e  
thermal  c o n d u c t i v i t y ,  e lec t r ica l  r e s i s t i v i t y ,  s p e c i f i c  h e a t ,  c o e f f i c i e n t  
of thermal  expans ion ,  and Seebeck c o e f f i c i e n t  d a t a  f o r  a v a r i e t y  of 
materials of immediate i n t e r e s t ,  materials of p o s s i b l e  f u t u r e  i n t e r e s t ,  
and materials t h a t  w i l l  l e a d  t o  improved knowledge of t h e  r e l a t i o n  between 
t h e  above p r o p e r t i e s .  Parameters  determined from t h e  above p r o p e r t i e s  
can be used i n  what i s  sometimes a h e u r i s t i c  approach t o  p r o v i d e  i n f o r m a t i o n  
f o r  systems where e x p e r i m e n t a l  d a t a  i s  n o n e x i s t e n t .  

3.1.1 Lat t ice  Thermal C o n d u c t i v i t i e s  i n  E l e c t r i c a l l y  I n s u l a t i n g  C r y s t a l s  - 
J. P. Moore, R. K. W i l l i a m s ,  R. S. Graves, T. G .  Godfrey, 
F. Weaver, and D.  L .  McElroy 

I f  e x p e r i m e n t a l  d a t a  are t o  assist i n  t h e  r e s o l u t i o n  of l a t t i c e  
conduct ion  problems i n  i n s u l a t o r s ,  t h e  t h e r m a l  c o n d u c t i v i t y ,  A, must b e  
a c c u r a t e l y  determined over  a wide tempera ture  range  s c a l e d  i n  terms of 
t h e  Debye t e m p e r a t u r e ,  OD. 
materials w i t h  l o w  0~ s i n c e  t e c h n i q u e s  t h a t  have a l i m i t e d  t e m p e r a t u r e  
r a n g e  can y i e l d  d a t a  a t  h i g h  v a l u e s  of T / e ,  without  measurements a t  
a b s o l u t e  h i g h  t e m p e r a t u r e s ,  where e x p e r i m e n t a l  d i f f i c u l t i e s  are i n c r e a s e d .  
T h i s  f a c t o r  a l o n e  makes some of t h e  a l k a l i  h a l i d e s  of i n t e r e s t .  

W e  measured2 X of RbBr, RbI. and RbCl over  t h e  t e m p e r a t u r e  range  
from 80 t o  400 K w i t h  minimum u n c e r t a i n t i e s  of 22.5% a t  80 K. The d a t a  
were c o r r e c t e d  f o r  photon conduct ion ,  bu t  t h e  c o r r e c t i o n  u n c e r t a i n t i e s  
caused t h e  o v e r a l l  measurement u n c e r t a i n t i e s  t o  i n c r e a s e  w i t h  i n c r e a s i n g  
T .  These r e s u l t s  d i s a g r e e  w i t h  r e s u l t s  from o t h e r s  by as much as a 
f a c t o r  of 4 .  The d a t a  were compared w i t h  a n  approximate e q u a t i o n  f o r  
three-phonon umklapp s c a t t e r i n g  i n v o l v i n g  o n l y  acoustic-mode phonons. 
The d e v i a t i o n  of e x p e r i m e n t a l  thermal  res is tance (1/x) v a l u e s  from ca lcu-  
l a t e d  v a l u e s  i n c r e a s e d  smoothly w i t h  i n c r e a s i n g  mass r a t i o ,  as shown i n  
F i g .  3.1. 
on K C 1  are a l s o  n e a r  t h i s  smooth curve.  T h i s  smooth i n c r e a s e  w i t h  m a s s  

One way t h i s  can b e  accomplished i s  t o  s t u d y  

T h i s  t r e n d  c o n t i n u e s  f o r  our  r e c e n t  d a t a  on C s C 1 .  R e s u l t s 3  

'On assignment  t o  AERE, H a r w e l l .  

2J. P. Moore, R. K. W i l l i a m s ,  and R. S. Graves, "Lat t ice  Thermal 
C o n d u c t i v i t i e s  of RbBr, RbI, and RbCl from 80 t o  400 K , "  Phys .  Rev. Ser.  B. 
l l ( 8 ) :  3107-15 (1975). 

J .  Am. Cerm. Soc. 57(11) :  504 (1974).  
3P. J.  Anthony and J. C .  Wurst ,  "Thermal C o n d u c t i v i t y  of K C 1  A l l o y s , "  

27 
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Fig .  3 .1  The R a t i o  of Experimental  t o  C a l c u l a t e d  1/x f o r  t h e  I o n i c  
Compounds RbBr, RbI,  RbC1, C s C 1 .  and K C 1 ,  p l o t t e d  a g a i n s t  m a s s  r a t i o .  
R e s u l t s  from Ste igmeier  and Kudman [ P h y s .  Rev. Ser. B 141: 767-74 (196611 
on t h e  1 1 1 - V  compounds and group I V  e lements  are a l s o  shown. 

r a t i o  i s  n o t  t r u e  of t h e  1 1 1 - V  compounds4 and group I V  e lements  as  a l s o  
shown i n  F i g .  3.1. 

i n  t h e  rubidium h a l i d e s  cannot  b e  excluded because  of t h e  h igh- tempera ture  
behavior  of 1/X. D i s t i n c t  s l o p e  changes i n  1/X n e a r  t h e  Debye t e m p e r a t u r e s ,  
which were observed i n  s i l i c o n  and Th02, were n o t  d e t e c t e d  i n  any of t h e  
a l k a l i  h a l i d e  compounds, a l t h o u g h  t h e  e f f e c t  could have been masked by 
t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s .  According t o  Anthony and Wurst,  t h e  
a d d i t i o n  of RbCl o r  K B r  t o  pure K C 1  l o w e r s  X. For t h e  K C 1  a l l o y s  w e  have 
c a l c u l a t e d 5  v a l u e s  t h a t  are i n  good agreement w i t h  t h e i r  e x p e r i m e n t a l  
v a l u e s .  

We have completed t h e  measurements of t h e  t h e r m a l  c o n d u c t i v i t y  of 
hot -pressed  monocl in ic  Eu203 over  t h e  range  87 t o  1200 K ,  employing t h r e e  
d i f f e r e n t  t e c h n i q u e s .  The t h r e e  samples measured had d i f f e r e n t  d e n s i t i e s ,  
and a l l  r e s u l t s  w e r e  c o r r e c t e d  t o  a common d e n s i t y  f o r  comparison. Over 
t h e  tempera ture  range  of o v e r l a p  f o r  t h e  t h r e e  t e c h n i q u e s ,  a l l  c o r r e c t e d  
r e s u l t s  agreed  t o  w i t h i n  21%. The thermal  c o n d u c t i v i t y  of E11203 d e c r e a s e s  
w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  b u t  t h e  ra te  i s  less t h a n  1/T. D e t a i l e d  
a n a l y s i s  of t h e s e  r e s u l t s  i s  i n  p r o g r e s s .  

The p r e s e n c e  of s i g n i f i c a n t  four-phonon umklapp s c a t t e r i n g  p r o c e s s e s  

4 E .  F. S t e i g m e i e r  and I. Kudman, "Acous t ica l -Opt ica l  Phonon S c a t t e r i n g  

5J. P. Moore an'd T .  G.  Godfrey, "Comment on 'Thermal C o n d u c t i v i t y  

i n  G e ,  S i  and 1 1 1 - V  Compounds," P h y s .  Rev. Ser. B 141: 767-74 (1966).  

of K C 1  A l l o y s ' , "  J .  Am. Ceram. Soc. 58(7-8): 344 (July-August 1975) .  
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3.1.2 P h y s i c a l  P r o p e r t i e s  of Metals 

3 .1 .2 .1  Chromium' - J.  P. Moore, R. K. W i l l i a m s ,  and R. S.  Graves 

The thermal  c o n d u c t i v i t y ,  A, e l e c t r i c a l  r e s i s t i v i t y ,  p,  and Seebeck 
C o e f f i c i e n t ,  S, of a h igh -pur i ty  chromium specimen ( p 2 7 3 / p 4 . 2  = 380) w e r e  
measured5 from 280 t o  1000 K. 
( p 2 7 3 / p 4 . 2  = 380 and 58) were determined from 300 t o  1300 K. The p and 
S r e s u l t s  from t h e  t h r e e  specimens were i n  e x c e l l e n t  agreement ,  and t h e  
measurements of a l l  t h r e e  p r o p e r t i e s  ag reed ,  w i t h i n  expe r imen ta l  uncer-  
t a i n t y ,  w i t h  p rev ious  low-temperature r e s u l t s  on t h e  same specimen over  
t h e  t empera tu re  range  of ove r l ap .  Near t h e  N6el t empera tu re  (300-320 K ) ,  
t h e  p r e s e n t  h r e s u l t s  were w i t h i n  0.7% of t h e  p rev ious  d a t a ,  and i n d i c a t e d  
t h a t  hp /T  should be smooth t o  w i t h i n  1%. A t  h i g h  t empera tu re  t h e  p r e s e n t  
X d a t a  were about  8% above t h o s e  of Powell  and Tye ,7  bu t  t h i s  appea r s  
t o  be caused by p u r i t y  d i f f e r e n c e  s i n c e  t h e  r a t i o s  of Ap/T agreed  t o  
w i t h i n  2% up t o  1000 K. 

The p and S of two o t h e r  chromium specimens 

3.1.2.2 Tungsten'  - R. K.  W i l l i a m s  

The e l e c t r i c a l  r e s i s t i v i t y ,  p, of a zone- ref ined  t u n g s t e n  sample 
( r e s i d u a l  r e s i s t i v i t y  r a t i o  7 X l o 4 )  w a s  determined between 1100 and 2500 K. 
The e r r o r  a n a l y s i s  i n d i c a t e s  t h a t  t h e  d a t a  are a c c u r a t e  t o  about  1%, and 
comparison of t h e  r e s u l t s  w i t h  o t h e r  p d a t a  i n d i c a t e s  t h a t  t h e  e r r o r  
a n a l y s i s  may be p e s s i m i s t i c .  The e f f e c t s  of t he rmion ic  charge  t r a n s p o r t  
on t h e  p d a t a  and t h e  performance of u n i n s u l a t e d  W-3% R e  v s  W25% R e  
thermocouples  were a l s o  i n v e s t i g a t e d .  Comparison of t h e  d a t a  w i t h  t r a n s p o r t  
t h e o r y  i n d i c a t e s  t h a t  most of t h e  n o n l i n e a r  p behavior  observed a t  h igh  
t empera tu res  i s  due t o  thermal  expansion e f f e c t s .  

3 .1 .2 .3  Molybdenum - R. K. W i l l i a m s ,  J.  P. Moore, and R. S. Graves 

Measurements on pure  molybdenum' and f i v e  molybdenum-base a l l o y s  
(0.86% T i ,  1.07 and 2.06% Nb, 1.0 and 1.6% Zr)  have now been ob ta ined .  

6 A b s t r a c t  of a paper  "Thermal Conduc t iv i ty ,  Electrical  R e s i s t i v i t y ,  
and Seebeck C o e f f i c i e n t  of High-Puri ty  Chromium," t o  be submi t ted  f o r  
p u b l i c a t i o n .  

7R. W. Powell  and R. P. Tye, "The I n f l u e n c e  of Heat Treatment  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  and t h e  Thermal Conduc t iv i ty  of E l e c t r o d e p o s i t e d  
Chromium," J .  I n s t .  Met. 85: 185 (1957).  

'Abs t rac ted  from "A Study of t h e  E l e c t r i c a l  R e s i s t i v i t y  of Zone-Ref ined 
Tungsten a t  High Temperatures ,"  J. AppZ.  Pbys. 4 6 ( 2 )  : 475-89 (February 1975) .  

9J. P. Moore, R. K .  W i l l i a m s ,  and R.  S.  Graves, Rev. Sei. I n s t .  
45: 87-95 (1974).  
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T h i s  work determined t h e  r e l a t i v e  c o n t r i b u t i o n s  of e l e c t r o n s  and phonons 
t o  t h e  t o t a l  t h e r m a l  c o n d u c t i v i t y  of molybdenum. The a n a l y s i s  of t h e  
r e s u l t s  i s  incomple te ,  b u t  t h e  d a t a  i n d i c a t e  t h a t  t h e  l a t t i c e  c o n d u c t i v i t y  
h a s  a maximum v a l u e  n e a r  125 K,  and a t  t h i s  p o i n t  phonons c o n t r i b u t e  10 
t o  15% of t h e  t o t a l  t h e r m a l  c o n d u c t i v i t y .  The new r e s u l t s  are a l s o  con- 
s i s t e n t  w i t h  a previous" s u g g e s t i o n  t h a t  most of t h e  d i f f e r e n c e  between 
t h e  thermal  c o n d u c t i v i t i e s  of t u n g s t e n  and molybdenum i s  due t o  s t r o n g e r  
e l e c t r o n  s c a t t e r i n g  of t h e  phonons i n  molybdenum. 

3 .1 .2 .4  Aluminum'' - J. P. Moore 

Measurements of A, p, and S on t h r e e  aluminum specimens of d i f f e r e n t  
p u r i t i e s  w e r e  made u s i n g  t h r e e  s e p a r a t e  t e c h n i q u e s  i n  a c o o p e r a t i v e  
experiment  w i t h  t h e  N a t i o n a l  Research Counci l  of Canada. 
combined t o  de te rmine  A ,  p ,  and S f o r  p u r e  aluminum from 20 t o  400 K.  
thermal  c o n d u c t i v i t y  h a s  a broad p l a t e a u  from 180 t o  400 K and a p o s s i b l e  
minimum of 0.25%, which i s  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r s .  

The p and X of a sample of an  1100 aluminum a l l o y  w i t h  a r e s i s t i v i t y  
r a t i o  of 17 were measured from 80  t o  400 K. The measured v a l u e s  agreed  
t o  w i t h i n  tl% w i t h  v a l u e s  c a l c u l a t e d  from parameters  o b t a i n e d  from t h e  
pure-aluminum r e s u l t s .  

A l l  r e s u l t s  were 
The 

3.1.2.5 Nickel-Base Alloys" - J. P. Moore, R .  S.  Graves, and 
R. A. Vandermeer 

One of t h e  most used thermocouples  c o n s i s t s  of Chrome1 vs Alumel, b u t  
t h i s  p a i r  h a s  l a r g e  e r r o r s  because of s h o r t - r a n g e  o r d e r  i n  t h e  Chromell3 
and o x i d a t i o n  of b o t h  materials a t  h i g h  t e m p e r a t u r e s .  l 4  Such e f f e c t s  are 

OR. K. W i l l i a m s  and W. Fu lkerson ,  " S e p a r a t i o n  of t h e  E l e c t r o n i c  
and L a t t i c e  C o n t r i b u t i o n s  t o  t h e  Thermal C o n d u c t i v i t e s  of Metals and 
A l l o y s , "  pp. 389-456 i n  ThermaZ Conductivity, Proc. 8th Conf., ed. by 
C .  Y .  Ho and R. E. T a y l o r ,  Plenum P r e s s ,  New York, 1969. 

Aluminum," by J. G.  Cook, J. P. Moore, T .  Matsumura, and M. P. Vandermeer, 
t o  b e  p u b l i s h e d  i n  proceedings  of 1 4 t h  I n t e r n a t i o n a l  Thermal C o n d u c t i v i t y  
Conference,  S t o r r s ,  Conn., June  2-4, 1975. 

'*Abst rac ted  from J. P. Moore, R. S .  Graves, M. B. H e r s k o v i t z ,  
K. R. Carr, and R. A. Vandermeer, Nicrosi l  11 and Nisi2 Thermocouple AZloys: 
Some Physical Properties and Behavior During Thermal CycZing t o  1200 K ,  

3 T .  G .  K o l l i e  e t  a l . ,  Tempera-ture Measurement Errors w i th  Type K 

"Synopsis of a paper  "The Thermal and E l e c t r i c a l  C o n d u c t i v i t y  of 

ORNL-TM-4954 (August 1975) .  

(Chrome 2 us A l m e  2) Themnocoup Zes h e  t o  Short-Ranged Ordering in Chrome 2 ,  
ORNL-TM-4862 (March 1975) .  

4N.  A. Bur ley ,  " N i c r o s i l  and N i s i l :  Highly S t a b l e  Nickel-Base A l l o y s  
f o r  Thermocouples ,It Temperature, I t s  Measurements and Control i n  Science 
and Industry,  V o l .  4,  Ins t rument  S o c i e t y  of America, P i t t s b u r g h ,  P a . ,  1972. 
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reduced i n  two n icke l -base  a l l o y s  t h a t  have been proposed f o r  u s e  as 
thermocouple e lements ,  N i c r o s i l  I1 (Ni-14.2% C r 1 . 4 %  S i )  and N i s i l  
(Ni-4.4% Si -O. l% M g - 0 . 1 %  F e ) .  The thermal  c o n d u c t i v i t i e s ,  e l ec t r i ca l  
r e s i s t i v i t i e s ,  and Seebeck c o e f f i c i e n t s  of materials n e a r  t o  t h e  above 
composi t ions  were measured from 80 t o  400 K,  and t h e  mean c o e f f i c i e n t s  
of thermal  expansion w e r e  measured from 400 t o  1100 K. The s i l i c o n  i n  
t h e  N i s i l  lowers  t h e  C u r i e  t e m p e r a t u r e  of t h e  b a s e  metal t o  about  290 K ,  
where t h e  Seebeck c o e f f i c i e n t  of  t h e  N i s i l  h a s  a broad peak and t h e  
thermal  c o n d u c t i v i t y  h a s  a s m a l l  apparent  d i s c o n t i n u i t y .  The assumption 
t h a t  a l l  e l e c t r o n  s c a t t e r i n g  i s  e l a s t i c  g i v e s  v a l u e s  f o r  t h e  l a t t i c e  
conduct ion  component t h a t  are i n  good agreement w i t h  estimates from t h e o r y .  

3 .1 .2 .6  S p e c i f i c  Heat of 241Am and P u c 0 . 8 ' ~  - D. L .  McElroy 

The s p e c i f i c  h e a t ,  Cp, of a c t i n i d e  e lements  and compounds is  be ing  
T h i s  method 1 4  measured from 1 0  t o  300 K w i t h  a n  a d i a b a t i c  c a l o r i m e t e r .  

i s  a p p l i c a b l e  t o  e n c a p s u l a t e d  r a d i o a c t i v e  samples i n  which t h e  h e a t  
g e n e r a t i o n  due t o  r a d i o a c t i v e  decay may be l a r g e .  An a u t o m a t i c  p o t e n t i -  
ometer a l l o w s  thermal  emf-time d a t a  t o  b e  recorded  i n  a form s u i t a b l e  
f o r  computer p r o c e s s i n g .  

t h e  241Am sample i s  h e l d  less t h a n  1 h r  below 77 K ,  a second-order t r a n s i -  
t i o n  o c c u r s  n e a r  62.5 K w i t h  an  e s t i m a t e d  energy of 41 J/mol.  
h o l d s  below 10 K showed t h a t  t h e  a n n e a l i n g  of s e l f - i r r a d i a t i o n  damage 
occurred  i n  3 s t a g e s  below 200 K. 
w a s  no ted  f o r  PuC0.8 and may r e p r e s e n t  a n  a n t i f e r r o m a g n e t i c  t r a n s i t i o n .  

Samples of 241Am and PuC0.8 showed15 Cp anomal ies  below 100 K. I f  

Long-time 

A broad Cp anomaly, c e n t e r e d  n e a r  40 K ,  

3 . 1 . 3  Apparatus  Development 

3 . 1 . 3 . 1  Thermal Expansion Apparatus  - T .  G .  Godfrey 

The CODAS-operated c o e f f i c i e n t  of thermal  expansion (CTE) a p p a r a t u s  
w a s  upgraded through replacement  of t h e  o r i g i n a l  e l e c t r o n i c  micrometer 
c o n t r o l  w i t h  a s o l i d - s t a t e  u n i t .  The o r i g i n a l  c i r c u i t ,  w h i l e  of good 
d e s i g n ,  used e l e c t r o m e c h a n i c a l  r e l a y  l o g i c  and t h e r m a l  t ime-delay r e l a y s .  
I n  o p e r a t i o n ,  t h e s e  d e v i c e s  proved t o  b e  u n r e l i a b l e .  

