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FOREWORD 

Since  most programs of t h e  Metals and Ceramics Div i s ion  r e p o r t  p rogress  
on a q u a r t e r l y  o r  semiannual schedule ,  t h e  need f o r  an annual  r e p o r t  has  
diminished.  However, work suppor ted  by t h e  O f f i c e  of Materials Sc ience ,  
D iv i s ion  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 ive  a view of t h i s  program i n  t h e  Metals and Ceramics Div i s ion  
an annual  r e p o r t  has  been prepared .  It c o n s i s t s  of a b s t r a c t s  of papers  
publ i shed  o r  p re sen ted  dur ing  t h e  yea r  ending June 30, 1976 ,  and summaries 
of work i n  progress .  

During t h i s  r e p o r t i n g  pe r iod  a number of new programs have been s t a r t e d  
and o t h e r s  phased ou t  i n  o r d e r  t o  re f lec t  t h e  broadened r e s p o n s i b i l i t i e s  
of  t h e  Div i s ion  of Phys ica l  Research t o  the Energy Research and Development 
Adminis t ra t ion  compared wi th  t h e  Atomic Energy Commission. By t h e  s t a r t  
of N 1977 ,  i t  i s  es t imated  t h a t  t h e  t h r u s t  of t h e s e  s t u d i e s  w i l l  b e  32% 
nuc lea r  energy,  36% nonnuclear  energy,  and 32% m u l t i d i r e c t i o n a l - b a s e  
r e sea rch .  

(1) assignments  of ou r  staff in o t h e r  o r g a n i z a t i o n s ,  (2)  gues t  assignments 
i n  ou r  s e c t i o n ,  ( 3 )  s t a f f  changes,  ( 4 )  j o i n t  appointments of ou r  s t a f f  
w i th  t h e  Un ive r s i ty  of Tennessee f o r  t h e  academic yea r  197-5-1976, (5) papers  
p re sen ted  a t  t e c h n i c a l  meet ings,  and ( 6 )  p u b l i c a t i o n s .  

Following the r e p o r t s  of o u r  t e c h n i c a l  progress  is an  appendix l i s t i n g  

C. J. McHargue 
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SUMMARY 

1. STRUCTURE OF MATERIALS 

1.1 T h e o r e t i c a l  Research 

The constant-energy KKR band theory  techniques  o r i g i n a t e d  by t h e  
Theory Group have been f u r t h e r  developed and used t o  c a l c u l a t e  t h e  
electron-phonon coupl ing  c o n s t a n t  f o r  many metals. These r e s u l t s  have 
been used t o  g a i n  a deeper  understanding o f  t h e  c o n d i t i o n s  under which 
h i g h  superconducring t r a n s i t i o n  tempera tures ,  T,, niight b e  a t t a i n e d .  
Coupling t h e s e  r e s u l t s  w i t h  t h e  newly developed Fermi s u r f a c e  harmonics 
made i t  p o s s i b l e  t o  c a l c u l a t e  gap a n i s o t r o p y  f o r  niobium, and has l e d  
t o  a r ea l i s t i c  theory  f o r  t h e  upper c r i t i c a l  f i e l d  H,, i n  hard  super- 
conductors .  These band t h e o r y  techniques  have been extended t o  t rea t  
hcp metals, and t h e  Fermi s u r f a c e  of technecium h a s  been c a l c u l a t e d  
f o r  t h e  f i r s t  t i m e .  

The 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  technique  h a s  been used t o  s t u d y  
t h e  e l e c t r o n i c  states and o r b i t a l s  on f l a t  and s tepped  s u r f a c e s .  From 
these s t u d i e s  g e n e r a l  in format ion  about  bonding on metal  s u r f a c e s  can 
b e  obta ined ,  and i n  a d d i t i o n  t h e  bonding of  oxygen on an aluminum s u r f a c e  
has been  analyzed i n  d e t a i l .  

Our s t u d i e s  of  e l e c t r o n i c  states i n  d i s o r d e r e d  systems have l e d  t o  
a model c a l c u l a t i o n  f o r  a one-dimensional " t r a n s i t i o n  metal  a l l o y "  t h a t  
can  b e  used f o r  a c r i t i q u e  of t h e  techniques  p r e s e n t l y  be ing  used i n  
s t u d i e s  of real  a l l o y  systems. 
d e n s i t y  f u n c t i o n  of d i s o r d e r e d  s o l i d s  A ( k , E )  have been used f o r  t h e  
same purpose,  b u t  they  have a l s o  y i e l d e d  new p h y s i c a l  i n s i g h t s  i n t o  
t h i s  l i t t l e - u n d e r s t o o d  q u a n t i t y  and have allowed u s  t o  e x p l a i n  a n  
experiment on a n  amorphous magnet c a r r i e d  o u t  a t  t h i s  l a b o r a t o r y .  Our 
CPA c a l c u l a t i o n  on t h e  pal ladium hydr ide  system is  t h e  f i r s t  r ea l i s t i c  
theory  f o r  e l e c t r o n i c  states i n  s u b s t o i c h i o m e t r i c  compounds. 