15Work j o i n t l y  sponsored by ERDA, ORNL, and AERE, H a r w e l l .  A b s t r a c t e d  
from two p a p e r s :  W. M u l l e r ,  D .  L. McElroy, R.O.A.  H a l l ,  and M.  J .  Mortimer,  
"The S p e c i f i c  Heat of Americium Metal from 1 5  t o  300 K," and D .  L .  McElroy, 
R.O.A.  H a l l ,  and J. A.  L e e ,  "The S p e c i f i c  Heat of PuC and Pu2C3 from 
1 0  t o  300 K," accepted  f o r  t h e  5 t h  I n t e r n a t i o n a l  Conference on Plutonium 
and Other  A c t i n i d e s  1975, Baden-Baden, Germany, S e p t .  10-13, 1975. 
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The CTE a p p a r a t u s  w a s  conceived as a s t e a d y - s t a t e ,  h igh-accuracy ,  
and h i g h - p r e c i s i o n  machine. I n h e r e n t  i n  t h i s  approach  i s  a v e r y  s low 
o p e r a t i o n .  S ince  more i m p r e c i s e  r e s u l t s  might  s u f f i c e  f o r  s t u d i e s  on 
some materials, t h e  o p e r a t i o n  of t h e  CTE a p p a r a t u s  under  t r a n s i e n t  con- 
d i t i o n s  w a s  i n v e s t i g a t e d .  We found t h a t  t h e  accu racy  w a s  dec reased  t o  
3% compared w i t h  t h e  o r i g i n a l  1%, by t h e  t r a n s i e n t  mode, w h i l e  t h e  t i m e  
r e q u i r e d  t o  o b t a i n  d a t a  dec reased  by a f a c t o r  of 5. T h i s  mode i s  be ing  
used now f o r  a n  i n v e s t i g a t i o n  of t h e  e f f e c t s  of volume f r a c t i o n  p a r t i c l e  
l oad ing  and i r r a d i a t i o n  on HTGR f u e l  s t i c k s .  For u n i r r a d i a t e d  c o n t r o l  
s amples ,  t h e  CTE i n c r e a s e d  l i n e a r l y  w i t h  volume f r a c t i o n  l o a d i n g  over  t h e  
r ange  0 t o  60% from 300 t o  1000 K.  A f t e r  one c y c l e  i n  t h e  t a r g e t  r e g i o n  
of t h e  HFIR t h e  two samples  measured t h u s  f a r  had t h e i r  CTE markedly 
reduced a t  300 K,  b u t  t o  a lesser e x t e n t  a t  h i g h e r  t empera tu re .  We 
su rmise  t h a t  t h i s  d e c r e a s e  i n  CTE i s  caused by r e s i d u a l  s t ra in  and micro-  
c r a c k s  i n  t h e  m a t r i x  material .  

3 .1 .3 .2  CODAS Development - T. G. Godfrey 

The Computer Operated Data A c q u i s i t i o n  Systems, Phase 111, h a s  been 
i n s t a l l e d  i n  our  l a b o r a t o r y .  While based on a PDP8 8k-core computer 
s imi l a r  t o  our CODAS Phase I1 sys tem,  Phase I11 i s  more advanced i n  i t s  
ana log  i n p u t  c i r c u i t r y  and d i s k  s t o r a g e  c a p a c i t y .  The f i r s t  t a s k  f o r  
CODAS I11 is t h e  o p e r a t i o n  of t h e  P lane  Probe  a p p a r a t u s .  l 6  
i ts  unique  c a p a b i l i t i e s  are be ing  extended by remote i n t e r f a c e s  t o  e x p e r i -  
ments i n  bo th  t h e  S u p e r c o n d u c t i v i t y  and t h e  Sur face  Phenomena L a b o r a t o r i e s .  

I n  a d d i t i o n ,  

3 . 2  SURFACE PHENOMENA - J .  V.  C a t h c a r t  

The u n d e r y l i n g  g o a l  of t h i s  r e s e a r c h  i s  t o  i d e n t i f y  and c h a r a c t e r i z e  
t h e  v a r i o u s  mechanisms of o x i d a t i o n  of a l l o y s  s o  t h a t  a r a t i o n a l  b a s i s  
may be  provided  f o r  t h e  d e s i g n  of o x i d a t i o n - r e s i s t a n t  a l l o y s .  A s  v e h i c l e s  
f o r  t h i s  work w e  have chosen a series of uranium a l l o y s ,  sets of r e f r a c t o r y  
m e t a l  a l l o y s  based on t an ta lum and niobium, and s e v e r a l  ceramic-metal 
composi tes .  Phenomena be ing  s t u d i e d  i n c l u d e  t h e  i n t e r r e l a t i o n s h i p  of 
ox ide  morphology and t h e  r e l a t i v e  d i f f u s i o n  rates i n  t h e  ox ide  and a l l o y ,  
t h e  e f f e c t  of a l l o y i n g  e l emen t s  on t h e  d e f e c t  c o n c e n t r a t i o n  and d i f f u s i v i t y  
i n  t h e  o x i d e ,  i n t e r n a l  o x i d a t i o n ,  g r a i n  boundary e m b r i t t l e m e n t ,  stress 
development ,  and oxygen s o l u t i o n  e f f e c t s .  

16T .  G. Godfrey and S. H. J u r y ,  The Plane Probe: A Transient Method 
for Rapid29 Measuring Conductivity and Diffusivity of SaZt Mine Core 
SampZes, ORNL-TM-4956, i n  p r e p a r a t i o n .  
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3 . 2 . 1  Ox ida t ion  of Uranium-Base Al loys  

3 . 2 . 1 . 1  Cur ren t  I n v e s t i g a t i o n s  - G .  J .  Yurek, J. V. C a t h c a r t ,  and 
G .  F. P e t e r s e n  

The o x i d a t i o n  ra te  of a metal i n  most c i r cums tances  i s  de termined  by 
t h e  product  of t h e  d e f e c t  c o n c e n t r a t i o n  g r a d i e n t  and t h e  d e f e c t  d i f f u s i o n  
c o e f f i c i e n t  i n  t h e  oxide  scale. Our p r e v i o u s  a t t e m p t s  a t  measuring t h e s e  
q u a n t i t i e s  as f u n c t i o n s  of a l l o y  composi t ion  and c o n c e n t r a t i o n  f o r  a series 
of uranium-base a l l o y s  u s i n g  t h e  “ i n t e r r u p t e d  o x i d a t i o n ”  t echn ique  h a s  been 
hampered by d i f f i c u l t i e s  a s s o c i a t e d  w i t h  s o l v i n g  t h e  a p p r o p r i a t e  d i f f u s i o n  
e q u a t i o n s .  A computer code ( s e e  S e c t .  3 . 2 . 3 ) ,  based on a f i n i t e  d i f f e r e n c e  
method, h a s  now been w r i t t e n  t h a t  should  p rov ide  t h e  d e s i r e d  s o l u t i o n s .  

c o e f f i c i e n t s  and c o n c e n t r a t i o n s  i n  ox ide  s c a l e s ,  w e  have d e r i v e d  e q u a t i o n s  
t h a t  pe rmi t  c a l c u l a t i o n  of t h e s e  q u a n t i t i e s  from t h e  p a r a b o l i c  o x i d a t i o n  
rate c o n s t a n t s  f o r  d i f f u s i o n - c o n t r o l l e d  o x i d a t i o n  r e a c t i o n s .  A p p l i c a t i o n  
of t h e  e q u a t i o n s  r e q u i r e s  t h e  expe r imen ta l  measurement of t h e  r a t e  c o n s t a n t s  
as a f u n c t i o n  of oxygen p r e s s u r e .  We w i l l  v e r i f y  our  e q u a t i o n s  u s i n g  
l i t e r a t u r e  r a t e  c o n s t a n t  v a l u e s  f o r  Cu20. Once v a l i d a t e d ,  our  t h e o r y  w i l l  
be  a p p l i e d  t o  o x i d a t i o n  d a t a  f o r  uranium and i t s  a l l o y s .  T h i s  t r e a t m e n t  
should  a l s o  be a p p l i c a b l e  t o  o t h e r  t y p e s  of o x i d a t i o n  r e a c t i o n s ,  such  as 
s u l f i d a t i o n  and n i t r i d a t i o n .  

I n  a second approach  t o  t h e  problem of de t e rmin ing  t h e  d e f e c t  d i f f u s i o n  

3 .2 .1 .2  The Development of Product  M i c r o s t r u c t u r e s  During t h e  D i f f u s i o n -  
C o n t r o l l e d  Ox ida t ion  of Uranium Al loys17  - G .  J .  Yurek 

The development of p roduc t  m i c r o s t r u c t u r e s  d u r i n g  t h e  o x i d a t i o n  of 
a l l o y s  t h a t  form scales t h a t  e x h i b i t  predominant a n i o n  d i f f u s i o n  i s  con- 
s i d e r e d .  
d i f f u s i o n  i s  modi f ied  f o r  t h e  c a s e  of predominant an ion  d i f f u s i o n .  The 
v a r i a b l e s  expec ted  t o  i n f l u e n c e  t h e  p roduc t  morphology are  a l l o y  composi t ion ,  
ambient oxygen p r e s s u r e ,  and t h e  r e l a t i v e  m o b i l i t i e s  f o r  atoms i n  t h e  
a l l o y s  and a n i o n s  i n  t h e  s c a l e .  The t h e o r y  i s  a p p l i e d  t o  t h e  o x i d a t i o n  
of uranium a l l o y s  t h a t  form two-phase (oxide  + a l l o y )  product  l a y e r s  i n  
oxygen atmospheres .  

Wagner’s a n a l y s i s  f o r  scales t h a t  e x h i b i t  predominant c a t i o n  

1 7 A b s t r a c t  of paper  t o  be  p r e s e n t e d  a t  t h e  Gordon Conference on 
Cor ros ion ,  New London, N.H. ,  J u l y  7-11, 1975. 
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3 .2 .1 .3  Mechanisms of Stress G e n e r a t i o n  and R e l a x a t i o n  During t h e  
Oxida t ion  of Uranium Alloys" - J .  V. C a t h c a r t  and G .  F. P e t e r s e n  

Very l a r g e  stresses ar ise  i n  t h e  o x i d e  scales d u r i n g  t h e  o x i d a t i o n  
of a v a r i e t y  of uranium a l l o y s .  The stress g e n e r a t i o n  i s  r e l a t e d  t o  t h e  
mode of d i f f u s i o n  i n  t h e  o x i d e  and t o  t h e  oxide  morphology. Several 
stress r e l a x a t i o n  mechanisms are d i s c u s s e d .  These i n c l u d e  t h e  c r e e p  of 
b o t h  oxide  and s u b s t r a t e ,  c r a c k i n g  of t h e  o x i d e ,  and a vacancy f l o w  
mechanism s imilar  t o  Nabarro-Herring c r e e p .  S p e c i f i c  examples of t h e s e  
v a r i o u s  phenomena are drawn from r e s u l t s  o b t a i n e d  d u r i n g  o x i d a t i o n  of 
U-Nb, U-Mo, and U-Nb-Zr a l l o y s .  

3 . 2 . 2  R e f r a c t o r y  Metal Al loys  

3 .2 .2 .1  Curren t  Research - R. E. Pawel and J .  J .  Campbell 

Tantalum- and niobium-base a l l o y s  e x h i b i t  s i g n i f i c a n t  oxygen s o l u b i l i t y  
a t  h i g h  t e m p e r a t u r e s ,  and t h e  d i s s o l v e d  oxygen g r e a t l y  i n f l u e n c e s  t h e  
o x i d a t i o n  and mechanical  p r o p e r t i e s  of t h e  a l l o y s .  We have s t u d i e d  t h e  
d i f f u s i v i t y  of oxygen i n  t h e s e  materials. The e f f e c t i v e  d i f f u s i o n  coef -  
f i c i e n t s  of oxygen i n  p u r e  tan ta lum,  Ta-10 w t  % W ,  and Ta-10 w t  % W 2 . 5  w t  % 
Hf were measured a t  800 and 900°C as f u n c t i o n s  of g r a i n  s i z e .  The r e s u l t s  
i n d i c a t e  t h e  importance of g r a i n  boundary d i f f u s i o n  of oxygen by t h e  severe 
g r a i n  boundary e m b r i t t l e m e n t  d u r i n g  t h e  o x i d a t i o n  of t a n t a l u m  a l l o y s  t h a t  
w e  r e p o r t e d  ear l ie r .  

w e  measured t h e  d i f f u s i o n  c o e f f i c i e n t  of hafnium i n  t a n t a l u m .  T h i s  work, 
c a r r i e d  o u t  i n  c o o p e r a t i o n  w i t h  t h e  D i f f u s i o n  i n  S o l i d s  Group, i n d i c a t e d  
a v a l u e  of about  lo- '* cm'/sec f o r  t h e  l a t t i c e  d i f f u s i o n  c o e f f i c i e n t  of 
hafnium a t  900OC. Thus, i t  i s  e v i d e n t  t h a t  a t  t h e  t e m p e r a t u r e s  of our  
o x i d a t i o n  exper iments  hafnium is  e f f e c t i v e l y  pinned i n  t h e  a l l o y  l a t t i c e ,  
a l t h o u g h  i t  could d i f f u s e  a t  an  a p p r e c i a b l e  rate i n  g r a i n  boundary r e g i o n s .  

W e  have begun an  i n v e s t i g a t i o n  of t h e  o x i d a t i o n  of two niobium a l l o y s ,  
Nb-1 w t  % Z r  and Nb-10 w t  % Hf-1 w t  % T i .  The former a l l o y  e x h i b i t s  
e s s e n t i a l l y  t h e  same o x i d a t i o n  c h a r a c t e r i s t i c s  as p u r e  niobium, a l t h o u g h  
oxygen d i f f u s i o n  ra tes  i n  t h e  a l l o y  were one- four th  as g r e a t .  I n i t i a l  
r e s u l t s  f o r  t h e  Nb-Hf-Ti a l l o y  i n d i c a t e  a s u b s t a n t i a l  r e d u c t i o n  i n  o x i d a t i o n  
ra te  re la t ive  t o  niobium i n  t h e  e a r l y  s t a g e s  of o x i d a t i o n ,  b u t  t h e  a l l o y  
i s  s u b j e c t  t o  t h e  same g r a i n  boundary e m b r i t t l e m e n t  and " i g n i t i o n "  phe- 
nomenon t h a t  w e  observed i n  tantalum-base a l l o y s .  

To c l a r i f y  f u r t h e r  t h e  r o l e  of hafnium i n  t h e  o x i d a t i o n  of t h e s e  a l l o y s ,  

"Abstract  of paper  p r e s e n t e d  a t  t h e  symposium on Growth S t r e s s e s  
and t h e  Oxida t ion  of Metals, F a l l  Meeting of t h e  AIME, D e t r o i t ,  Mich., 
Oct. 21-23, 1975. To b e  p u b l i s h e d  i n  t h e  proceedings  i n  t h e  symposium, 
J. V.  C a t h c a r t ,  ed.  
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3 .2 .2 .2  Some Oxida t ion  C h a r a c t e r i s t i c s  of Ta-10% W and T a - - I P  % W2.5 X H f  
Alloys" - R .  E. Pawel and J .  J. Campbell 

A s  p a r t  of a program on t h e  o x i d a t i o n  behavior  of r e f r a c t o r y  metal 
a l l o y s ,  t h e  e a r l y  s t a g e s  of o x i d a t i o n  of t h e  a l l o y s  Ta-10 w t  % W 
(Ta-10 W) and Ta-10 w t  % W-2.5 w t  % Hf-0.012 w t  % C (T-222) were s t u d i e d  
over  t h e  range  500 t o  800°C i n  d r y  oxygen a t  a tmospher ic  p r e s s u r e .  Both 
a l l o y s  e x h i b i t e d  a p e r i o d  of p r o t e c t i v e  o x i d a t i o n  fol lowed by an  acceler- 
a t i n g  r a t e  due ,  a t  t h e  lower t e m p e r a t u r e s ,  t o  t h e  i n i t i a t i o n  and l a t e r a l  
growth of h i g h - r a t e  r e g i o n s  c o n s i s t i n g  of porous n o n p r o t e c t i v e  oxide .  A t  
t h e  h i g h e r  t e m p e r a t u r e s ,  t h e  o x i d e  f i l m  w a s  more r e s i s t a n t  t o  t h i s  form 
of breakdown and provided a compara t ive ly  l o n g e r  p e r i o d  of p r o t e c t i o n .  

measured by t h e  f l e x u r e  technique .  The k i n e t i c s  of f l e x u r e  i n  t h e  pro-  
t e c t i v e  s t a g e  of o x i d a t i o n  i n  t h e  above tempera ture  range  w a s  determined 
and compared w i t h  t h e  k i n e t i c s  of o x i d a t i o n .  While h i g h  stresses un- 
doubtedly  e x i s t e d  i n  t h e  oxide  l a y e r s  themselves ,  t h e  major  c o n t r i b u t o r  
t o  f l e x u r e  under  t h e s e  c o n d i t i o n s  w a s  judged t o  be oxygen s o l u t i o n  e f f e c t s  
i n  t h e  a l l o y s .  

The e x p e r i m e n t a l  r e s u l t s  are examined i n  terms of t h e  k i n e t i c s  of t h e  
r e a c t i o n s  and t h e  morphologies  of t h e  r e a c t i o n  p r o d u c t s  f o r  t h e  i n d i v i d u a l  
a l l o y s  and f o r  una l loyed  tan ta lum.  

The s t r a i n  induced i n  specimens of t h e s e  a l l o y s  d u r i n g  o x i d a t i o n  w c  

3 .2 .3  Computer Code Development - S. Malanglg and R .  E. Pawel 

A computer code h a s  been w r i t t e n  t o  s i m u l a t e  o x i d a t i o n  p r o c e s s e s  under 
a wide range  of c o n d i t i o n s .  Using f i n i t e - d i f f e r e n c e  t e c h n i q u e s ,  t h e  code 
p r o v i d e s  s o l u t i o n s  f o r  t h e  m u l t i p h a s e ,  moving-boundary d i f f u s i o n  problem 
i n  f i n i t e  samples.  P h y s i c a l  p r o p e r t y  d a t a  and k i n e t i c  and thermodynamic 
parameters  serve as i n p u t  t o  t h e  code. The program may b e  used t o  gen- 
erate  phase  t h i c k n e s s e s  as a f u n c t i o n  of t i m e ,  o r ,  g i v e n  e x p e r i m e n t a l  
k i n e t i c  d a t a ,  i t  can i n  p r i n c i p l e  e x t r a c t  d i f f u s i o n  c o e f f i c i e n t s  and d e f e c t  
c o n c e n t r a t i o n s .  It i s  p r e s e n t l y  be ing  used i n  connec t ion  w i t h  our  i n t e r -  
r u p t e d  o x i d a t i o n  s t u d i e s  on uranium a l l o y s  ( s e e  Sect .  3 . 2 . 1 . 1 ) ,  and w e  
a n t i c i p a t e  t h a t  i t  w i l l  b e  a p p l i c a b l e  t o  a number of f u t u r e  i n v e s t i g a t i o n s .  

3 .2 .4  Ceramic-Metal Composites - J. V.  C a t h c a r t  and G .  F. P e t e r s e n  

I n  c o n j u n c t i o n  w i t h  t h e  C r y s t a l  P h y s i c s  and Fundamental Ceramics 
Groups w e  have s t a r t e d  a program des igned  t o  c h a r a c t e r i z e  t h e  chemical  
and mechanical  p r o p e r t i e s  of ceramic-metal  composi tes  a t  h i g h  t e m p e r a t u r e s  
i n  mixed-gas environments  t y p i c a l  of t h e  c o o l i n g  g a s  stream of a gas-  
cooled r e a c t o r .  Urania- tungs ten  composi tes  were chosen as t h e  i n i t i a l  
material f o r  t h i s  s t u d y  because of t h e i r  a v a i l a b i l i t y  and because t h e  
r e a c t i o n s  t h e y  undergo should  be t y p i c a l  of a l t h o u g h  more s e v e r e  t h a n  

"On assignment  t o  ORNL from K a r l s r u h e  Nuclear  Research C e n t e r ,  
Germany. 
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t h o s e  f o r  p o t e n t i a l l y  more s t a b l e  composi tes .  
o u t  i n  low-pressure oxygen, CO-C02 m i x t u r e s ,  and CHI, a t  t e m p e r a t u r e s  between 
800 and l l O O ° C .  Severe a t t a c k  w a s  observed i n  oxygen a t  p r e s s u r e s  g r e a t e r  
t h a n  about  0.05 t o r r  (7 P a ) ,  bu t  o n l y  a s l i g h t  l e a c h i n g  away of t h e  ends 
of t h e  t u n g s t e n  f i b e r s  w a s  found i n  CO-CO2, CH4,  o r  low-pressure oxygen. 

Tests have been c a r r i e d  

3.3 DIFFUSION I N  SOLIDS - J.  V .  C a t h c a r t  

I n  any high-temperature  system atom movement and mater ia l  t r a n s p o r t  
are p o s s i b l e ,  and t h e  e x t e n t  and n a t u r e  of t h i s  t r a n s p o r t  may profoundly  
a f f e c t  t h e  p h y s i c a l  and mechanical  p r o p e r t i e s  of t h e  components of such  
systems.  Thus, t h e  phenomenon of d i f f u s i o n  i s  of fundamental  concern i n  
t h e  d e s i g n  and o p e r a t i o n  of any h igh- tempera ture ,  energy-genera t ing  d e v i c e  
based on t h e  "hea t  engine' '  p r i n c i p l e ,  and r e s e a r c h  of t h i s  group i s  des igned  
t o  e l u c i d a t e  fundamental  d i f f u s i o n  p r o c e s s e s  o p e r a t i v e  under  t h e s e  con- 
d i t i o n s .  

s t u d i e s  of i n t e r d i f f u s i o n  p r o c e s s e s  i n  a l l o y s  - t h a t  is ,  d i f f u s i o n  i n  
t h e  p r e s e n c e  of chemical  p o t e n t i a l  g r a d i e n t s .  S p e c i a l  emphasis i s  b e i n g  
p laced  on a c h i e v i n g  a b e t t e r  unders tanding  of t h e  vacancy wind phenomenon, 
a n  e f f e c t  t h a t  ar ises  d u r i n g  d i f f u s i o n  i n  a l l o y s  where t h e  v a r i o u s  com- 
ponents  d i f f u s e  a t  d i f f e r e n t  ra tes .  

i n  a l l o y s  and ceramics. The d i f f u s i n g  s p e c i e s  are g e n e r a l l y  l i m i t e d  t o  
t h e  l i g h t  atoms such  as oxygen, n i t r o g e n ,  carbon,  and hydrogen and i t s  
h e a v i e r  i s o t o p e s .  T h i s  work i s  of p o t e n t i a l  s i g n i f i c a n c e  i n  several  ERDA 
programs, p a r t i c u l a r l y  i n  r e a c t o r  p r o j e c t s  such  as t h e  CTR, LMFBR, and 
MSBR, where t h e  t r i t i u m  containment problem i s  i m p o r t a n t .  

Our work i s  d i v i d e d  between two g e n e r a l  c a t e g o r i e s .  The f i r s t  i n v o l v e s  

The second p a r t  of our program d e a l s  w i t h  i n t e r s t i t i a l  d i f f u s i o n  

3 . 3 . 1  I n t e r d i f f u s i o n  and Vacancy Wind E f f e c t s  

3 .3 .1 .1  C u r r e n t  I n v e s t i g a t i o n s  - P. T .  Car l son  and L C Manley, Jr. 

W e  are  measuring i n t e r d i f f u s i o n ,  i n t r i n s i c  d i f f u s i o n ,  and vacancy 
wind parameters  over  t h e  r a n g e  900 t o  1600°C f o r  a series of vanadium- 
t i t a n i u m  a l l o y s .  A n a l y s i s  of t h e  e x p e r i m e n t a l  d a t a  i s  s t i l l  i n  p r o g r e s s ,  
b u t  i n i t i a l  r e s u l t s  i n d i c a t e  vacancy wind e f f e c t s  t o  b e  a p p r e c i a b l y  g r e a t e r  
t h a n  t h o s e  p r e d i c t e d  from t h e o r y .  

C u r r e n t  t h e o r i e s  f o r  i n t e r d i f f u s i o n  i n  multicomponent a l l o y s  ( t e r n a r y  
o r  h i g h e r )  p r e d i c t  t h a t  t h e  nondiagonal  terms i n  t h e  g e n e r a l  thermodynamic 
d i f f u s i o n  e q u a t i o n  arise e n t i r e l y  from t h e  vacancy wind e f f e c t  and are 
no l o n g e r  z e r o .  A l so ,  t h e  d i f f u s i o n  rates of t h e  v a r i o u s  s p e c i e s  i n  such  
a n  a l l o y  appear  t o  depend h e a v i l y  on t h e  magnitude of t h e  nondiagonal  
terms r e l a t ive  t o  t h e  d i a g o n a l  c o e f f i c i e n t s .  To test t h i s  e f f e c t ,  w e  
have i n i t i a t e d  a s t u d y  of i n t e r d i f f u s i o n ,  i n t r i n s i c  d i f f u s i o n ,  and vacancy 
wind parameters  i n  t h e  V-Ti -Cr  system a t  1200°C. 
b e  impor tan t  i n  c l a r i f y i n g  t h e  vacancy wind phenomenon and i n  p r o v i d i n g  

These r e s u l t s  should  
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a b e t t e r  b a s i s  f o r  p r e d i c t i n g  vacancy movement and v o i d  f o r m a t i o n  i n  
radiation-damaged material. 

The f o l l o w i n g  are a b s t r a c t s  of p a p e r s  based on  t h i s  phase  of our 
work and p u b l i s h e d  o r  submi t ted  € o r  p u b l i c a t i o n  d u r i n g  t h e  p a s t  y e a r .  

3 .3 .1 .2  MANTAN@ - A Computer Code f o r  t h e  A n a l y s i s  of I n t e r d i f f u s i o n  and 
I n t r i n s i c  D i f f u s i o n  I n f o r m a t i o n  i n  Binary Systems2'  - P.  T.  C a r l s o n  

MANTANO is  a FORTRAN I V  Computer Program w r i t t e n  f o r  t h e  IBM 360/75 
and 360/91 systems,  i t  d e t e r m i n e s  i n t e r d i f f u s i o n  and i n t r i n s i c  d i f f u s i o n  
c o e f f i c i e n t s  from t h e  e x p e r i m e n t a l  concentration-penetration p r o f i l e s  of 
i n f i n i t e  and s e m i - i n f i n i t e  d i f f u s i o n  c o u p l e s .  The f l e x i b i l i t y  of t h e  code 
e n a b l e s  t h e  u s e r  t o  deduce e x p e r i m e n t a l  v a l u e s  of d i f f u s i o n  c o e f f i c i e n t s  
as w e l l  as t o  c a l c u l a t e  expec ted  v a l u e s  f o r  any g i v e n  system. The funda- 
m e n t a l  i n p u t  a r r a y  c o n s i s t s  of t h e  e x p e r i m e n t a l l y  determined x-ray i n t e n -  
i n t e n s i t y - p e n e t r a t i o n  d a t a  o b t a i n e d  from e l e c t r o n  microprobe a n a l y s i s  of 
t h e  d i f f u s e d  couples ,  which t h e  program s u b s e q u e n t l y  c o n v e r t s  t o  
concentration-penetration p r o f i l e s  by comparison w i t h  s t a n d a r d s  of known 
composi t ion.  An a n a l y t i c a l  e x p r e s s i o n  d e s c r i b i n g  t h e  c o n c e n t r a t i o n  of 
each  s p e c i e s  as a f u n c t i o n  of p e n e t r a t i o n  i s  t h e n  determined by f i t r i n g  
low-order polynomial  s p l i n e s  t o  t h e  e x p e r i m e n t a l  d a t a  by t h e  method of 
least s q u a r e s .  Subsequent c a l c u l a t i o n s  are  performed on t h e  r e g e n e r a t e d  
p r o f i l e s .  I n t e r d i f f u s i o n  c o e f f i c i e n t s  are de termined  a t  i n c r e m e n t a l  
p e n e t r a t i o n  d i s t a n c e s  by t h e  method of Boltzmann and Mantano w i t h  t h e  u s e  
of Simpson's r u l e  f o r  i n t e g r a t i o n .  
are employed t o  c a l c u l a t e  t h e  e x p e r i m e n t a l  i n t r i n s i c  d i f f u s i o n  c o e f f i c i e n t s  
a t  t h e  composi t ion of t h e  K i r k e n d a l l  r e f e r e n c e  p l a n e .  I n  a d d i t i o n ,  t h e  
program u s e s  a v a i l a b l e  thermodynamic and tracer d i f f u s i o n  c o e f f i c i e n t  i n -  
f o r m a t i o n  f o r  t h e  system of i n t e r e s t  t o  p r e d i c t  t h e o r e t i c a l l y  v a l u e s  of 
d i f f u s i o n  parameters  exc luding  and i n c l u d i n g  c o n s i d e r a t i o n  of t h e  vacancy 
wind e f f e c t  th rough t h e  a n a l y s e s  of Darken and Manning, r e s p e c t i v e l y .  
Experimental  vacancy wind p a r a m e t e r s ,  as w e l l  as atomic m o b i l i t i e s  of t h e  
two s p e c i e s  are determined by t h e  method of Dayananda and a r e  compared 
w i t h  t h e  t h e o r e t i c a l  v a l u e s .  The o u t p u t  of t h e  program p r o v i d e s  t h e  u s e r  
w i t h  a r a p i d  summary of t h e  e x p e r i m e n t a l  and c a l c u l a t e d  i n f o r m a t i o n  i n  
t a b u l a r  as w e l l  as g r a p h i c a l  f o r m a t s .  
w i t h  t h e  assumption of c o n s t a n t  molar volume a c r o s s  t h e  d i f f u s i o n  zone,  a 
c o r r e c t i o n  can be made f o r  molar  volume changes due t o  composi t ion d i f f e r -  
e n c e s  by s u b s t i t u t i o n  of l a t t i c e  s p a c i n g  f o r  d i f f u s i o n  d i s t a n c e s .  

The a n a l y s e s  of Darken and Heumann 

Although MATANL? h a s  been w r i t t e n  

3 .3 .1 .3  I n t e r d i f f u s i o n  and I n t r i n s i c  D i f f u s i o n  i n  Binary Vanadium- 
Ti tanium S o l i d  S o l u t i o n s  a t  1350°C21 - P. T. Car l son  

I n t e r d i f f u s i o n  c o e f f i c i e n t s ,  i n t r i n s i c  d i f f u s i o n  c o e f f i c i e n t s ,  and 
vacancy wind parameters  have been determined i n  t h e  vanadium-titanium 

'Abstracted from ORNL-5045 (June 1975) .  

21Abst rac ted  from paper  submi t ted  f o r  p u b l i c a t i o n  i n  MetaZZurgicaZ 
Transactions. 
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system a t  1350°C w i t h  t h e  u s e  of i n f i n i t e ,  s o l i d - s o l i d  d i f f u s i o n  c o u p l e s .  
The e x p e r i m e n t a l l y  determined c o e f f i c i e n t s  w e r e  compared w i t h  t h e  v a l u e s  
p r e d i c t e d  from t h e  models of Darken, Manning, and Dayananda w i t h  t h e  u s e  
of a v a i l a b l e  tracer d i f f u s i o n  and thermodynamic i n f o r m a t i o n  and were 
found t o  be l a r g e r  t h a n  t h o s e  c a l c u l a t e d  from t h e s e  t h r e e  models.  Vacancy 
wind p a r a m e t e r s ,  determined e x p e r i m e n t a l l y ,  r e f l e c t  a g r e a t e r  i n f l u e n c e  of 
t h e  vacancy wind phenomenon on t h e  i n t r i n s i c  d i f f u s i o n  f l u x  of each s p e c i e s  
t h a n  t h a t  c a l c u l a t e d  on t h e  b a s i s  of Manning's t h e o r y .  I n  p a r t i c u l a r ,  t h e  
f a s t e r  d i f f u s i n g  component i s  enhanced and t h e  s lower d i f f u s i n g  component 
i s  r e t a r d e d  t o  a g r e a t e r  d e g r e e  t h a n  i s  t h e o r e t i c a l l y  p r e d i c t e d .  F u r t h e r -  
more e x p e r i m e n t a l  and p r e d i c t e d  v a l u e s  of i n t r i n s i c  d i f f u s i v i t y  r a t i o ,  
PvlDTi,  were compared, and t h e  r e s u l t s  s u g g e s t  a n  i n c r e a s e d  e f f e c t  of 
vacancy f l o w  on t h e  i n t r i n s i c  f l u x e s  w i t h  r e s p e c t  t o  t h e  magnitude of t h i s  
phenomenon c a l c u l a t e d  from Manning's t r e a t m e n t .  
i s  shown t o  b e  a n  impor tan t  f a c t o r  i n  t h e  c o n s i d e r a t i o n  of i n t r i n s i c  
d i f f u s i o n  f l u x e s  and t h e i r  r e l a t i o n  t o  tracer d i f f u s i o n  and thermodynamic 
i n f o r m a t i o n  i n  t h e  vanadium-titanium system. 

The vacancy wind e f f e c t  

3 .3 .1 .4  Atomic M o b i l i t i e s  and Vacancy Wind E f f e c t s  f o r  D i f f u s i o n  i n  
Ternary  Silver-Zinc-Cadmium S o l i d  S o l u t i o n s 2 2  - P .  T .  C a r l s o n ,  
M. A. Dayananda,23 and R. E .  Grace23 

D i f f u s i o n  i n  t h e  si lver-zinc-cadmium system was i n v e s t i g a t e d  a t  600°C 
w i t h  s e m i - i n f i n i t e ,  vapor-so l id  c o u p l e s  i n  o r d e r  t o  de te rmine  t h e  a tomic  
m o b i l i t i e s  and c o n t r i b u t i o n  of t h e  vacancy wind e f f e c t  t o  t h e  i n t r i n s i c  
d i f f u s i o n  f l u x e s  of s i l v e r ,  z i n c ,  and cadmium i n  t h e  a l p h a  phase  r e g i o n .  
Atomic m o b i l i t i e s  and vacancy wind parameters  were computed a t  s e l e c t e d  
composi t ions  i n  t h e  a l p h a  phase a long  i s o c o n c e n t r a t i o n  l i n e s  of 11 a t .  % 
Zn, 18 a t .  % Zn, 5 a t .  % Cd, and 9 a t .  % Cd. The e x i s t e n c e  of s i g n i f i c a n t  
i n t e r a c t i o n s  between t h e  d i f f u s i n g  s p e c i e s  w a s  i n d i c a t e d  by t h e  r e s u l t s  
of a n  ear l ie r  i n v e s t i g a t i o n ;  24 c o n s e q u e n t l y ,  t h e  vacancy wind e f f e c t  w a s  
t a k e n  i n t o  c o n s i d e r a t i o n  i n  t h e  c a l c u l a t i o n  of t h e  m o b i l i t i e s .  The 
m o b i l i t i e s  of z i n c  and cadmium, determined by t h e  method of Dayananda, 
i n c r e a s e d  wi th  i n c r e a s i n g  z i n c  and cadmium c o n c e n t r a t i o n s ,  and t h e  m o b i l i t y  
of z i n c  w a s  g r e a t e r  t h a n  t h a t  of cadmium. The r e s u l t s  of t h e  i n v e s t i g a t i o n  
show t h a t  t h e  vacancy wind e f f e c t  s i g n i f i c a n t l y  a f f e c t s  t h e  t o t a l  i n t r i n s i c  
f l u x  of each of t h e  t h r e e  s p e c i e s  f o r  d i f f u s i o n  i n  t e r n a r y  s i l v e r - z i n c -  
cadmium a l l o y s .  
of t h e  vacancy wind e f f e c t  i n  a t e r n a r y  system. 

T h i s  i n v e s t i g a t i o n  r e p o r t s  t h e  e x p e r i m e n t a l  o b s e r v a t i o n  

22Abst rac ted  from Metall. Tyans. 6A(6) : 1245-52 (1975) .  

2 3 S ~ h o o l  of M a t e r i a l s  Engineer ing ,  Purdue U n i v e r s i t y ,  West L a f a y e t t e ,  
I n d i a n a  47907. 

24P. T .  C a r l s o n ,  M.  A. Dayananda, and R.  E.  Grace, " D i f f u s i o n  i n  
Ternary  Ag-Zn-Cd S o l i d  S o l u t i o n s , "  Metall. Trans. 8: 819-36 (1972) .  
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3 .3 .2  I n t e r s t i t i a l  D i f f u s i o n  - R.  A. P e r k i n s  and R .  A .  Padge t t  

The d i f f u s i o n  ra tes  of hydrogen through c e r t a i n  metal ox ides  are  
several  o r d e r s  of magnitude lower than  t h e  d i f f u s i o n  rates i n  t h e  co r re -  
sponding metals, a f a c t  t h a t  may b e  of c o n s i d e r a b l e  s i g n i f i c a n c e  i n  t h e  
s o l u t i o n  of t r i t i u m  containment  problems.  We i n i t i a t e d  a s tudy  of t h e  
d i f f u s i o n  of hydrogen i n  ox ides  aimed a t  unde r s t and ing  t h e  i n f l u e n c e  of 
s t o i c h i o m e t r i c  d e f e c t s  i n  t h e  o x i d e  on t h e  d i f f u s i o n  p r o c e s s .  
COO-T i s  be ing  i n v e s t i g a t e d  f i r s t  because  t h e  d e f e c t  s t r u c t u r e  of COO i s  
a l r e a d y  w e l l  known. 

meta l  a l l o y s  w i t h  t h e  g o a l  of d e f i n i n g  t h e  i n f l u e n c e  of a l l o y i n g  e lements  
on d i f f u s i o n  ra te .  The system Nb-X-0, where X i s  Z r ,  T i ,  o r  Mo, w i l l  be  
i n v e s t i g a t e d  over  t h e  r ange  700 t o  12OOOC. 

The system 

We have a l s o  begun a s t u d y  of i n t e r s t i t i a l  d i f f u s i o n  i n  r e f r a c t o r y  

3 . 4  SUPERCONDUCTING MATERIALS - C .  C.  Koch 

W e  s t u d y  t h e  e f f e c t s  of m e t a l l u r g i c a l  v a r i a b l e s  on t h e  p r o p e r t i e s  
of superconduct ing  mater ia ls .  The superconduct ing  p r o p e r t y  most s t r u c t u r e  
s e n s i t i v e  appea r s  t o  be c u r r e n t - c a r r y i n g  c a p a c i t y  i n  a n  a p p l i e d  magnet ic  
f i e l d .  I t  i s  a f f e c t e d  by m i c r o s t r u c t u r a l  v a r i a b l e s  such as g r a i n  s i z e ,  
d i s l o c a t i o n  d e n s i t y  and d i s t r i b u t i o n ,  and morphology, composi t ion ,  and 
volume f r a c t i o n  of second-phase p a r t i c l e s .  Meaningful  c o r r e l a t i o n  of 
s t r u c t u r e  and p r o p e r t i e s  r e q u i r e s  d e t a i l e d  knowledge of bo th .  Consequent ly ,  
some of ou r  e f f o r t  i s  devoted t o  o b t a i n i n g  b a s i c  m e t a l l u r g i c a l  i n fo rma t ion  
on phase  d iagrams,  t r a n s f o r m a t i o n  k i n e t i c s  and p r o d u c t s ,  and t h e  micro-  
s t r u c t u r e s  t h a t  r e s u l t  from them i n  superconduct ing  a l l o y s  sytems.  We 
c o r r e l a t e  c u r r e n t - c a r r y i n g  c a p a c i t y  w i t h  t h e  llrnodell’ m i c r o s t r u c t u r e s .  

p r o p e r t y  Tc, t h e  superconduct ing-normal  t r a n s i t i o n  t empera tu re .  T h i s  
p r o p e r t y  i s  c o n t r o l l e d  by a l l o y i n g  and ,  i n  compound supe rconduc to r s ,  by 
d e g r e e  of long-range chemica l  o r d e r .  I n  c o n j u n c t i o n  w i t h  t h i s  p a r t  of 
our  program w e  make low-temperature  s p e c i f i c  h e a t  c a p a c i t y  measurements.  

We have r e c e n t l y  begun s t u d i e s  of power f r equency  ac l o s s e s  i n  
supe rconduc to r s  and of t h e  r e l a t i o n s h i p  of mechanica l  s t r a i n  under oper-  
a t i n g  c o n d i t i o n s  t o  t h e  superconduct ing  p r o p e r t i e s  of commercial Nb-Ti/Cu 
composi tes .  