We have developed a numerical  t echnique  t o  s t u d y  t h e  t r a n s i e n t  and 
s t a t i o n a r y  s ta tes  o f  d e f e c t  annea l ing  and c l u s t e r i n g  f o r  quenching, 
annea l ing ,  and i r r a d i a t i o n  s i t u a t i o n s .  

Our mode& c a l c u l a t i o n s  of the s p e c t r a l  

1 . 2  X-Ray D i f f r a c t i o n  Research 

F i n a l  phases  of  t h e  i n s t r u m e n t a t i o n  f o r  t h e  IO-m small-angle x-ray 
s c a t t e r i n g  spec t rometer  have been completed; experiments w i t h  such 
d i v e r s e  specimens as n e u t r o n - i r r a d i a t e d  m e t a l s ,  c a t a l y s t s ,  c o l l a g e n  
f i b r i l s ,  and nu-bodies from chicken  chromosomes have been c a r r i e d  o u t  
t o  tes t  t h e  c a p a b i l i t i e s  of  t h i s  machine. Performance t o  date m e e t s  
o r  exceeds t h a t  expected by e x t r a p o l a t i o n s  from o u r  exper ience  w i t h  a 
smaller system. A t e c h n i c a l l y  u s e f u l  c h a r a c t e r i z a t i o n  of pyrocarbon 
c o a t i n g s  f o r  u s e  on r e a c t o r  f u e l  p e l l e t s  h a s  been achieved w i t h  r e s u l t s  
f r o m  small-angle  x-ray s c a t t e r i n g  measurements. 

x i i i  
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Our p r e d i c t i o n s  t h a t  weak space-group-forbidden x-ray r e f l e c t i o n s  
may ar ise  i n  c e r t a i n  c r y s t a l s  because of anharmonic t h e m a l  v i b r a t i o n s  
o r  nonspher ica l  e l e c t r o n  d i s t r i b u t i o n s  have been borne  o u t  by e x p e r h e n t s  
w i t h  a V 3 S i  c r y s t a l .  S ince  t h e  important  superconduct ing p r o p e r t i e s  of 
such compounds must b e  r e l a t e d  t o  t h e  d e t a i l s  of t h e  thermal motion, we 
expect  our  measurements t o  contr i lbute  t o  our  understanding of t h i s  
phenomenon. 

x-rays i n  a s a m p l e  of i n t e r e s t  have (1) i n c r e a s e d  t h e  s e n s i t i v i t y  of 
f l u o r e s c e n c e  a n a l y s i s  f o r  trace elements by several o r d e r s  o.E magnitude, 
( 2 )  enabled more precise  q u a n t i t a t i v e  i n t e r p r e t a t i o n s  of x-ray f luo res -  
cence d a t a  t o  be  made, and ( 3 )  permi t ted  u s  t o  f i n d  and s tudy  a Raman 
resonance s c a t t e r i n g  e f f e c t  previousl.y obscured by background n o i s e .  

modulated three-dimensional s t r u c t u r e  (MS3)  groups.  This  wo-t-k would 
s e e m  t o  b e  among t h e  f:i.rst a p p l i c a t i o n s  of m o d d a t e d  synnietry theory  
t o  b e  approximate s o l u t i o n s  of s u p e r s t r u c t u r e s  i n  which atom p a r m e t e r s  
are r e l a t e d  i n  s p e c i a l  ways n o t  apparent  from t h e i r  space  groups.  Pro- 
g r e s s  i n  s e l e c t i o n  arid i n i t i a l  c h a r a c t e r i z a t i o n  of monocl inic  europia  
c r y s t a l s  f o r  s t r u c t u r e  a n a l y s i s  i s  r e p o r t e d .  

Appl ica t ions  of monochromatic x-ray sources  t o  excite f l u o r e s c e n t  

The c r y s t a l  s t r u c t u r e  o f  L i T e 3  was descr ibed  wit-h t h e  h e l p  of 

1 .3  Fundamental Ceramics S t u d i e s  

S t u d i e s  of vapor d e p o s i t e d  c o a t i n g s  of pyrocarbon and s i l i c o n  
c a r b i d e  have been completed. The s i z e ,  shape, and d i s t r i b u t i o n  of 
p o r o s i t y  and m i n e r a l s  i n  coal  h a s  been i n v e s t i g a t e d ,  and t h e  i n t i t i a l  
r e s u l t s  have been r e p o r t e d .  Work has  cont inued on the e v a l u a t i o n  of 
f i s s i - o n  product  and r e a c t o r  s t r u c t u r a l  material  c o m p a t i b i l i t y ,  as w e l l  
as on t h e  preparat: ion of  l a r g e  europium oxide  s i n g l e  c r y s t a l k  f o r  d e t a i l e d  
s tudy  of t h e  p r o p e r t i e s  of t h i s  p o t e n t i a l  neut ron  absorber  material. 
S t u d i e s  have been i n i t i a t e d  on f i s s i o n  product  t r a n s p o r t  i n  advanced 
LMFBR f u e l s ,  on e r o s i o n  of ceramics, and on t h e  deformation of ceramic- 
m e t a l  f i .ber composites,  