We a l s o  s t u d y  t h e  i n f l u e n c e  of m e t a l l u r g y  on t h e  b a s i c  superconduct ing  

3 .4 .1  A Comparison of Methods f o r  Measuring F lux  G r a d i e n t s  i n  Type I1 
Superconductors”  - D .  M .  Kroeger ,  C .  C .  Koch, and 
J .  P .  Cha r l e swor th26  

We compared f o u r  methods of measuring t h e  c r i t i c a l  c u r r e n t  d e n s i t y ,  
J,, i n  h y s t e r e t i c  t y p e  I1 superconductors  having  a wide r ange  of n and 

Abs t r ac t ed  from J .  Low-Temp. Phys.  1 9 ( 5 - 6 )  : 493-512 (1975) .  2 5  

2 6 V i s i t i n g  s c i e n t i s t  from AERE, H a r w e l l .  
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S, v a l u e s  i n  magnet ic  f i e l d s  up t o  7 0  kOe. Two of t h e  methods (1) re- 
s i s t i v e  measurements and ( 2 )  m a g n e t i z a t i o n  measurements were c a r r i e d  o u t  
i n  s t a t i c  magnet ic  f i e l d s .  The o t h e r  two methods involved  a n a l y s i s  of 
t h e  r e s p o n s e  of t h e  sample t o  a small  a l t e r n a t i n g  f i e l d  superimposed on 
t h e  s t a t i c  f i e l d .  The r e s p o n s e  w a s  ana lyzed  e i t h e r  ( 3 )  by measuring t h e  
third-harmonic c o n t e n t  o r  ( 4 )  by i n t e g r a t i o n  of t h e  wave form t o  o b t a i n  a 
measure of f l u x  p e n e t r a t i o n .  The r e s u l t s  are d i s c u s s e d  w i t h  r e f e r e n c e  t o  
t h e  agreement between t h e  d i f f e r e n t  t e c h n i q u e s  and t h e  c o n s i s t e n c y  of t h e  
c r i t i c a l  s t a t e  h y p o t h e s i s  on which a l l  t h e s e  t e c h n i q u e s  are based.  We 
conclude t h a t  f l u x - p e n e t r a t i o n  measurements by method ( 4 )  p r o v i d e  t h e  
most d e t a i l e d  i n f o r m a t i o n  about  J,, b u t  one must be wary of minor f a i l u r e s  
of t h e  c r i t i c a l  s t a t e  h y p o t h e s i s .  Best r e s u l t s  are l i k e l y  t o  b e  o b t a i n e d  
by u s i n g  more t h a n  one method. 

3 . 4 . 2  The E f f e c t s  of Yt t r ium o r  Gadolinium on t h e  Superconduct ing 
T r a n s i t i o n  Temperature of Niobium” - C.  C.  Koch and D .  M .  Kroeger 

On q u i c k l y  c o o l i n g  from t h e  l i q u i d  s t a t e  d u r i n g  c a s t i n g ,  niobium 
t rapped  enough y t t r i u m  o r  gadol inium i n  s o l i d  s o l u t i o n  t o  change i t s  
p h y s i c a l  p r o p e r t i e s .  I n  p a r t i c u l a r ,  t h e  superconduct ing  t r a n s i t i o n  
t e m p e r a t u r e ,  T,, w a s  s e n s i t i v e  t o  s m a l l  amounts of y t t r i u m  o r  gadol inium 
i n  s o l i d  s o l u t i o n .  When 
t h e  cast  specimens were annealed a t  t e m p e r a t u r e s  up t o  15OO0C, t h e  y t t r i u m  
o r  gadol inium p r e c i p i t a t e d  and t h e  p h y s i c a l  p r o p e r t i e s  r e v e r t e d  t o  t h o s e  
of pure  niobium. Bes ides  T,, t h e  superconduct ing  c r i t i c a l  f i e l d ,  IIc2, 
normal s t a t e  e l e c t r i c a l  r e s i s t i v i t y ,  p, x-ray l a t t i c e  p a r a m e t e r ,  a’, and 
o p t i c a l  and e l e c t r o n  microscopy were used t o  s t u d y  t h e  Nb-Y and Nb-Gd 
a l l o y s .  

Yt t r ium r a i s e d  TC w h i l e  gadol inium lowered i t .  

3 . 4 . 3  C r i t i c a l  Temperature and I ts  P r e s s u r e  Dependence f o r  Technetium- 
Base HCP S o l i d - S o l u t i o n  AlloysL8 - R. N .  She l ton ,”  T .  F. Smith,  
C.  C.  Koch, and W. E .  Gardner’ 

2 9  
0 

The superconduct ing  t r a n s i t i o n  t e m p e r a t u r e ,  Tc w a s  determined f o r  
a number of technet ium-base hcp s o l i d - s o l u t i o n  a l l o y s .  A d d i t i o n s  of V ,  
Nb, and Mo raise  T,, whereas Co, N i ,  Ru, and ,  i n  p a r t i c u l a r ,  C r  and Fe 
lower T, re la t ive  t o  p u r e  technet ium. The g e n e r a l  t r e n d  of T, w i t h  t h e  
e l e c t r o n  p e r  atom r a t i o  i s  c o n s i s t e n t  w i t h  t h a t  expected f o r  a s imple  
dependence on a r ig id-band d e n s i t y  of s t a t e s ,  w i t h  t h e  except i .on of t h a t  

27Abst rac ted  from Philos .  Mag. 3 0 ( 3 ) :  501-13 ( 1 9 7 4 ) .  

’*Abstracted from paper  accepted  f o r  p u b l i c a t i o n  i n  Journal of 

2 9 1 n s t i t u t e  f o r  Pure  and Applied P h y s i c a l  S c i e n c e ,  U n i v e r s i t y  of 

Physics F: Metal Physics .  

C a l i f o r n i a ,  San Diego, La J o l l a ,  CA 9 2 0 3 7 .  

‘Materials P h y s i c s  D i v i s i o n ,  AERE, H a r w e l l .  
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f o r  t h e  chromium and i r o n  a l l o y s .  An a n a l y s i s  of t h e  d a t a  f o r  t h e s e  
l a t t e r  a l l o y s  i n  t h e  c o n t e x t  of t h e  t h e o r y  due t o  Kaiser would sugges t  
t h a t  t h e  enhanced d e p r e s s i o n  of Tc i s  due t o  t h e  f o r m a t i o n  of a nonmagnetic 
resonance  state.  The h y d r o s t a t i c  p r e s s u r e  dependence of T, h a s  been 
i n v e s t i g a t e d  up t o  25 kbar  (2 .5  GPa), w i t h  p a r t i c u l a r  a t t e n t i o n  g i v e n  
t o  t h e  hcp r e g i o n  of t h e  Mo-Tc-Ru system. The observed v a r i a t i o n  of 
aT,/aP i s  d i s c u s s e d  i n  r e l a t i o n  t o  c u r r e n t  t h e o r e t i c a l  models.  

3 . 4 . 4  S u p e r c o n d u c t i v i t y  i n  t h e  Technetium-Titanium Al loy  System3’ - 
C .  C. Koch 

We surveyed superconduct ing  t r a n s i t i o n  t e m p e r a t u r e s  and c r y s t a l  
s t r u c t u r e s  f o r  t h e  technet ium-t i tan ium a l l o y  system. The h i g h e s t  t r a n -  
s i t i o n  tempera ture  i n  t h i s  system (10.89 K)  o c c u r s  i n  t h e  hcp technet ium- 
r i c h  s o l i d  s o l u t i o n .  The system i s  q u a l i t a t i v e l y  similar t o  t h e  rhenium- 
t i t a n i u m  system and f o l l o w s  t h e  g e n e r a l l y  observed dependence of t r a n s i t i o n  
t e m p e r a t u r e s  on average  group number and c r y s t a l  s t r u c t u r e .  

3 . 4 . 5  A Study of t h e  Frequency Dependence of AC Losses  i n  Type I1 
SuperconductorssL - D .  J.  G r i f f i t h s , ”  C .  C .  Koch, and 
J .  P .  Char leswor th26  

A s  background-work f o r  a s t u d y  of ac l o s s e s  i n  NbsSn s u p o r t e d  by t h e  
D i v i s i o n  of Electr ic  Power Transmission and D i s t r i b u t i o n  of t h e  Energy 
Conserva t ion  A d m i n i s t r a t i o n  of ERDA, we have s t u d i e d  t h e  f requency  de- 
pendence of ac l o s s e s .  

magnet ic  f i e l d  were examined i n  t y p e  11 superconductors  r e p r e s e n t a t i v e  
of t h r e e  d i f f e r e n t  c l a s s e s  of m a t e r i a l :  (1) s i n g l e - c r y s t a l  niobium 
( e l e m e n t a l )  i n  t h e  Meissner  s t a t e ,  ( 2 )  Mo-25 a t .  % R e  ( a l l o y )  i n  f i e l d s  
b o t h  below and w e l l  above HC 
t h e  mixed s ta te .  Losses  w e r e  measured as a f u n c t i o n  of f i e l d  ampl i tude  
and f requency  i n  o r d e r  t o  de te rmine  whether l o s s e s  of o t h e r  t h a n  h y s t e r e t i c  
w e r e  p r e s e n t .  

v f ( h o ) ,  where WO(h0) i s  i d e n t i f i e d  as h y s t e r e t i c  t e r m ,  v i s  t h e  f requency ,  
and ho i s  t h e  ac f i e l d  ampl i tude .  Only i n  t h e  Mo-25 a t .  X R e  a l l o y  d i d  
t h e  h y s t e r e t i c  t e r m  comple te ly  mask t h e  frequency-dependent one. H y s t e r e t i c  
l o s s e s  i n  t h e  s i n g l e - c r y s t a l  niobium and two Nb3Sn specimens prepared  by 
d i f f e r e n t  s o l i d - s t a t e  d i f f u s i o n  methods depended s t r o n g l y  on t h e  d e g r e e  

Energy l o s s e s  o c c u r r i n g  under  t h e  a p p l i c a t i o n  of a n  a l t e r n a t i n g  

and (3)NbsSn (compound) p r i n c i p a l l y  i n  
1 ’  

The loss p e r  s u r f a c e  area p e r  c y c l e  had t h e  form W(ho,V) = Wo(h0) + 

31Abst rac ted  from paper  accepted  f o r  p u b l i c a t i o n  i n  Journal of Less- 
Common MetaZs. 

2 A b s t r a c t  of paper  submi t ted  f o r  p u b l i c a t i o n .  

30n s a b b a t i c a l  l e a v e  from P h y s i c s  Department,  Oregon S ta te  
U n i v e r s i t y ,  C o r v a l l i s ,  Oregon. 
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of s u r f a c e  roughness  (on a scale of about  1 vm). The n o n h y s t e r e t i c  losses  
showed only  a mi ld  dependence on t h e  topology of t h e  s u r f a c e .  It i s  
sugges ted  t h a t  t h e  frequency-dependent loss p e r  c y c l e  o r i g i n a t e s  from 
e i t h e r  f l u x o i d  motion o r  s u r f a c e  s c a t t e r i n g  of normal e x c i t a t i o n s .  

3 . 4 . 6  Work i n  P r o g r e s s  and i n  Support  of Other Programs - C .  C .  Koch 
and D .  S.  Easton 

S t u d i e s  of t h e  i n f l u e n c e  of m e t a l l u r g i c a l  s t r u c t u r e  on f l u x o i d  p i n n i n g  
( c r i t i c a l  c u r r e n t  d e n s i t y )  are i n  p r o g r e s s  i n  Nb-38 a t .  % Hf and s e v e r a l  
t i tanium-niobium a l l o y s .  The Ntr-38 a t .  % Hf samples are of i n t e r e s t  
because of t h e  marked "peak" e f f e c t  developed i n  t h i s  system on p r e c i p i -  
t a t i o n  of t h e  hafnium-rich a l p h a  phase.  The i n f l u e n c e  of t h e  p r e s e n c e  
of l a r g e  y t t r i u m  p a r t i c l e s  on f l u x o i d  p i n n i n g  i s  be ing  s t u d i e d  i n  Ti-Nb 
a l l o y s  where t h e  pr imary p inning  s i t e s  are  small p r e c i p i t a t e  p a r t i c l e s  
(omegs a n d / o r  a l p h a )  a n d / o r  d i s l o c a t i o n  c e l l  w a l l s .  

We have a l s o  c a r r i e d  on b a s i c  r e s e a r c h  i n  s u p p o r t  of a n  a p p l i e d  
program on stress e f f e c t s  i n  superconductors ,  which i s  funded by t h e  
Superconduct ing Magnet Development Group, Thermonuclear D i v i s i o n ,  ORNL. 



4 .  RADIATION EFFECTS 

J .  0. S t i e g l e r  and K .  F a r r e l l  

The R a d i a t i o n  E f f e c t s  program h a s  as i t s  g o a l  t h e  unders tanding  
of t h e  n a t u r e  and e f f e c t s  of m i c r o s t r u c t u r a l  damage caused by n e u t r o n s ,  
w i t h  t h e  u l t i m a t e  o b j e c t i v e  of c o n t r o l l i n g  o r  minimizing t h e  damage. 
The phenomena of s w e l l i n g  and embr i t t l ement  are of p a r t i c u l a r  i n t e r e s t .  
Study of t h e s e  p r o c e s s e s  u s u a l l y  r e q u i r e s  s low and c o s t l y  neut ron-  
i r r a d i a t i o n  exper iments  and subsequent  a n a l y s e s .  However, some a s p e c t s  
of damage can be s imula ted  by t h e  u s e  of e n e r g e t i c  i o n s  and e l e c t r o n s  
t h a t  create  d isp lacement  damage. These s i m u l a t i o n  t e c h n i q u e s  complement 
s t u d i e s  of n e u t r o n  damage; s i m u l a t i o n  a l l o w s  u s  t o  examine more v a r i a b l e s  
i n  s h o r t e r  times and a t  less expense.  I t  a l s o  p e r m i t s  u s  t o  make more 
e f f i c i e n t  u s e  of our  n e u t r o n  i r r a d i a t i o n s  by s c r e e n i n g  o u t  p o t e n t i a l l y  
u n s u i t a b l e  materials. More i m p o r t a n t l y ,  t h e  s i m u l a t i o n  t e c h n i q u e s  o f f e r  
approaches  f o r  u n f o l d i n g  d e t a i l s  of t h e  e v o l u t i o n  of damage s t r u c t u r e s  
t h a t  are  d i f f i c u l t  t o  e l u c i d a t e  from neut ron  exper iments .  Accordingly,  
w e  have expanded our  i o n  and e l e c t r o n  i r r a d i a t i o n s .  

t h e  D i v i s i o n  of P h y s i c a l  Research,  t h e  Reac tor  Research and Development 
D i v i s i o n ,  and t h e  D i v i s i o n  of C o n t r o l l e d  Thermonuclear Research.  We 
r e p o r t  h e r e  only  t h e  work sponsored by t h e  D i v i s i o n  of P h y s i c a l  Research.  
Other  a c t i v i t e s  r e l a t e d  t o  r e a c t o r  a p p l i c a t i o n s  a r e  covered i n  r e p o r t s  
i s s u e d  by t h e  a p p r o p r i a t e  programs. 

The R a d i a t i o n  E f f e c t s  program r e c e i v e s  s u p p o r t  from ERDA through 

4 . 1  THEORY 

4 . 1 . 1  D i f f u s i o n  of P o i n t  D e f e c t s  i n  I r r a d i a t e d  Metals’  - M .  H.  Yo0 
and W .  H.  B u t l e r  

Three-dimensional d i f f u s i o n  of p o i n t  d e f e c t s  under  t h e  i n f l u e n c e  of 
a f o r c e  f i e l d  i s  an  impor tan t  p r o c e s s  of r a d i a t i o n  damage i n  m e t a l s .  The 
d i f f u s i o n  e q u a t i o n  i n c l u d i n g  t h e  d r i f t  t e r m  due t o  t h e  long-range i n t e r -  
a c t i o n  between t h e  d e f e c t s  and a s i n k  i s  s o l v e d  f o r  t h e  s t e a d y - s t a t e  
c o n c e n t r a t i o n  of p o i n t  d e f e c t s .  The problem can b e  reduced t o  s o l v i n g  a 
system of l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  o r ,  a l t e r n a t i v e l y ,  s o l v i n g  a 
system of l i n e a r  i n t e g r a l  e q u a t i o n s .  The boundary c o n d i t i o n  a t  t h e  s i n k  
i s  t r e a t e d  by u s e  of a d i s c r e t e  l a t t i c e  d i f f u s i o n  model. The e f f e c t i v e  
capcure  r a d i u s  of a s i n k  i s  c a l c u l a t e d  d i r e c t l y  from t h e  f l u x  i n t e g r a l  of 
p o i n t  d e f e c t s .  Example s o l u t i o n s  are p r e s e n t e d  f o r  v a c a n c y - i n t e r s t i t i a l  
recombina t ion ,  p o i n t  d e f e c t  t r a p p i n g  a t  i m p u r i t i e s ,  and growth of v e r y  

‘ A b s t r a c t  of a t a l k  p r e s e n t e d  a t  t h e  Spr ing  Meeting of t h e  
M e t a l l u r g i c a l  S o c i e t y  of AIME,  Toronto,  Canada, May 18-22, 1 9 7 5 .  Paper 
submi t ted  f o r  p u b l i c a t i o n .  
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s m a l l  d i s l o c a t i o n  loops  by a b s o r p t i o n  of p o i n t  d e f e c t s .  
d e f e c t s ,  such a s  d i s l o c a t i o n  l o o p s ,  t h e  b i a s  f a c t o r s  f o r  i n t e r s t i t i a l s  
over  v a c a n c i e s  are o b t a i n e d  from t h e  c a p t u r e  r a d i i .  E f f e c t s  of tempera- 
t u r e ,  p o i n t  d e f e c t  p a r a m e t e r s ,  and e l a s t i c  p r o p e r t i e s  of t h e  medium on 
t h e  k i n e t i c s  of t h e s e  d e f e c t  r e a c t i o n s  are a n a l y z e d ,  and a p p l i c a t i o n s  
of t h e  c a l c u l a t e d  r e s u l t s  t o  t h e  s t u d y  of r a d i a t i o n - i n d u c e d  v o i d  f o r m a t i o n  
are d i s c u s s e d .  

For extended 

4.1.2 P o i n t  Defec t  D i f f u s i o n  Bias f o r  F i n i t e  D i s l o c a t i o n  Loops’ - 
W. A. Coghlan and M.  H. Yo0 

The most r e c e n t  t h e o r i e s  f o r  s w e l l i n g  and v o i d  growth are based on 
t h e  s u p p o s i t i o n  t h a t  p r i s m a t i c  loops  are  b e t t e r  s i n k s  t h a n  v o i d s  f o r  
i n t e r s t i t i a l s .  We have n u m e r i c a l l y  c a l c u l a t e d  t h e  d i f f u s i o n  of v a c a n c i e s  
and i n t e r s t i t i a l s  t o  f i n i t e  p r i s m a t i c  d i s l o c a t i o n  l o o p s  i n  aluminum. The 
loop i s  p laced  i n  t h e  c e n t e r  of a c y l i n d r i c a l  r e g i o n  t h a t  has  a m a t r i x  
of i n i t i a l  d e f e c t  c o n c e n t r a t i o n s .  The boundary v a l u e s  are determined 
b o t h  a t  t h e  loop c o r e  and t h e  o u t s i d e  boundary of t h e  c y l i n d e r ,  and t h e  
d i f f u s i o n  e q u a t i o n  i s  used t o  de te rmine  t h e  change i n  c o n c e n t r a t i o n  a t  
each  m a t r i x  p o i n t .  The s o l u t i o n  i s  i t e r a t e d  u n t i l  s t e a d y  s t a t e  i s  r e a c h e d ,  
and t h e  d e f e c t  f l u x  i s  found by i n t e g r a t i n g  over  a c l o s e d  s u r f a c e  around 
t h e  loop .  S t e a d y - s t a t e  d e f e c t  f l u x e s  are  c a l c u l a t e d  i n c l u d i n g  and ex- 
c l u d i n g  t h e  stress f i e l d  i n t e r a c t i o n .  The d i f f u s i o n  b i a s  i s  t h e  r a t i o  of 
t h e s e  f l u x e s .  These v a l u e s  a r e  p l o t t e d  as a f u n c t i o n  of loop r a d i u s  i n  
F i g .  4 . 1 .  S i n c e  a b i a s  of 1 .0  means t h a t  t h e  d i f f u s i o n  f l u x e s  are n o t  
a f f e c t e d  by t h e  stress f i e l d  i n t e r a c t i o n ,  t h e  f i g u r e  shows t h a t  t h e  
i n t e r a c t i o n  p l a y s  an  i n c r e a s i n g l y  impor tan t  r o l e  f o r  s m a l l  l o o p s  - 
e s p e c i a l l y  f o r  i n t e r s t i t i a l s .  Although t h i s  b i a s  f a c t o r  depends on t h e  
d i s l o c a t i o n  c o r e  r a d i u s ,  t h e  magnitude of t h e  b i a s  f o r  i n t e r s t i t i a l s  i s  
l a r g e r  t h a n  t h a t  c u r r e n t l y  be ing  used i n  v o i d  growth models.  The ca lcu-  
l a t i o n s  show t h a t  l a r g e  loops  do n o t  show any a p p r e c i a b l e  b i a s .  T h i s  
r e s u l t s  from t h e  breakdown of t h e  d i l u t e  s i n k  approximat ion .  Large  l o o p s  
grow from p o i n t  d e f e c t s  produced i n  a r e g i o n  around them. Work i s  con- 
t i n u i n g  t o  i n c l u d e  d e f e c t  p r o d u c t i o n  i n  t h e  r e g i o n  around t h e  loop .  

4.1.3 The Climb of Edge D i s l o c a t i o n s  During I r r a d i a t i o n 2  - W .  G .  Wolfer 
and M. Ashkin’ 

The s t e a d y - s t a t e  d i f f u s i o n  of rad ia t ion-produced  p o i n t  d e f e c t s  i n  
t h e  stress f i e l d  of a n  edge d i s l o c a t i o n  i s  s o l v e d  by a p e r t u r b a t i o n  
method. The d r i f t  t e r m  e n t e r i n g  t h e  d i f f u s i o n  e q u a t i o n  i n c l u d e s  t h e  
s i z e  i n t e r a c t i o n  and t h e  inhomogeneity i n t e r a c t i o n  as w e l l  as t h e  e f f e c t s  

2 A b s t r a c t  of paper  submi t ted  t o  Journal of A p p Z i e d  Physics. 
30n assignment  from Westinghouse Research L a b o r a t o r y ,  P i t t s b u r g h ,  

Fa. 15235. 
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of e x t e r n a l l y  a p p l i e d  stresses. By comparing t h e  p e r t u r b a t i o n  s o l u t i o n  
w i t h  t h e  r i g o r o u s  s o l u t i o n  of Ham,  w e  show t h a t  t h e  p e r t u r b a t i o n  s o l u t i o n  
i s  always a d e q u a t e  p rov ided  t h e  d r i f t  t e r m  i s  p r o p o r t i o n a l  t o  t h e  g r a d i e n t  
of t h e  i n t e r a c t i o n  ene rgy  of t h e  p o i n t  d e f e c t  w i t h  t h e  d i s l o c a t i o n .  The 
s t e a d y - s t a t e  d i s t r i b u t i o n s  of v a c a n c i e s  and i n t e r s t i t i a l s  are  such  t h a t  
v o i d s  o r  vacancy c l u s t e r s  p r e f e r e n t i a l l y  n u c l e a t e  on t h e  compressive s i d e  
of t h e  edge d i s l o c a t i o n .  The e x t e r n a l  stresses g i v e  rise t o  a n  o r i e n t a t i o n -  
dependent  b i a s  of t h e  edge d i s l o c a t i o n ;  t h i s  b i a s  i s  shown t o  g i v e  r ise 
t o  r a d i a t i o n - i n d u c e d  c reep .  

4 .1 .4  P r e d i c t i o n  of I r r a d i a t i o n  Creep From M i c r o s t r u c t u r a l  Data4 - 
W. G .  Wolfer 

Most e x p l a n a t i o n s  of i r r a d i a t i o n  c r e e p  are  l i n k e d  t o  t h e  f o r m a t i o n  
of a new d i s l o c a t i o n  s t r u c t u r e  by p r e c i p i t a t i o n  of p o i n t  d e f e c t s  d u r i n g  
i r r a d i a t i . o n .  P r e s e n t l y ,  no q u a n t i t a t i v e  t h e o r i e s  can p r e d i c t  t h e  d e n s i t i e s  
of d i s l o c a t i o n s ,  l o o p s ,  and v o i d s  as f u n c t i o n s  of d o s e ;  t h e s e  d e n s i t i e s  
must be  measured e x p e r i m e n t a l l y ,  and t h e y  can t h e n  b e  used s u b s e q u e n t l y  
i n  t h e o r e t i c a l  models.  
r e c e n t l y  t h a t  d e r i v e s  i r r a d i a t i o n  c r e e p  from s t r e s s - d e p e n d e n t  b i a s  f a c t o r s .  
I f  C and C" d e n o t e  p o i n t  d e f e c t  c o n c e n t r a t i o n s  and D and Do t h e  d i f f u s i v i t i e s  
f a r  away from and a t  a s i n k ,  r e s p e c t i v e l y ,  t h e n  t h e  p o i n t  d e f e c t  c u r r e n t  
t o  t h e  s i n k  i s  g i v e n  by 

T h i s  w i l l  be done h e r e  w i t h  a model proposed 

where A i s  a g e o m e t r i c a l  f a c t o r  and Z i s  a s t r e s s - d e p e n d e n t  b i a s  f a c t o r .  
The b i a s  f a c t o r  of a s m a l l  p r i s m a t i c  i n t e r s t i t i a l  l o o p  of r a d i u s  R i s 5  

c: 
Z' = 1 - 0.0335 ~ GbRkT u b i s ij b j + $ [ (d .024  g)2 + 3.225 

- 

and t h e  b i a s  f a c t o r  f o r  a n  edge d i s l o c a t i o n  p a r a l l e l  t o  t h e  u n i t  v e c t o r  
n i s6  -+ 

4Summary of a pape r  accep ted  f o r  p u b l i c a t i o n  i n  Scripta MetaZlurgica. 

5W. G. Wolfer and M. Ashkin,  J .  A p p l .  Phys.  4 6 :  547 ( 1 9 7 5 ) .  

6W.  G .  Wolfer and M .  Ashkin,  t o  be  p u b l i s h e d .  
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K G 

kT kT 
- 0 .01654  -- a 0 . 1 0 8 9  - a 

1 b 2  
1 6 a 2  Rn(d/a) 2 = I f  

G 
G a p b .b. + 0 . 0 0 4 4 8  a n .n 

Z J  
- 0 .005514  

Here, G i s  t h z  s h e a r  modulus, k t h e  Boltzmann c o n s t a n t ,  T t h e  a b s o l u t e  
tempera ture ,  b t h e  Burgers  v e c t o r ,  okk t h e  t race of t h e  stress t e n s o r ,  
Sij t h e  d e v i a t o r i c  stress t e n s o r ,  a 
d = 1 / 6 ,  t h e  average  d i s t a n c e  between d i s l o c a t i o n s  w i t h  d e n s i t y  p. 
Other parameters  are t h e  r e l a x a t i o n  volume v and t h e  e l a s t i c  p o l a r i z a b i l i t i e s  
aK and aG of t h e  p o i n t  . d e f e c t s .  
(52 = atomic volume),  a’\. = 100 e V ,  a$ = -150 e V ,  and f o r  v a c a n c i e s :  
V u  = - 0 . 2 G ,  
b i a s  f a c t o r s ,  C” a l s o  depends on t h e  stress as C” 
The average  c o n c e n t r a t i o n s  CI and Cv can b e  determined frkm’ihe two r a t e  
e q u a t i o n s  f o r  i n t e r s t i t i a l s  and v a c a n c i e s ,  and t h e  d e f e c t  c u r r e n t s  can 
t h e n  b e  computed from Eq .  (1). 

s t i t i a l  l o o p s  (wi th  d e n s i t y  N )  and d i s l o c a t i o n s .  Then, t h e  i r r a d i a t i o n  
c r e e p  r a t e  i s  g i v e n  by 

7 b  (an e f f e c t i v e  c o r e  r a d i u s ) ,  and 

For i n t e r s t i t i a l s ,  t h e y  are  V I  = 1 .4R  
I 

= -150 e V ,  and a$ = -15 e V .  Apart  from t h e  s t ress -dependent  
e x p ( b - s  b j b / k T ) .  

7 

To c o n s t r u c t  a c r e e p  model w e  assume a random d i s t r i b u t i o n  of i n t e r -  

where t h e  i n t e g r a t i o n  i s  over  a l l  o r i e n t a t i o n s  of t h e  Burgers v e c t o r  $ and, 
i n  t h e  case of edge d i s l o c a t i o n s ,  a l s o  over  t h e  o r i e n t a t i o n s  of t h e  v e c t o r s  
n p e r p e n d i c u l a r  t o  %. 
being  l i n e a r  i n  si-, and t h e  t h i r d  c o n t r i b u t i o n  i s  thermal  c reep  by t h e  
Nabarro-Herring mechanism. 
so lu t ion-annea led  t y p e  316 s t a i n l e s s  s t e e l ,  
a s  a f u n c t i o n  of l/T i n  F i g .  4 . 2 .  All s o l i d  symbo s re fer  t o  v a l u e s  f o r  
f l u e n c e s  around 2 x n/cm2 (>0 .1  MeV) o r  g r e a t e r ,  all open symbols t o  
low-fluence d a t a  below about  1 x n/cm2. The c u r v e s  are  b e s t  f i t s  
through t h e  d a t a  p o i n t s .  From i n - r e a c t o r  c reep  measurements,  Mosedale 
e t  a1.’ found t h a t  i n  t h e  r a n g e  270 t o  295°C t h e  s t e a d y - s t a t e  c reep  r a t e  
f o r  so lu t ion-annea led  t y p e  316 s t a i n l e s s  s t ee l  gave v a l u e s  f o r  c /o  t h a t  
ranged from 2 .3  x t o  6.6  x 10-l’ (sec p s i ) - ’  [ 3 . 3  x 10-l’ t o  
9.6 x 1 O - l ’  ( s e c  P a ) - l ] .  The low-fluence d a t a  (open symbols) p r e d i c t  a 
much t o o  low creep r a t e .  However, w i t h  t h e  h igh- f luence  d a t a  t h e  p r e d i c t e d  
i r r a d i a t i o n  c r e e p  behavior  n o t  o n l y  a g r e e s  remarkably w e l l  w i t h  i n - r e a c t o r  

3 It i s  found t h a t  t i j  h a s  t h r e e  c o n t r i b u t i o n s ,  a l l  

Using t h e  measured’ parameters  p, N ,  and R f o r  
i s  computed and p l o t t e d  ciJ./oij 

7W. G .  Wolfer and J .  L .  S t r a a l s u n d ,  Scr. Metal l .  7 :  1 6 1  ( 1 9 7 3 ) .  

8H. R.  Brager and J. L .  S t r a a l s u n d ,  J .  Nucl. Mater. 4 6 :  1 3 4  ( 1 9 7 3 ) .  
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Fig .  4 . 2 .  I r r a d i a t i o n  Creep Compliance, c / o ,  Versus R e c i p r o c a l  
Temperature.  Open symbols, low-fluence (<1 X n/cm2) d a t a .  Closed 
symbols,  h igh- f luence  (2 X n/cm2) d a t a .  

measurements,  b u t  t h e  c r e e p  r a t e  a l s o  i n c r e a s e s  w i t h i n  t h e  tempera ture  
r a n g e  of s w e l l i n g  i n  a way n o t  u n l i k e  t h e  swelling-enhanced c r e e p  
observed p r e v i o u s l y  i n  s l i t - t u b e  d a t a .  1 0  

~~~ 

'D. Mosedale, G .  W. Lewthwaite,  and I. Ramsey, Proc. Conf. Irradiation 
EmbrittZement and Creep in Fuel Cladding and Core Components, B r i t i s h  
Nuclear  Energy S o c i e t y ,  London, 1 9 7 2 ,  p .  233. 

31: 117 ( 1 9 7 4 ) .  
l o J .  P. F o s t e r ,  R. V .  S t r a i n ,  and W. G .  Wolfer ,  NucZ. Engr. Design 
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4.1.5 Comparison of Void Growth K i n e t i c s  i n  I r r a d i a t e d  S t a i n l e s s  S t e e l s  
and Pure  Metals'' - L. K.  Mansur, K. F a r r e l l ,  and J .  0. S t i e g l e r  

Two models of v o i d  growth are examined i n  terms of a s i n g l e  parameter ,  
Q ,  t h e  r a t i o  of a b s o r p t i o n  of p o i n t  d e f e c t s  a t  d i s l o c a t i o n s  t o  t h a t  a t  
v o i d s .  
t o  t h e  v o i d  d e t e r m i n e s  growth k i n e t i c s , '  2-1 
as 

I n  t h e  f i r s t  model t o  b e  c o n s i d e r e d ,  d i f f u s i o n  of p o i n t  d e f e c t s  
and t h e  r a t i o  can be expressed" 

QD = L / 2  l n ( r s / r c )  /m(r) dr . (5)  

I n  t h e  second model, growth i s  determined by t h e  i n c o r p o r a t i o n  ra te  of 
d e f e c t s  a t  t h e  void  s u r f a c e , "  and t h e  r a t i o  i s  

= Lk d /4nkV j r 2 n ( r )  d r  . 
QS V V 

Here, L i s  t h e  d i s l o c a t i o n  d e n s i t y  i n  cm/cm3, n ( r )  d r  i s  t h e  d e n s i t y  

of t h e  d i s l o c a t i o n  d i f f u s i o n  f i e l d  t o  t h e  c a p t u r e  r a d i u s  f o r  v a c a n c i e s ,  
and k$/k;  i s  a c o n s t a n t .  

f o r  t h e  d i f f u s i o n - c o n t r o l l e d  c a s e  are approximated by 

of v o i d s  of r a d i u s  P t o  (r + dr), rs/rc i s  t h e  r a t i o  of t h e  e x t e n t  

For tempera tures  a t  o r  below t h e  s w e l l i n g  peak,  t h e  dominant k i n e t i c s  

- 1 / 2  1 / 2  
r (dose)  / L  4, >> 1 , 

1 / 4  1 / 4  1 / 2  
F a L ( d o s e )  / N  QD << 1 . 

(7)  

"Summary of a t a l k  p r e s e n t e d  a t  t h e  1975 Annual Meeting of t h e  
American Nuc lea r  S o c i e t y ,  N e w  O r l e a n s ,  June 8-13, 1975.  Publ i shed  i n  
Trans. Am. Nucl. Soc. 21 :  167 (June 1975) .  

1 2 A .  D .  B r a i l s f o r d  and R .  Bul lough,  NucZ. MetaZZ. 18: 493 (1973).  

13S. D .  Harkness and Che-Yu L i ,  Metall. Trans. 2 :  1457 (1971).  

1 4 H .  Wiedersich,  Rad. Eff. 1 2 :  111 ( 1 9 7 2 ) .  

"L. K. Mansur, P.  R. Okamoto, A. T a y l o r ,  and Che-Yu L i ,  NucZ. MetaZZ. 
18: 509 (1973);  a l s o ,  "Surface  R e a c t i o n  Limited Void Growth," p r e s e n t e d  
a t  t h e  ASTM G a t l i n b u r g  Symposium on R a d i a t i o n  E f f e c t s  on S t r u c t u r a l  
Materials, t o  b e  p u b l i s h e d .  
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For  the  s u r f a c e - l i m i t e d  model, 

1 / 5  1 1 5  2/5 r a L (dose)  / N  Qs << 1 . 

Thus a t  Qs << 1, swelling is i n s e n s i t i v e  t o  v o i d  number d e n s i t y ,  v i z .  
AV/V  a A7-l15. 

The a p p r o p r i a t e  Q v a l u e s  i n  T a b l e  4 . 1  are computed f o r  ion-  and 
n e u t r o n - i r r a d i a t e d  s ta in less  s teels  5 y  l 6  as w e l l  as f o r  some r e c e n t  

1 6 H .  R. Brager and J. L. S t r a a l s u n d ,  J .  NucZ. Mater. 4 6 :  134 (1973) .  

Table  4 .1 .  Values of t h e  R a t i o  of P o i n t  D e f e c t  Absorp t ion  a t  
D i s l o c a t i o n s  t o  t h a t  a t  Voids  i n  S t a i n l e s s  S t e e l s  

and Pure  Metals 

Dose 
D i s l o c a t i o n  

(ern-') QD 
Tempera t UT e 

("C) 
Material D e n s i t y  

30 dpa ( N i )  
100 dpa (Ni) 

30 dpa (Ni) 
100 dpa (Ni) 

30 dpa (Ni) 
100 dpa  (Ni) 

2 dpa ( e l e c t r o n )  

2 x l o 2 '  n/cm2 
2 x 10'' n/cm2 
4 x 10" n/cm2 
4 x l o z 2  n/cm2 

3.6 x l o "  n/cm2 
3.7 x 10'" n / m 2  
1.9 x n/cm2 
6 x 10'' n/cm2 
1 x 10'' n/cm2 
9 x 10" n/cm2 
9.6 x 10" n/cm2 
1 . 2  x loz1 n/cm2 

b S o l u t i o  n-Annealed S t a i n l e s s  S t e e l s  

Type 304L 1 . 3  X 10" 600 
Type 304L 1.0 x 10" 600 
Type 304L 2.8 x 10" 525 
Type 304L 2.5 x 10" 525 
Type 316 1 .9  x 10" 525 
Type 316 2.2 x 10" 5 25 
18/8 (1% S i )  1 . 4  x 10' 550 

Solution-Annealed S t a i n l e s s  S t e e l s c  

Type 316 2 x 10" 390 
Type 316 2 x 1010 460 
Type 316 3 x 10"  390 
Type 316 3 x 1 0 ' 0  460 

d High-Puri ty  Metals 

99.9999% Al 2.0 x 109 55 
99.9999% A 1  6 .2  x i o 9  55 
99.9999% A 1  1.0 x 10'0 55 
Nicke l  2.6 x i o 9  3 50 
Nicke l  3.6 x i o 9  400 
Nickel  1 .8  x i o 9  4 50 
Nicke l  1 .3  x i o 9  500 
Nicke l  7 . 1  X l o *  550 

29 

28 

86 
1 2  

1.1 

7.8  

1 .7  

14  
6.2 
9 . 1  
1.9 

0.22 
0.27 
0 . 2 1  
0.26 
0.37 
0.29 
0.34 
0.57 

27 - 5  

44.0 
17.9 
91.8 
22.8 

4.30 

1 .68  

19.5 
7.8 

21.4 
4.3 

0.15 
0.33 
0.40 
0.26 
0 . 5 1  
0.47 
0.42 
0.72 

d b 
U 

aThis  assumes k /4.rrk: i s  a b o u t  lo-' ,  as h a s  b e e n  shown. 

bL.  K. Mansur e t  a l . ,  Nuel. M e t u Z Z .  18: 509 (1973) .  

'H. R. Brager  and J .  L. S t r a a l s u n d ,  J .  NucZ. Mater. 46: 134 (1973) .  

d K .  F a r r e l l ,  R .  W .  Chicker ing ,  a d  J .  0. S t i e g l e r ,  ORNL, unpubl ished.  
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measurements on n e u t r o n - i r r a d i a t e d  p u r e  aluminum and p u r e  n i c k e l .  1 7  

Aluminum and n i c k e l  have Q < 1, w h i l e  s t a i n l e s s  s teels  have Q > 1; t h e r e -  
f o r e ,  v o i d s  i n  n i c k e l  and aluminum should  grow approximate ly  accord ing  t o  
e i t h e r  Eq.  (8) o r  ( l o ) ,  t h e  s low k i n e t i c s  e q u a t i o n s ,  depending upon 
whether  d i f f u s i o n - c o n t r o l l e d  o r  s u r f a c e - l i m i t e d  k i n e t i c s  a p p l i e s .  
s t a i n l e s s  s teels ,  which u s u a l l y  have h i g h  Q v a l u e s ,  s u r f a c e - l i m i t e d  
k i n e t i c s  show b e t t e r  agreement w i t h  s w e l l i n g  d a t a  t h a n  do d i f f u s i o n  con- 
t r o l l e d  k i n e t i c s .  The p r e d i c t i o n s  of t h e  two models i n  t h e  s low k i n e t i c s  
regime are n o t  v e r y  d i f f e r e n t ,  b u t  i n  a d e t a i l e d  a n a l y s e s  of t h e  aluminum 
d a t a  t h e  s u r f a c e - l i m i t e d  model showed b e t t e r  c o r r e l a t i o n s  t h a n  d i d  t h e  
d i f f u s i o n - c o n t r o l l e d  model. 

For  

The f o l l o w i n g  c o n c l u s i o n s  can be drawn: 
1. Under t h e  p r e s e n t  e x p e r i m e n t a l  c o n d i t i o n s  p u r e  n i c k e l  and aluminum 

s w e l l  i n  t h e  s low k i n e t i c s  regime; whereas ,  under  c o n d i t i o n s  of i n t e r e s t  
t o  t h e  LMFBR, s t a i n l e s s  s tee l s  s w e l l  i n  t h e  f a s t  k i n e t i c s  regime. 

u s e f u l  i n  f o r e c a s t i n g  s w e l l i n g  ra tes  a t  a g i v e n  t e m p e r a t u r e  from a s i n g l e  
s e t  of m i c r o s t r u c t u r a l  measurements. 

s w e l l i n g  measurements on p u r e  aluminum as w e l l  as s t a i n l e s s  s teels .  

should b e  i n s e n s i t i v e  t o  v o i d  number d e n s i t y .  A s  a p r a c t i c a l  matter,  
t h i s  i m p l i e s  t h a t  t r a n s l a t i o n  of ion-bombardment t o  n e u t r o n  s w e l l i n g  
r e s u l t s  need n o t  r e q u i r e  v o i d  n u c l e a t i o n  t h e o r y  t o  t r a n s l a t e  expec ted  
number d e n s i t i e s .  

2. I f  t h i s  s imple  a n a l y s i s  i s  more g e n e r a l l y  a p p l i c a b l e ,  i t  may prove  

3 .  The s u r f a c e - l i m i t e d  v o i d  growth model can be used t o  p r e d i c t  

4. For metals where Qs < 1, such as n i c k e l  and aluminum, s w e l l i n g  

4.2 NEUTRON DAMAGE 

4 . 2 . 1  Void Nuclea t ion  as I n f e r r e d  from Neutron I r r a d i a t i o n s "  - 
E .  E. Bloom, K. F a r r e l l ,  M .  H. Yoo, and J .  0. S t i e g l e r  

A review of t h e  m i c r o s t r u c t u r a l  d a t a  a v a i l a b l e  from n e u t r o n - i r r a d i a t e d  

1. With f e w  e x c e p t i o n s ,  low-swelling a l l o y s  resist s w e l l i n g  because 
metals s u g g e s t s  t h e  f o l l o w i n g  g e n e r a l  c o n c l u s i o n s  on v o i d  n u c l e a t i o n :  

n u c l e a t i o n  does  n o t  o c c u r ,  n o t  because v o i d  growth rates are a l t e r e d  
r e l a t i v e  t o  o t h e r  s i m i l a r  a l l o y s .  

2 .  When e x p e r i m e n t a l  c o n d i t i o n s  permi t  ( i . e . ,  low c o n c e n t r a t i o n s  
of v o i d s ,  l o o p s ,  and d i s l o c a t i o n s ) ,  n u c l e a t i o n  o c c u r s  h e t e r o g e n e o u s l y ,  
e . g . ,  i n  t h e  v i c i n i t y  of m i c r o s t r u c t u r a l  d e f e c t s  such  as d i s l o c a t i o n s ,  
p r e c i p i t a t e  p a r t i c l e s ,  and boundar ies .  A t  h i g h  d e f e c t  c o n c e n t r a t i o n s  
t h e  c o r r e l a t i o n  between t h e  n u c l e a t i o n  s i t e  and s t r u c t u r a l  d e f e c t s  is  
n o t  as clear.  The c o r r e l a t i o n  may s t i l l  e x i s t  bu t  may b e  obscured by 
t h e  h i g h  d e f e c t  c o n c e n t r a t i o n .  

I7K. F a r r e l l ,  R. W.  C h i c k e r i n g ,  and J .  0. S t i e g l e r ,  ORNL, unpubl i shed .  

"Summary of Proceedings  of t h e  C o n s u l t a n t  Symposium, pp. 330-50 i n  
Physics of Irradiat ion Produced Voids, H a r w e l l ,  S e p t .  9-11, 1974, ed .  by 
R. S .  Nelson, AERE-R-7934. 
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3 .  Helium may p l a y  a n  even s t r o n g e r  r o l e  i n  t h e  e v o l u t i o n  of t h e  
i r r a d i a t i o n - p r o d u c e d  d e f e c t  s t r u c t u r e  t h a n  p r e v i o u s l y  thought .  It may 
assist t h e  f o r m a t i o n  of d i s l o c a t i o n  l o o p s ,  which p r o v i d e  t h e  b i a s  f o r  
subsequent  vo id  n u c l e a t i o n  and growth. Helium a p p e a r s  t o  i n f l u e n c e  
n u c l e a t i o n  more s t r o n g l y  when p r e s e n t  i n  s o l u t i o n  o r  i n  small  c l u s t e r s  
t h a n  when p r e s e n t  i n  l a r g e r  bubbles .  

t i es ,  i n f l u e n c e s  v o i d s  n u c l e a t i o n .  Limited ev idence  on aluminum a l l o y s  
s u g g e s t s  t h a t  t h e  development of t h e  d i s l o c a t i o n  s t r u c t u r e  i s  a f f e c t e d  
i n  t h e  same d i r e c t i o n  as t h e  development of t h e  v o i d  s t r u c t u r e ;  t h a t  i s ,  
a l l o y i n g  aluminum i n c r e a s e s  t h e  i n c u b a t i o n  f l u e n c e  f o r  b o t h  d i s l o c a t i o n s  
and v o i d s .  

5.  P r e i r r a d i a t i o n  m i c r o s t r u c t u r e  i n f l u e n c e s  v o i d  and loop  n u c l e a t i o n ,  
b u t  n o t  a lways i n  t h e  same d i r e c t i o n  i n  d i f f e r e n t  a l l o y s .  
r e f l e c t s  d i f f e r e n c e s  i n  d i s l o c a t i o n  s u b s t r u c t u r e  and s t a b i l i t y  i n  d i f f e r e n t  
metals and a l l o y s .  

4 .  Composition, b o t h  i n  terms of major  a l l o y i n g  e lements  and impuri-  

T h i s  probably  

4 . 2 . 2  The I n f l u e n c e  of Implanted Helium on t h e  Development of Damage 
S t r u c t u r e  i n  N e u t r o n - I r r a d i a t e d  Aluminum - K. F a r r e l l ,  
R.  W. Chicker ing ,”  and J .  0.  S t i e g l e r  

High-puri ty  aluminum s t r i p s  c o n t a i n i n g  an  i n i t i a l l y  uniform d i s t r i -  
b u t i o n  of 4 a t .  ppm of cyc lo t ron- implanted  hel ium were annea led  a t  0.651;,, 
0.77Tm and 0.96Tm t o  encourage t h e  f o r m a t i o n  of hel ium c l u s t e r s  and 
bubbles .  There w a s  no d i s c e r n a b l e  damage from t h e  i m p l a n t a t i o n  t r e a t m e n t .  
A few s m a l l  bubbles  about  50 a i n  d iameter  were found a f t e r  t h e  0.96Tm 
a n n e a l  b u t  none were v i s i b l e  f o r  lower t e m p e r a t u r e  a n n e a l s .  There w a s  no 
measurable  l o s s  i n  hel ium d u r i n g  a n n e a l i n g .  The implanted hel ium a l t e r e d  
t h e  neutron-induced damage s t r u c t u r e s  when t h e r e  w a s  no p r i o r  a n n e a l i n g  
t r e a t m e n t  o r  when a n n e a l i n g  was done below 0.77Tm b u t  n o t  when a n n e a l i n g  
w a s  done a t  0.96Tm. The implanted hel ium c o n s i d e r a b l y  enhanced t h e  f o r -  
mat ion of v o i d s ,  and i t  a l s o  s i g n i f i c a n t l y  encouraged t h e  f o r m a t i o n  of 
i n t e r s t i t i a l  l o o p s  a t  f l u e n c e s  below t h o s e  a t  which v o i d s  w e r e  observed .  
These l o o p s  evolved i n t o  a d i s l o c a t i o n  s t r u c t u r e  t h a t  b u i l t  up f a s t e r  i n  
t h e  helium-implanted specimens.  The o n s e t  and t h e  c o n c e n t r a t i o n  of v o i d s  
appeared t o  b e  connected w i t h  t h e  f o r m a t i o n  and d e g r e e  of d i s l o c a t i o n  
s t r u c t u r e .  A t  t h e  lower f l u e n c e s  t h e  p r e s e n c e  of implanted hel ium i n c r e a s e d  
t h e  l eve l  of s w e l l i n g ,  b u t  as t h e  f l u e n c e  i n c r e a s e d  t h e  s w e l l i n g  v a l u e s  
f o r  t h e  nonimplanted specimens approached t h o s e  f o r  t h e  helium-implanted 
material. We conclude t h a t  a major f u n c t i o n  of d i s s o l v e d  o r  c l u s t e r e d  
hel ium atoms i s  t o  promote t h e  format ion  of loops  and d i s l o c a t i o n  s t r u c t u r e ,  
which p r o v i d e  t h e  b i a s e d  s i n k s  r e q u i r e d  f o r  v o i d  f o r m a t i o n  and growth.  

lgSummer p a r t i c i p a n t  from Purdue U n i v e r s i t y .  Now w i t h  Westinghouse 
Advanced R e a c t o r s  D i v i s i o n ,  Madison, Pa.  
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4 .2 .3  The E f f e c t s  of S o l u t e  Content  and P r e c i p i t a t e  D i s t r i b u t i o n  on F a s t -  
Neutron Damage i n  Aluminum-Copper Alloys‘’ - R.  W.  Carpenter  and 
J. C .  Ogle 

M i c r o s t r u c t u r a l  changes were s t u d i e d  i n  aluminum-copper a l l o y s  con- 
t a i n i n g  1.7 and 3 . 8  w t  % Cu a f t e r  i r r a d i a t i o n  t o  a f l u e n c e  of about  
3 X loz2 cm2/sec (>0 .1  MeV) a t  55°C.  
i n  t h e  solution-annealed-and-quenched c o n d i t i o n  (nonrandom s o l i d  s o l u t i o n )  
t h e  3 . 8 %  Cu a l l o y  w a s  t h e  more r e s i s t a n t  t o  s w e l l i n g .  When e i t h e r  a l l o y  
w a s  i r r a d i a t e d  i n  an  aged c o n d i t i o n  t h e  d i f f e r e n c e s  i n  damage behavior  
were less pronounced, b u t  t h e r e  w a s  a s t r o n g  dependence of s w e l l i n g  behavior  
upon p r e c i p i t a t e  t y p e  and d i s t r i b u t i o n  i n  b o t h  a l l o y s .  A l l  t h e  a l l o y s , .  
whether  t h e  p r e i r r a d i a t i o n  m i c r o s t r u c t u r e  w a s  a nonrandom s o l i d  s o l u t i o n  
o r  m u l t i p h a s e ,  e x h i b i t e d  less t h a n  about  2% s w e l l i n g ,  whereas c o n t r o l  
material  of una l loyed  aluminum d i s p l a y e d  13% s w e l l i n g .  These r e s u l t s  
show t h a t  t h e  damage r e s i s t a n c e  of aluminum-copper a l l o y s  s t r o n g l y  depends 
upon composi t ion,  b u t  t h a t  when p r e c i p i t a t i o n  i s  induced b e f o r e  i r r a d i a t i o n ,  
t h e  damage behavior  i s  c o n t r o l l e d  p r i m a r i l y  by t h e  p r e c i p i t a t e  t y p e  and 
d i s t r i b u t i o n .  

When b o t h  a l l o y s  were i r r a d i a t e d  

4 . 2 . 4  S y n e r g i s t i c  E f f e c t s  of Displacement Damage and High Gas Content  i n  
Aluminum’’ - K. F a r r e l l  and J. T .  Houston 

A s o l i d - s o l u t i o n  a l l o y  of 2300 a t .  ppm 6 L i  i n  aluminum w a s  i r r a d i a t e d  
a t  0.37Tm i n  h i g h  f a s t  and thermal  f l u x e s  t o  produce a damage leve l  of 
about  2 dpa and t o  s i m u l t a n e o u s l y  induce  a g a s  c o n t e n t  of about  2200  a t .  
ppm each of 4 H e  and 3 H  from burnup of t h e  6 L i .  
a l t e r e d  t h e  damage s t r u c t u r e  b u t  d i d  n o t  i n c r e a s e  s w e l l i n g .  Li th ium-f ree  
aluminum conta ined  1 X 1014 cavities/cm3 of average  s i z e  about  500 A ,  
whereas t h e  a l l o y  conta ined  more t h a n  5 x 10l6 cavities/cm3 of a v e r a g e  
s i z e  about  5 0  8. A d d i t i o n a l l y ,  t h e  g r a i n  boundar ies  i n  t h e  a l l o y  w e r e  
covered w i t h  l a r g e  cav i t ies .  
i n d i c a t i n g  t h a t  t h e y  were g a s  f i l l e d .  
i r r a d i a t i o n  hardening  t h a n  t h e  p u r e  aluminum, and when t e s t e d  i n  bending 
a t  25 and -196°C i t  f r a c t u r e d  a long  g r a i n  boundar ies  w i t h  no measurable  
s t r a i n .  
t h e  g r a i n  boundary area became s e p a r a t e d  by i n t e r l o c k i n g  g a s  bubbles  
d u r i n g  i r r a d i a t i o n ,  and f a i l u r e  d u r i n g  t e s t i n g  occurred  by t e a r i n g  of t h e  
remaining p o r t i o n s  of i n t a c t  g r a i n  boundar ies .  W e  conclude t h a t  l a r g e  g a s  
c o n t e n t s  c o n s i d e r a b l y  reduce  t h e  tempera ture  a t  which g a s  bubbles  deve lop  
and a l s o  cause  re f inement  of damage s t r u c t u r e .  The a s s o c i a t e d  i n c r e a s e  
i n  h a r d n e s s  and t h e  weakening of g r a i n  boundar ies  by bubbles  l e a d  t o  
severe e m b r i t t l e m e n t  even a t  low tempera tures .  

The g a s e s  s i g n i f i c a n t l y  

The c a v i t i e s  i n  t h e  a l l o y  r e s i s t e d  a n n e a l i n g ,  
The a l l o y  d i s p l a y e d  much more 

F r a c t o g r a p h i c  examinat ion r e v e a l e d  t h a t  between 5 0  and 90% of 

“ A b s t r a c t  of paper  t o  b e  p r e s e n t e d  a t  t h e  I n t e r n a t i o n a l  Conference 
on Fundamental Aspec ts  of R a d i a t i o n  Damage i n  Metals, G a t l i n b u r g ,  Tenn.,  
October 5-12, 1 9 7 5 .  

2 1 A b s t r a c t  of paper  t o  b e  p r e s e n t e d  a t  t h e  I n t e r n a t i o n a l  Conference 
on R a d i a t i o n  E f f e c t s  and T r i t i u m  Technology f o r  Fusion R e a c t o r s ,  
G a t l i n b u r g ,  Tenn., October 1-3, 1 9 7 5 .  
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4.2.5 Neutron Damage i n  Zirconium - K. F a r r e l l  

Zirconium is  one of t h e  few p u r e  metals t h a t  seem t o  have good 
r e s i s t a n c e  t o  v o i d  format ion  d u r i n g  n e u t r o n  i r r a d i a t i o n .  
a number of g r a d e s  of z i rconium i r r a d i a t e d  i n  t h e  Oak Ridge Research 
Reactor  a t  450°C t o  1 t o  2 dpa h a s ,  however, r e v e a l e d  t h e  p r e s e n c e  of 
c a v i t i e s  when t h e  zirconium conta ined  hel ium. 

Some of t h e  materials were doped w i t h  s m a l l  q u a n t i t i e s  of 'OB t o  
g e n e r a t e  hel ium d u r i n g  i r r a d i a t i o n .  
neutron-induced d i s l o c a t i o n s  and l o o p s  i n  a l l  materials. The l o o p s  were 
l a r g e ,  200 t o  5000 A i n  d i a m e t e r ,  and l a y  i n  roughly  p a r a l l e l  bands each 
about  1 pm wide w i t h  a s p a c i n g  of about  0.5 um.  
similar t o  b u t  c o a r s e r  t h a n  t h e  a l i g n e d  l o o p s  on pr i sm p l a n e s  i n  d i r e c t i o n s  
p a r a l l e l  t o  traces of b a s a l  p l a n e s  t h a t  have been r e p o r t e d  by o t h e r s  f o r  
lower i r r a d i a t i o n  tempera tures .  
materials d i s p l a y e d  f r i n g e s  r e m i n i s c e n t  of s t a c k i n g  f a u l t s .  The banding 
of l o o p s  w a s  p a r t i c u l a r l y  a p p a r e n t  i n  material  c o n t a i n i n g  an  e s t i m a t e d  
40 a t .  ppm H e  from burnup of 'OB. 
w i t h i n  t h e  bands of l o o p s .  O c c a s i o n a l l y ,  c a v i t i e s  w e r e  found on g r a i n  
boundar ies  a t  t h e  j u n c t i o n s  of t h e  bands w i t h  t h e  boundar ies .  
t h a t  d i d  n o t  c o n t a i n  d e l i b e r a t e l y  added 'OB b u t  c o n t a i n e d  measurable  
n a t u r a l  boron had a f e w  c a v i t i e s .  I n  one material of s m a l l  g r a i n  s i z e  
t h e  cav i t ies  and l o o p s  were b o t h  randomly d i s t r i b u t e d .  The i n c i d e n c e  
of cav i t i e s  i n c r e a s e d  markedly w i t h  i n c r e a s i n g  boron c o n t e n t ,  and t h e  
amount of hel ium c a l c u l a t e d  t o  b e  p r e s e n t  i s  of t h e  o r d e r  r e q u i r e d  t o  
s t a b i l i z e  t h e  cavi t ies  as e q u i l i b r i u m  g a s  bubbles .  A specimen c o n t a i n i n g  
hundreds of p a r t s  p e r  m i l l i o n  of ' OB w a s  crammed w i t h  g a s  b u b b l e s ,  
e s p e c i a l l y  l a r g e  ones on g r a i n  b o u n d a r i e s ,  and showed some e v i d e n c e  of 
a l ignment  of bubbles  w i t h i n  t h e  g r a i n s .  

Examination of 

There w a s  a c o a r s e  s t r u c t u r e  of 

The arrangement w a s  

Some of t h e  l o o p s  i n  a t  least  one of t h e  

C a v i t i e s  were p r e s e n t  and were s e g r e g a t e d  

Materials 

4.3 DAMAGE SIMULATION 

4.3 .1  Improvements t o  t h e  ORNL Heavy-Ion Bombardment F a c i l i t y  - 
2 2  N. H. Packan. E.  A. Kenik. A.  F. Rowcl i f fe .  M.  J .  Sa l tmarsh .  

G. F. Wells, i 2  C .  H. Johnson,  2 2  F. A .  McGowan, 2 2  and M .  B. L e w i s  

The p a s t  y e a r  h a s  s e e n  a s u c c e s s i o n  of s i g n i f i c a n t  improvements t o  
t h e  5-MV I o n  Bombardment F a c i l i t y .  Taken t o g e t h e r ,  t h e  changes have 
p e r m i t t e d  t h e  u s a b l e  beam i n t e n s i t y  t o  b e  i n c r e a s e d  b more t h a n  a f a c t o r  
of 5 t o  t h e  p r e s e n t  c a p a b i l i t y  of 1.5 PA of 4 MeV Ni2'  i o n s .  
t h e  s p a t i a l  u n i f o r m i t y  of t h e  beam and t h e  d e p e n d a b i l i t y  of t h e  system 
have been improved. Among t h e  major m o d i f i c a t i o n s ,  roughly  i n  t h e  o r d e r  
of t h e i r  accomplishment,  are t h e  f o l l o w i n g :  
1. a changeover from a n  aluminum s o u r c e  t o  a n i c k e l  s o u r c e ;  
2. t h e  a d d i t i o n  of a 90" a n a l y z i n g  bending magnet t o  permi t  t h e  

S imul taneous ly  

s e l e c t i o n  of a chemica l ly  p u r e  beam; 

'Physics  D i v i s i o n .  
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3 .  

4 .  

5. 

6. 

7 .  

8. 

o r  

i n s t a l l a t i o n  of new c o i l s  i n  t h e  90" magnet ( r a i s i n g  i t s  mass-energy 
c a p a b i l i t y  t o  62 amu-MeV) t o  permi t  t h e  u s e  of N i 2 +  i o n s  r a t h e r  
t h a n  t h e  l e s s  numerous N i 3 + ;  
d e s i g n  and i n s t a l l a t i o n  of a new g a s  s t r i p p e r  j u s t  above t h e  90" 
magnet t o  g e n e r a t e  24- and h i g h e r  charge  s t a t e s  from t h e  s i n g l y  
charged beam t h a t  emerges from t h e  a c c e l e r a t o r  ( t h e  prominent f e a t u r e  
of t h i s  d e s i g n  i s  t h e  u s e  of d i f f e r e n t i a l  pumping a t  b o t h  ends of 
t h e  s t r i p p e r  t u b e  t o  minimize any consequent  d e g r a d a t i o n  of t h e  
beam l i n e  vacuum); 
u s e  i n  t h e  i o n  s o u r c e  of s e p a r a t e d  " N i  powder, ob ta ined  from I s o t o p e s  
D i v i s i o n ,  i n  p l a c e  of n a t u r a l  n i c k e l ,  which i s  approximate ly  two- 
t h i r d s  5 8 N i  and one- th i rd  6 0 N i  ( t h i s  change y i e l d e d  an  immediate 
50% i n c r e a s e  i n  beam c u r r e n t  a t  t h e  e x i t  of t h e  a n a l y z i n g  magnet) ;  
d e s i g n  and i n s t a l l a t i o n  of a unique " r i n g  l e n s "  t h a t  r e s h a p e s  and 
improves t h e  u n i f o r m i t y  and i n t e n s i t y  of t h e  beam a t  t h e  p l a n e  of 
t h e  specimens; 
i n s t a l l a t i o n  of a d i g i t i z e d  beam p r o f i l e  monitor  t o  monitor  c o n t i n u o u s l y  
and p o r t r a y  t h e  beam i n t e n s i t y  p r o f i l e  d u r i n g  an  i r r a d i a t i o n  run;  
measurement and accommodation of beam h e a t i n g  a t  t h e  specimen s u r f a c e .  

A number of f u r t h e r  m o d i f i c a t i o n s  t h a t  are now i n  advanced p l a n n i n g  
c o n s t r u c t i o n  s t a g e s  are: 
1. A g e t t e r - i o n  pump w i l l  be  i n s t a l l e d  i n  t h e  van d e  Graaff  high-  

v o l t a g e  t e r m i n a l  t o  a l l o w  g e n e r a t i o n  of a more i n t e n s e  beam and t o  
i n c r e a s e  t h e  s o u r c e  l i f e t i m e .  

handl ing  up t o  s i x  s e t s  of specimens b e f o r e  t h e  vacuum needs t o  b e  
broken t o  change o u t  t h e  specimens.  Specimens w i l l  be  h e a t e d  from t h e  
back w i t h  an  e l e c t r o n  beam, and t h e  tempera ture  a t  t h e  bombardment s u r f a c e  
w i l l  b e  measured w i t h  a n  i n f r a r e d  thermometer.  

cup and an a d d i t i o n a l  m u l t i s c a l i n g  c u r r e n t  d i g i t i z e r ,  which w i l l  r e g i s t e r  
t h e  i o n  dose r e c e i v e d  by i n d i v i d u a l  specimens.  

2 .  A new and more versa t i le  damage chamber w i l l  b e  c a p a b l e  of 

3 .  Improved beam d i a g n o s t i c  a p p a r a t u s  w i l l  i n c l u d e  a deep Faraday 

4.3.2 A Method f o r  Doping I r r a d i a t i o n  Samples w i t h  Helium Usin 2 4 4 c m  - 
W .  A. Coghlan, N .  H.  Packan, M.  J.  Sa l tmarsh ,"  and H. Lg  A d a i r 2 3  

The p r e s e n c e  of g a s  a toms,  p a r t i c u l a r l y  t r a n s m u t a t i o n  p r o d u c t s  such 
a s  hydrogen and hel ium, p l a y s  a n  impor tan t  r o l e  i n  de te rmining  t h e  n u c l e a t i o n  
and growth of small d i s l o c a t i o n  l o o p s  and v o i d s .  W e  have developed a 
method u s i n g  2 4 4 C m  f o r  implant ing  hel ium atoms i n  f o i l s  t h a t  are t o  b e  
used as t a r g e t s  f o r  heavy-ion r a d i a t i o n  damage s i m u l a t i o n  s t u d i e s .  I n  
t h e  p a s t  t h e  i m p l a n t a t i o n  h a s  been done w i t h  a c c e l e r a t o r s ,  bu t  t h i s  method 
i s  expens ive  and f o r  a g iven  energy t h e  hel ium atoms are  d i s t r i b u t e d  over  
a v e r y  narrow r a n g e  of d e p t h ;  t o  g e t  a r e a s o n a b l y  f l a t  hel ium c o n s t r u c t i o n  
p r o f i l e  t h e  beam energy must b e  changed o r  t h e  sample must b e  rocked i n  a 
c a r e f u l l y  p r e s c r i b e d  manner. None of t h e s e  h a s  been e n t i r e l y  s a t i s f a c t o r y .  
The d i s t r i b u t i o n  of t h e  atoms i s  n o t  uniform,  and t h e  amount of hel ium 
d e p o s i t e d  i s  n o t  known v e r y  a c c u r a t e l y .  

2 3 1 s o t o p e s  D i v i s i o n .  



The method w e  have developed u s i n g  t h e  a l p h a - p a r t i c l e s  from 2 4 4 C m  
decay overcomes most of t h e s e  problems. T h e o r e t i c a l l y  w e  have shown t h a t  
i f  a t h i n  l a y e r  of C m 2 0 3  (4% u m  t h i c k )  d e p o s i t e d  on a backing mater ia l  
i s  used as  a s o u r c e  of a l p h a - p a r t i c l e s ,  t h e  d e p o s i t e d  hel ium atoms l i e  
i n  a uniform c o n c e n t r a t i o n  t o  a d e p t h  of about  6 u m  i n  N i .  A f t e r  t h a t  
d e p t h  t h e  c o n c e n t r a t i o n  d e c r e a s e s  l i n e a r l y  t o  z e r o  a t  a d e p t h  of 1 2  u m .  
The e x t e n t  and u n i f o r m i t y  of t h e  f l a t - c o n c e n t r a t i o n  r e g i o n  depend on t h e  
t h i c k n e s s  and u n i f o r m i t y  of t h e  Cm2O3 f i l m  produced. We have had such a 
f i l m  prepared  and have implanted hel ium i o n s  i n  a number of t e s t  specimens.  
The p r o f i l e  of t h e  hel ium h a s  n o t  y e t  been measured, bu t  t h e  average  
c o n c e n t r a t i o n  i n  a 12.5-pm f o i l  h a s  been compared w i t h  t h e o r e t i c a l  p re-  
d i c t i o n s .  The c a l c u l a t e d  average  and t h e  measured v a l u e s  d i f f e r  by a 
few p a r t s  p e r  m i l l i o n ,  which i s  as good as w e  can expec t  from t h e  u n c e r t a i n  
p h y s i c a l  p a r a i e t e r s  used i n  t h e  c a l c u l a t i o n s .  
a t t e m p t s ,  w e  are p r e p a r i n g  b e t t e r  c h a r a c t e r i z e d  s o u r c e s  and w i l l  a t t e m p t  
t o  have t h e  hel ium c o n c e n t r a t i o n  p r o f i l e  measured as a f u n c t i o n  of d i s t a n c e  
i n t o  t h e  f o i l .  

Encouraged by our f i r s t  

4 . 3 . 3  Current  N i c k e l  Ion  Bombardment Experiments  - N .  H .  Packan, 
L.  K.  Mansur, E. A.  Kenik, R. W. C a r p e n t e r ,  and K. F a r r e l l  

I o n  bombardment p r o v i d e s  a r a p i d  and i n e x p e n s i v e  means of s c r e e n i n g  
p r o s p e c t i v e  r e a c t o r  materials f o r  s w e l l i n g  r e s i s t a n c e .  Under s u i t a b l e  
c o n d i t i o n s  s w e l l i n g  i s  m a n i f e s t  as s u r f a c e  r e l i e f ,  which can be measured 
w i t h  a s e n s i t i v e  p r o f i l o m e t e r .  Our Reac tor  Materials Group i s  u s i n g  t h e  
f a c i l i t y  f o r  t h i s  purpose and has  i d e n t i f i e d  some h i g h l y  promising con- 
s t r u c t i o n a l  materials.  Likewise,  t h e  Damage Mechanisms Group i s  s c r e e n i n g  
c a n d i d a t e  r e s e a r c h  materials t o  select  t h o s e  b e s t  s u i t e d  t o  needs and t o  
check o u t  r e s u l t s  r e p o r t e d  from o t h e r  s o u r c e s .  I n  t h i s  l a t t e r  r e s p e c t ,  
w e  have reproduced some p r e v i o u s l y  unconfirmed d a t a  on t h e  s w e l l i n g  r e s p o n s e  
of a wide r a n g e  of Fe-Cr-Ni a l l o y s .  Some s p e c i f i c  exper iments  w e  are  
performing w i t h  t h e  i o n  f a c i l i t y  i n c l u d e  a c o r r e l a t i o n  of i o n  and n e u t r o n  
m i c r o s t r u c t u r a l  damage i n  p u r e  n i c k e l  and a measurement of t h e  t e m p e r a t u r e  
s h i f t  caused by t h e  h i g h e r  damage ra tes  i n  i o n  bombardment; t h i s  work i s  
c l o s e  t o  complet ion.  S i n c e  t h e  damage r e g i o n  i n  i o n  bombardment o c c u r s  
c l o s e  (X0 .7  pm) t o  t h e  specimen s u r f a c e  w e  a re  looking  i n t o  t h e  q u e s t i o n s  
of whether t h e  damage i s  i n f l u e n c e d  by t h e  c o n d i t i o n  of t h e  s u r f a c e  and 
by i m p u r i t i e s ,  p a r t i c u l a r l y  hydrogen, p icked  up through t h e  s u r f a c e .  The 
u s u a l  s u r f a c e  p r e p a r a t i o n  i s  mechanical  p o l i s h i n g .  Experiments w e  have 
made on some Fe-Cr-Ni a l l o y s  t h a t  had been annea led  a f t e r  mechanica l  
p o l i s h i n g  show s i g n i f i c a n t l y  more s w e l l i n g  t h a n  found i n  a s - p o l i s h e d  
material. With r e g a r d  t o  hydrogen, w e  have v e r y  r e c e n t l y  implanted some 
Fe-Cr-Ni a l l o y s  and some s t a i n l e s s  s t ee l s  w i t h  p r o t o n s  b e f o r e  i o n  bombard- 
ment. These p a r t i c u l a r  specimens showed a wide s c a t t e r  i n  s w e l l i n g  
r e s p o n s e  and no c o n c l u s i v e  e f f e c t  of hydrogen. I n v e s t i g a t i o n s  of s u r f a c e  
p r e p a r a t i o n  t e c h n i q u e s  are c o n t i n u i n g  i n  a n  e f f o r t  t o  f i n d  t h e  most satis-  
f a c t o r y ,  a r t i f a c t - f r e e  c o n d i t i o n .  R e c e n t l y  we began exper iments  des igned  
t o  s t u d y  t h e  e v o l u t i o n  of d i s l o c a t i o n  s t r u c t u r e  i n  materials of wide ly  
d i f f e r e n t  s w e l l i n g  response .  
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4 .3 .4  The ORNL I r r a d i a t i o n  Creep F a c i l i t y  - T .  C.  R e i l e y  and E.  E.  Bloom 

Our c r e e p - t e s t i n g  procedure  u s e s  t h i n  s h e e t  specimens bombarded by 
60-MeV a l p h a  p a r t i c l e s  from t h e  Oak Ridge Isochronous Cyclo t ron .  These 
a l p h a  p a r t i c l e s  p a s s  comple te ly  through t h e  specimen, l o s i n g  only  about  
10% of t h e i r  energy i n  t h e  specimens.  Maximum a tomic  d isp lacement  r a t e s  
c a l c u l a t e d  f o r  o b t a i n a b l e  beam c u r r e n t s  correspond c l o s e l y  t o  d isp lacement  
ra tes  f o r  EBR-11. The range  of test  t e m p e r a t u r e s  e x t e n d s  from 300  t o  
700°C. 
and are c o n t r o l l e d  e l e c t r o n i c a l l y  by moni tors  t h a t  s e n s e  small changes 
i n  e l ec t r i ca l  r e s i s t a n c e .  Experiments have demonstrated t h a t  t h e  t e m -  
p e r a t u r e  may b e  c o n t r o l l e d  under a c t u a l  o p e r a t i n g  c o n d i t i o n s  t o  w i t h i n  
0.1"C. The c i r c u i t  can compensate f o r  a t o t a l  l o s s  i n  a l p h a  beam c u r r e n t  
and w i l l  r e t u r n  t h e  specimen t o  t h e  s p e c i f i e d  tempera ture  w i t h i n  1 t o  3 
sec. The specimen t h e r m a l  t i m e  c o n s t a n t  i s  only  about  0 . 4  sec,  which 
a l l o w s  r a p i d  c o r r e c t i o n s  t o  t h e  tes t  tempera ture .  Temperature g r a d i e n t s  
a long  t h e  specimen gage l e n g t h  are monitored by i n f r a r e d  pyrometry.  The 
specimen i s  r a p i d l y  cooled by a l i q u i d - n i t r o g e n - f i l l e d  c o o l i n g  b l o c k  p l a c e d  
c l o s e  t o  t h e  back of t h e  specimen. The h e a t  conduct ion  medium i s  hel ium 
g a s  main ta ined  a t  a tmospher ic  p r e s s u r e .  Ambient t e m p e r a t u r e  c o n t r o l  of 
t h e  a p p a r a t u s  i s  main ta ined  by c i r c u l a t i o n  of water a t  c o n s t a n t  tempera ture  
through each s t r u c t u r a l  member. Specimens can b e  loaded t o  stresses up 
t o  345  MPa (50 k s i ) ,  and t h e  stress can b e  changed r a p i d l y .  E l o n g a t i o n s  
w i l l  b e  measured by u s e  of two c a p a c i t a n c e  t r a n s d u c e r s ,  one on each s i d e  
of t h e  specimen. They are s h i e l d e d  from t h e  h o t  specimen, and t h e i r  
r e s o l u t i o n  i s  s p e c i f i e d  a t  b e t t e r  t h a n  25 nm (1 micro inch) .  The a l p h a  
beam c u r r e n t  w i l l  b e  c o n t i n u o u s l y  monitored by p a r a l l e l - p l a t e  plasma 
conduct ion  s e n s o r s  i n c o r p o r a t e d  i n t o  t h e  beam masking arrangement .  B e a m  
wobbling w i l l  b e  used t o  m a i n t a i n  beam u n i f o r m i t y .  E f f e c t s  of h i g h  damage 
levels w i l l  be  determined on specimens p r e v i o u s l y  i r r a d i a t e d  i n  EBR-I1  
t o  v a r i o u s  d isp lacement  l eve ls ,  some i n  s t r e s s e d  c o n d i t i o n s .  

Temperatures  are a t t a i n e d  by e l e c t r i c a l  s e l f - r e s i s t a n c e  h e a t i n g  

4 .3 .5  The ORNL High-Voltage E l e c t r o n  Microscope F a c i l i t y  - R. W. Carpenter  
and E .  A. Kenik 

The h igh-vol tage  e l e c t r o n  microscope (HVEM) h a s  been s u c c e s s f u l l y  
upgraded t o  o p e r a t e  a t  a maximum a c c e l e r a t i n g  p o t e n t i a l  of 1 MeV,  from 
i t s  former l i m i t  of 650 keV. C a l i b r a t i o n  of t h e  e l e c t r o n  beam c u r r e n t  
a v a i l a b l e  a t  1 MeV h a s  shown t h a t  a maximum of about  21  A / c m 2  can  b e  
a t t a i n e d  a t  t h e  specimen. We are a t t e m p t i n g  t o  improve t h e  vacuum a t  
t h e  specimen s t a g e  t o  minimize specimen contaminat ion  d u r i n g  HVEM i r r a -  
d i a t i o n s  a t  e l e v a t e d  t e m p e r a t u r e s .  Our program of HVEM i r r a d i a t i o n s  i s  
s t i l l  i n  i t s  i n f a n c y .  Unl ike  o t h e r  HVEM f a c i l i t i e s  w e  do n o t  soon i n t e n d  
t o  u s e  t h e  microscope as a t o o l  f o r  r a p i d l y  producing v o i d s  and r e a c h i n g  
h i g h  s w e l l i n g  levels.  R a t h e r ,  w e  p l a n  t o  s t u d y  t h e  r e l a t i v e l y  n e g l e c t e d  
area of development of d i s l o c a t i o n  s t r u c t u r e s  l e a d i n g  t o  v o i d  format ion .  
Our i n i t i a l  exper iments  on copper implanted w i t h  about  1 4  a t .  ppm H e  show 
t h a t  a t  250°C d u r i n g  HVEM i r r a d i a t i o n ,  d i s l o c a t i o n s  n u c l e a t e  a t  l eas t  
20 t i m e s  as f a s t  as i n  hel ium-free copper .  There are cor responding  
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i n c r e a s e s  i n  t h e  v o i d  n u c l e a t i o n  ra te  and i n  t h e  d e g r e e  of s w e l l i n g .  These 
s t u d i e s  are be ing  pursued a t  o t h e r  t e m p e r a t u r e s  t o  e l u c i d a t e  t h e  r o l e  
of hel ium. Other  s t u d i e s  w i l l  i n c l u d e  t h e  e f f e c t s  of minor e lements  on 
damage e v o l u t i o n  i n  s t a i n l e s s  s tee l s ,  and t h e  i n f l u e n c e s  of d e g r e e  of 
chemical  o r d e r  and of p r e c i p i t a t i o n  on damage g e n e r a t e d  i n  s e l e c t e d  b i n a r y  
a l l o y s  systems based on n i c k e l .  C r i t i c a l  a n a l y s e s  of t h e  damage produced 
w i t h  t h e  HVEM w i l l  b e  f a c i l i t a t e d  by p o s t i r r a d i a t i o n  s t u d i e s  i n  our new 
h i g h - r e s o l u t i o n  JEOLCO model 1 O O C  microscope.  
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D. L. McElroy, AERE, Harwell, September 1974-September 1975. 

D. M. Kroeger, Institut fir Festkorperforschung, KFA, JG'lich, Germany, 
September 1974-September 1975. 

T. S. Lundy, ORNL, Planning and Analysis Group, October 1974- 
October 1975. 

2. GUEST ASSIGNMENTS 

J. P. Charlesworth, AERE, Harwell, England, September 1973- 
November 197 4. 

H. Ullmaier, Institut fcr Festksrperforschung, KFA, JG'lich, Germany, 
January 1974-November 1974. 

G. Shankle, Angelo (Texas) State University, ORAU Research 
Participant, Summer 1974. 

D. J. Griffiths, Oregon State University, September 1974- 
September 1975. 

J. Schelten, Institut fGr Festkorperforschung, KFA, Jilich, Germany, 
November 1973-November 197 4. 

H. P. Krautwasser, Institut fir Reaktorwerkstoffe, KFA, JG'lich, 
Germany, May 1975-May 1976. 

G. Bauer, Institut fGr Festkorperforschung, KFA, JG'lich, Germany, 
March 1975-March 1976. 
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R. Chicker ing ,  Purdue U n i v e r s i t y ,  Summer 1974. 

L .  B. S h a f f e r ,  Anderson ( I n d i a n a )  C o l l e g e ,  Summer 1974. 

0. C. S a r t a i n ,  I n d i a n a  S t a t e  U n i v e r s i t y ,  Summer 1975. 

P. L. L e a t h ,  Rutgers  U n i v e r s i t y ,  Summer 1975. 

R. Bayuzick, V a n d e r b i l t  U n i v e r s i t y ,  Summer 1975. 

H. Eaton,  V a n d e r b i l t  U n i v e r s i t y ,  Summer 1975. 

R. W. Gould, U n i v e r s i t y  of F l o r i d a ,  Summer 1975. 

W. O l i v e r ,  U n i v e r s i t y  of Tennessee,  Summer 1975. 

D.  G .  Dunmire, T h i e l  (Pennsylvania)  Col lege ,  Summer 1975. 

J.  T. S t a n l e y ,  Arizona S ta te  U n i v e r s i t y ,  Summer 1975. 

B. Gyorf fy ,  H. H. W i l l s ,  P h y s i c s  Labora tory ,  U n i v e r s i t y  of B r i s t o l ,  
Summer 1974, 1975. 

3 .  ORNL-UT J O I N T  APPOINTMENTS FOR ACADEMIC YEAR 1974-1975 

B. S. B o r i e ,  P r o f e s s o r ,  M e t a l l u r g i c a l  Engineer ing .  

C. 3. McHargue, P r o f e s s o r ,  M e t a l l u r g i c a l  Engineer ing .  

W. A. Coghlan, A s s i s t a n t  P r o f e s s o r ,  M e t a l l u r g i c a l  Engineer ing .  

G .  P. Smith,  P r o f e s s o r ,  Chemistry.  

4. PRESENTATIONS AT TECHNICAL MEETINGS - Compiled by S t e p h a n i e  Davison 

78th  N a t i o n a l  Meeting of t h e  American I n s t i t u t e  of Chemical Engineers  
S e s s i o n  on "Materials Engineer ing  i n  Nuclear  Power P r o d u c t i o n , "  S a l t  
Lake C i t y ,  Utah, August 18-21, 1974 

C.  J. McHargue, "Panel on Fus ion  Reac tor  Materials and Fuels"  

8 t h  I n t e r n a t i o n a l  Congress  on E l e c t r o n  Microscopy, Canberra ,  A u s t r a l i a ,  
August 25-31, 1974 

C.K.H.  DuBose, G .  L. Copeland, and K.H.G. Ashbee, "Transmission 
E l e c t r o n  Microscopqi of R a d i o a c t i v e  Powders" 

American C r y s t a l l o g r a p h i c  A s s o c i a t i o n ,  Pennsylvania  S t a t e  U n i v e r s i t y ,  
U n i v e r s i t y  Park ,  Pennsylvania ,  August 1974 

R. W. Hendricks and J. S c h e l t e n ,  "A Pin-Hole Small-Angle X-Ray 
C o l l i m a t i o n  System Using a P o s i t i o n - S e n s i t i v e  P r o p o r t i o n a l "  
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H. L. Yakel ,  "The C r y s t a l  S t r u c t u r e  of a Boron-Rich Boron Carbide" 

The S i x t h  Annual Conference on S u r f a c e  S t u d i e s ,  Oak Ridge Y - 1 2  P l a n t ,  
Oak Ridge,  Tennessee,  September 10-12, 1974 

R. E. Claus ing  and R.  J .  Colchin ,  "Some Observa t ions  on t h e  
C l e a n l i n e s s  and Cleaning of S p u t t e r e d  Gold Films" 

The I n t e r n a t i o n a l  M i n e r a l o g i c a l  A s s o c i a t i o n ,  9 t h  Genera l  Meet ing,  West 
B e r l i n ,  Germany, September 12-18, 1974 

Edwin Roedder and O t t o  C.  Kopp, "An Independent Check on t h e  V a l i d i t y  
of t h e  P r e s s u r e  C o r r e c t i o n  i n  I n c l u s i o n  Geothermometry, Using 
Hydrothermally Grown Quar tz ' '  

Bi la teral  F a s t  Reac tor  Exchange Meeting on F u e l  Cladding and Core 
S t r u c t u r a l  A l l o y s  Held a t  AERE D i d c o t ,  B e r k s h i r e ,  England, September 16-18, 
1974 

R a d i a t i o n  E f f e c t s  Group, "ORNL C o n t r i b u t i o n  t o  t h e  USAEC/UKAEA 
Bilateral  F a s t  Reac tor  Exchange Meeting on F u e l  Cladding and Core 
S t r u c t u r a l  Alloys"  

1974 F a l l  Meeting of t h e  AIME Symposium on "The I n f l u e n c e  of Stresses 
and Mechanical  P r o p e r t i e s  of Oxide Scales on t h e  Oxida t ion  Behavior of 
Metals," D e t r o i t ,  Michigan, October 21-24, 1974 

R.  W. C a r p e n t e r ,  "Surface C o n t r o l l e d  Oxygen Absorpt ion:  K i n e t i c s  
and Gradien ts"  

J .  V .  C a t h c a r t ,  "Mechanisms of S t r e s s  Genera t ion  and R e l a x a t i o n  
During t h e  Oxida t ion  of U Alloys"  

R. E. Pawel and J .  J. Campbell, "Some O x i d a t i o n  C h a r a c t e r i s t i c s  
of Ta-10 W and Ta-10-W 2.5 Hf Alloys"  

Annual Meeting of FACSS, A t l a n t i c  C i t y ,  New J e r s e y ,  November 18-22, 1974 

R.  E .  C laus ing  and E .  E.  Bloom, "Auger E l e c t r o n  Spectroscopy of 
F r a c t u r e  S u r f a c e s  i n  I r r a d i a t e d  Type 304 S t a i n l e s s  S t e e l "  

F a l l  Meeting of t h e  American P h y s i c a l  S o c i e t y ,  A t l a n t a ,  Georg ia ,  
December 5-7, 1 9 7 4  

W. H. B u t l e r ,  "Mul t ip le  S c a t t e r i n g  Theory f o r  Weak Scat terers :  
A p p l i c a t i o n  t o  A l l '  

4 t h  Annual Symposium on Applied Vacuum Science  and Technology, Tampa, 
F l o r i d a ,  February 21, 1975 

T.  C. R e i l e y ,  "Deposi t ion P r o f i l e s  from E l e c t r o n  Beam-Heated 
Evapora t ion  Sources" 

American C r y s t a l l o g r a p h i c  A s s o c i a t i o n  Meeting a t  t h e  U n i v e r s i t y  of 
V i r g i n i a ,  C h a r l o t t e s v i l l e ,  V i r g i n i a ,  March 9-13, 1975 

C.  J.  Sparks ,  Jr .  and J .  B. H a s t i n g s ,  "X-Ray D i f f r a c t i o n  and 
Fluorescence  a t  t h e  S t a n f o r d  Synchrotron R a d i a t i o n  P r o j e c t "  ( i n v i t e d  
paper )  
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1975 P a r t i c l e  A c c e l e r a t o r  Conference,  Washington, D .  C . ,  March 12-14, 1975 

C.  J.  McHargue, "The Use of A c c e l e r a t o r s  t o  Study I r r a d i a t i o n  
Ef f ectsl' 

Warwick S u r f a c e  Sc ience  Conference,  Warwick, England, March 17-20, 1975 

R. 0. J o n e s ,  P. J.  J e n n i n g s ,  and G .  S.  P a i n t e r ,  " C l u s t e r  C a l c u l a t i o n s  
of t h e  E l e c t r o n i c  S t r u c t u r e  of T r a n s i t i o n  Metal Surfaces"  

Conference on Study of Carbon and G r a p h i t e  by E l e c t r o n  Microscope Methods, 
U n i v e r s i t y  Col lege  of Wales, Aberystwyth,  Wales, March 24-26, 1975 

C. S. Yust ,  E .  Pollmann, and P. Krautwasser ,  "Transmission E l e c t r o n  
Microscopy of P y r o l y t i c  Carbon Coat ings"  

Denver Meeting of t h e  American P h y s i c a l  S o c i e t y ,  Denver,  Colorado,  
March 31-April 3 ,  1975 

W. H. B u t l e r ,  "A One-Dimensional Model of a T r a n s i t i o n  Metal Alloy" 

J. S. F a u l k n e r ,  " E l e c t r o n i c  States  of Sub-Sto ich iometr ic  PdH" 

J. J. Olson, "Comment on t h e  Anderson-McMillan P r e s c r i p t i o n  f o r  
t h e  D e n s i t y  of S ta tes  of Liquid  I ron"  

American P h y s i c a l  S o c i e t y  Meet ing,  Washington, D.  C . ,  A p r i l  28-May 1, 1975 

D. J. G r i f f i t h s ,  C .  C.  Koch, and J .  P.  Char leswor th ,  "Evidence of 
Non-Hysteret ic  A.C .  Losses  i n  NbsSn" 

J. D .  McGervey, V .  W. Lindberg,  and R .  W. Hendr icks ,  " P o s i t r o n  
Trapping i n  Voids i n  Aluminum'' 

AIME Spr ing  Meet ing,  Toronto ,  May 1975 

W. A. Coghlan and M. H. Yoo, "A C a l c u l a t i o n  of t h e  D i f f u s i o n  B i a s  
f o r  P r i s m a t i c  D i s l o c a t i o n  Loops" 

D .  S .  Eas ton  and C .  C .  Koch, " T e n s i l e  P r o p e r t i e s  of Superconduct ing 
Composite Conductors and N b - T i  Alloys a t  4.2 K" 

T. C .  R e i l e y  and W. D .  Nix,  "The S t r u c t u r e  and Mechanical  P r o p e r t i e s  
of P h y s i c a l  Vapor Deposi ted Chromium'' 

R. A. Vandermeer, "Aging Induced Shape I n s t a b i l i t y  i n  a n  E l a s t i c a l l y  
Bent Uranium + 7 . 5  w t  % Niobium + 2.5 w t  % Zirconium Alloy" 

C .  L.  White and D .  F .  S t e i n ,  " T h e o r e t i c a l  Aspec ts  of S o l u t e  
S e g r e g a t i o n  t o  G r a i n  Boundaries" 

M .  H. Yo0 and W. H. B u t l e r ,  "A Steady S t a t e  S o l u t i o n  t o  t h e  D i f f u s i o n  
Equat ion  f o r  P o i n t  D e f e c t s  I n c l u d i n g  t h e  I n t e r a c t i o n  Force  F i e l d "  

1 4 t h  I n t e r n a t i o n a l  Conference on Thermal C o n d u c t i v i t y ,  U n i v e r s i t y  of 
Connect icu t ,  S t o r r s ,  C o n n e c t i c u t ,  June  2-4, 1975 

J. P .  Moore, R. S .  Graves, M. B. H e r s k o v i t z ,  K .  R. Carr, and 
R .  A. Vandermeer, " N i c r o s i l  I1 and N i s i 1  Thermocouple Al loys :  
P h y s i c a l  P r o p e r t i e s  and Behavior During Thermal Cycl ing t o  1200 K" 
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1975 Annual Meeting of t h e  American Nuclear  S o c i e t y ,  New O r l e a n s ,  
L o u i s i a n a ,  J u n e  8-13, 1975 

L. K. Mansur, K. F a r r e l l ,  and J. 0. S t i e g l e r ,  "Comparison of Void 
Growth K i n e t i c s  i n  I r r a d i a t e d  S t e e l s  and Pure  Metals" 

I n t e r n a t i o n a l  Conference on R a d i a t i o n  Damage i n  Metals 

W. G .  Wolfer ,  "Segrega t ion  of Vacancies  and I n t e r s t i t i a l s  by 
I n t e r n a l  Stress F i e l d s "  

I n t e r n a t i o n a l  D i s c u s s i o n  Meeting on F l u x  P inning  i n  Superconductors  

C .  C .  Koch and D.  M. Kroeger,  "Fluxoid-Pinning i n  Niobium Conta in ing  
S m a l l  Amounts of Yt t r ium o r  Gadolinium" 

5.  PUBLICATIONS - Compiled by Judy Young 

J .  B. Bates, R. W. Hendricks,  and L .  B. S h a f f e r ,  "Neutron I r r a d i a t i o n  
E f f e c t s  and S t r u c t u r e  of N o n c r y s t a l l i n e  S i O 2 , "  J .  Chem. Phys. 61(10) :  
4163-76 (November 1974) .  

Irradiat ion on the  Microstructure and Properties of Titanium StabiZiaed 
Type 316 S ta in less  S t e e l s ,  ORNL-TM-4731 (January  1975) .  

P. T .  C a r l s o n ,  MATANO - A  Computer Code f o r  the  AnaZysis of In ter -  
diffusion and I n t r i n s i c  Diffusion Information in Binary Systems, ORNL-5045 
(June 1975) .  

E.  E .  Bloom, J. M. L e i t n a k e r ,  and J .  0. S t i e g l e r ,  Ef fec t  of Neutron 

P. T. C a r l s o n ,  M. A. Dayananda, and R.  E .  Grace, "Atomic M o b i l i t i e s  
and Vacancy Wind E f f e c t s  f o r  D i f f u s i o n  i n  Ternary  Silver-Zinc-Cadmium 
S o l i d  S o l u t i o n s , "  Metall. Trans. 6A(6) : 1245-52 (June 1975) .  

Oxida t ion  of Uranium A l l o y s , "  pp. 669-74 i n  Proc. 5th Intern.  Congr. 
Metal l ic  Corrosion, N a t i o n a l  A s s o c i a t i o n  of C o r r o s i o n  E n g i n e e r s ,  
Houston, Texas,  1974. 

"Short  Range Order and t h e  Development of Long Range Order i n  NibMo," 
J .  Phys .  Chem. SoZids 3 5 ( 9 ) :  1317-25 (September 1974) .  

on t h e  Importance of Contaminants i n  High Temperature A p p l i c a t i o n s  of 
Niobium and Vanadium," pp. 123-24 i n  Surface E f f e c t s  i n  Controlled 
Fusion (Proc .  Conf. S u r f a c e  E f f e c t s  i n  C o n t r o l l e d  Thermonuclear Fus ion  
Devices  and R e a c t o r s ,  Argonne, I l l i n o i s ,  USA, 10-12 January  1974) e d .  by 
H.  Wiedersich,  M .  S .  Kamisky, and K. M .  Zwilsky, North Holland P u b l i s h i n g  
Company, Amsterdam. 

D .  S. Eas ton ,  C.  C .  Koch, D.  M. Kroeger ,  and J .  W. Cable ,  "Super- 
conduct ing T r a n s i t i o n  Temperatures of Chemically Vapour Deposi ted Tungsten- 
Rhenium A l l o y s , "  PhiZos. Mag. 3 0 ( 5 ) :  1117-34 (November 1974) .  

J. V.  C a t h c a r t ,  R. E.  Pawel,  and G .  F. P e t e r s e n ,  "High Temperature 

B. C h a k r a v a r t i ,  E.  A .  S t a r k e ,  J r . ,  C.  J .  S p a r k s ,  and R.  0. W i l l i a m s ,  

R .  E .  C l a u s i n g ,  C .  J.  McHargue, and J .  E.  S p r u i e l l ,  "Some Remarks 
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J. E.  Epperson, R. W. Hendricks,  and K. F a r r e l l ,  " S t u d i e s  i n  Voids 
i n  Neutron I r r a d i a t e d  Aluminum S i n g l e  C r y s t a l s .  I .  Small-Angle X-Ray 
S c a t t e r i n g  and Transmission E l e c t r o n  Microscopy," Philos.  Mag. 3 0 ( 4 ) :  
803-17 (October 1974) .  

Growth and C h a r a c t e r i z a t i o n  of S i n g l e - C r y s t a l  Akermanite (Ca~MgSi207) ,"  
J .  C r y s t .  Growth 23:  295-98 (1974).  

Neutron I r r a d i a t e d  Aluminum S i n g l e  C r y s t a l s .  11. Small-Angle Neutron 
S c a t t e r i n g , "  Philos. Mag. 30(4)  : 819-37 (October 1974) .  

R.  W .  Hendricks,  P. G .  Mardon, and L .  B. S h a f f e r ,  "The X-Ray 
Zero-Angle S c a t t e r i n g  Cross  S e c t i o n  of Water," J .  Chem. Phys. 6 1 ( 1 ) :  
319-22 ( J u l y  1974) .  

Pb-Sn-Cd Al loys ,"  MetaZl. Trans. 5 ( 1 1 ) :  2423-37 (November 1974) .  

"End E f f e c t s  on t h e  Flow of Heat, Mass o r  E lec t r i ca l  Energy Through 
C y l i n d r i c a l  Rod," J .  Franklin I n s t ,  298(3) : 151-79 (September 1974) .  

on t h e  Superconduct ing T r a n s i t i o n  Temperature of Niobium," J .  Less-Common 
Met. 40(3) :  29-38 (March 1975).  

S m a l l  Amounts of Yt t r ium o r  Gadolinium, Philos. Mag. 3 0 ( 3 ) :  501-13 
(September 197 4) . 

3d and 4d S o l u t e s  on t h e  S u p e r c o n d u c t i v i t y  of Technetium," pp. 595-600 i n  
Low Temperature Physies-LTl3, VoZ7me 2 :  Quantum Crystals and Magnetism 
(Proc.  X I I I t h  I n t .  Conf. Low Temperature P h y s i c s ,  Boulder ,  Colo . ,  
Aug. 21-25, 1972) Plenum, New York, 1974. 

"A Computer-Operated Fused Quartz  D i f f e r e n t i a l  D i l a t o m e t e r , "  pp. 129-46 
i n  Themnal Expansion - 1973 (Lake of the  Ozarks), AIP Conf. Proc .  1 7 ,  
eds.  by R .  E .  Taylor  and G. L. Denman, American I n s t i t u t e  of P h y s i c s ,  
New York, 1974. 

D.  M. Kroeger ,  C .  C .  Koch, and J. P. Char leswor th ,  "A Comparison 
of Methods f o r  Measuring Flux  G r a d i e n t s  i n  Type-I1 Superconductors , "  
J .  Low Temp. Phys. 1 9 ( 5 / 6 ) :  493-512 (June 1975) .  

J .  M. L e i t n a k e r  and J .  0.  S t i e g l e r ,  "Comment on Ashbee E t  A Z ' s  Paper  
on Voids i n  Boron Carb ide ,"  J .  Nucl. Mater. 5 5 ( 1 ) :  113-16 (January  1975) .  

L. K. Mansur, K .  F a r r e l l ,  and J .  0. S t i e g l e r ,  "Comparison of Void 
Growth K i n e t i c s  i n  I r r a d i a t e d  S t a i n l e s s  Steels and Pure Metals," (Summary) 
Trans. Am. Nuel. Soe. Zl(TANSA0 2 1 ) :  163-64 (June 1975).  

E f f e c t s , "  IEEE Trans. Nuel. S e i .  NS22: 1743-48 (June 1975) .  

C. B. Finch,  G.  W. C l a r k ,  L. A.  Harris, and C.  S. Yust ,  "Czochra lsk i  

R. W. Hendricks,  J. S c h e l t e n ,  and W .  Schmatz, " S t u d i e s  of Voids i n  

J. D.  Holder and B. F.  Oliver, "The D i r e c t i o n a l  S o l i d i f i c a t i o n  of 

S .  H. J u r y ,  D .  Arnur ius ,  T. G .  Godfrey,  D. L .  McElroy, and J. P .  Moore, 

C .  C.  Koch and D .  M. Kroeger ,  "The E f f e c t s  of Yt t r ium o r  Gadolinium 

C.  C. Koch and D .  M.-Kroeger ,  "Fluxoid P inning  i n  Niobium Conta in ing  

C.  C .  Koch, W. E.  Gardner,  and M .  J. Mortimer,  "The E f f e c t s  of Some 

Thomas G .  K o l l i e ,  D .  L.  McElroy, J.  T .  Hut ton,  and W. M .  Ewing, 

C .  J.  McHargue, "The Use of A c c e l e r a t o r s  t o  Study I r r a d i a t i o n  
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C. J. McHargue, Chaps. 2 and 3 in Report of t he  AdHoc Pane2 on the  
Use of AcceZerators t o  Study I rradia t ion  E f f e c t s ,  Committee on Nuclear 
Science, National Research Council, National Academy of Sciences, 
Washington, 1974. 

Conduct iv i t ies  of RbRr, RbI, and RbCZ From 80 t o  400 K ,  ORNL-TM-4797 
(April 1975). 

J. P. Moore, R. K. Williams, and R. S. Graves, "Lattice Thermal 
Conductivities of RbBr, RbI, and RbCl From 80 to 400 K," Phys. Rev. 
ll(8): 3107-115 (April 1975). 

ThermaZ and EZectrical Conductivity and Absolute Seebeck Coef f ic ien t  
Between 300 and 1000 K ,  ORNL-4986 (September 1974). 

and the Electronic Structure of a One-Dimensional Liquid Metal," Phys. 
Rev. B ll(10): 3678-86 (May 1975). 

onto a Lithium Metal Surface," Surf. Sei .  49(1): 310-14 (Apr. 1, 1975). 

Spectra of Lithium Hydride," Surf .  Se i .  46(2) : 345-57 (December 1974). 

Anomalous Scattering Associated with Anomalous Dispersion," Phys. Rev. 
Le t t .  33(5) : 262-65 (July 1974). 

Analysis with X-Ray Fluorescence," pp. 421-39 in Proc. 1 s t  Annu. NSF 
Trace Contaminants Conf., CONF-730802 (March 1974). 

P. A. Staats and 0. C. Kopp, "Studies on the Origin of the 3400 cm-I 
Region Infrared Bands of Synthetic and Natural a-Quartz," J .  Phys. Chem. 
SoZids 35(9): 1029-33 (September 1974). 

of Fe8+ and M n 2 +  in Synthetic Forsterite (Mg2Si04)," Am. Mineral. 59(11- 
12): 1259-66 (November-December 1974). 

R. K. Williams, "A Study of the Electrical Resistivity of Zone- 
Refined Tungsten at High Temperatures," J .  AppZ .  Phys. 46(2) : 475-90 
(February 1975). 

Determinations of Solution Thermodynamics," Mater. Se i .  Eng. 19(1): 
37-42 (May 1975). 

Percent Aluminum Alloy," MetaZ2. Trans. 5(8): 1843-50 (August 1974). 

J. P. Moore, R. K. Williams, and R. S. Graves, Lat t i ce  ThermaZ 

J. P. Moore, D. L. McElroy, and R. S. Graves, Technique for Determining 

H. K. Peterson, L. M. Schwartz, and W. H. Butler, "Short-Range Order 

G. L. Powell, R. E. Clausing, and G. E. McGuire, "Sodium Segregation 

G. L. Powell, G. E. McGuire, D. S .  Easton, and R. E. Clausing, "Auger 
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