1 . 4  C r y s t a l  Phys ics  

I n d i c a t i o n s  are t h a t  P o n  p l a y s  an estreme1.y important  r o l e  i n  c o n t r o l  
of metal oxide-metal e u t e c t i c  s o l i d i f i c a t i o n .  Thermochemical d a t a  and 
oxidat:i.on-reduction experiments have p e s n i t t e d  reasonable  con. t rol  of t h e  
Cr-0-Mo system. On t h e  b a s i s  of p r e d i c t i o n s  o f  t h e  mathematical  modeling 
of t h e  i n t e r n a l  zone growth technique,  t h e  sample diameter  has  been 
i n c r e a s e d  from 2 t o  5 cm t o  avoid t h e  severe i n s t a b i l i t y  of t h e  induct ion-  
coupled power i n  samples  of  C~203-Mo a t  c e r t a i n  combinati.ons of contro1.l.able 
system parameters .  A s  we s c a l e d  up t h e  UO2-IJ d-iameter from 2 t o  3 c m  i t  
appears  t h a t  €o r  t h e  f i r s t  t i m e ,  i n  t h i s  system, we are  being t roubled  
w i t h  a less severe i n s t a b i l i t y  e f f e c t .  Never the less  w e  achieved m e l t s  
i n  450-g i n g o t s ,  o b t a h e d  improved t u n g s t e n  f i b e r  c o n t i n u i t y ,  and i i icreased 



s i z e  and l e n g t h  of cel ls .  The s e a r c h  f o r  coupled e u t e c t i c  metal oxide- 
metal systems of i n t e r m e d i a t e  tempera tures  (less than  about 2000')C) w a s  
r e i n i t i n t e d .  A few experiments  i n d i c a t e  t h a t  C e O z - N i  may be such a 
system. 

s o l i d i f y  t h e  e u t e c t i c  LiF-20 mole % CaF2. The  purpose of t h e s e  e x p e r i -  
ments i s  t o  f i n d  a well-behaved system as a model f o r  ga in ing  b e t t e r  
unders tanding  of t h e  p o t e n t i a l  and l i m i t a t i o n s  of the EFG process .  As 
an example w e  have numer ica l ly  so lved  t h e  time-dependent mass- t ransfer  
problem f o r  a b ina ry  l i q u i d  c r y s t a l l i z i n g  t o  a e u t e c t i c  s t r u c t u r e  under 
cond i t ions  imposed by t h e  EFG process .  

F a b r i c a t i o n  of  a new, l a r g e r  hydrothermal  au toc lave  i s  complete. 
It w i l l  have an i n t e r n a l  d iameter  of 3 2  mm, compared wi th  ou r  p r e s e n t  
22-mm bombs. This  w i l l  permi t  t h e  growth of q u a r t z  c r y s t a l s  (RbOH s o l u t i o n  
based) of s u f f i c i e n t  s i z e  f o r  d i r e c t  measurement of a c o u s t i c  l o s s  (Q) of 
f a b r i c a t e d  o s c i l l a t o r  p l a t e s .  

t r a n s p o r t  in molten CaF2'LiF s o l v e n t .  This  sugges t s  t h a t  t h i s  technique  
w i l l  b e  a p p l i c a b l e  t o  p r e p a r a t i o n  of  act inide-doped CaO s i n g l e  c r y s t a l s  
f o r  e l e c t r o n  paramagnetic resonance s t u d i e s .  Monoclinic Eu2O3 c r y s t a l s  
have been grown from molten NaF s o l v e n t .  Need le l ike  c rys t a l s  0.2 x 0 . 2  x 
5 mm wi th  l o w  N a  and F s o l v e n t  impur i ty  con ten t  have been grown. Bridgman 

rowth OS RbCaF3, L a B r 3 ,  and C a B r 2  doped w i t h  244Cm and S r C 1 2  doped wi th  
'43Bk has  been s u c c e s s f u l .  These crystals  are being used f o r  o p t i c a l  
and luminescence s t u d i e s .  Raman, i n f r a r e d ,  and v i s i b l e  abso rp t ion  s p e c t r a  
of ou r  c r y s t a l s  of MnzSiO4 have been measured. Self-luminescence of 
several curium-doped a l k a l i n e - e a r t h  and lanthanum h a l i d e s  has been s t u d i e d  
and is being prepared €or  publ . icat ion.  
i n  SrC12 and BaF2 has  been publ i shed .  

T h e  edge-defined, f i lm-fed (EFG) method w a s  used t o  d i r e c t i o n a l l y  

Pure and rare-earth-doped CaO c r y s t a l s  have been grown by mass 

An EPR i n v e s t i g a t i o n  of 253Es2+ 

2. DEFORMATION AND MECHANICAL PROPERTIES 

Shape i n s t a b i l i t y  i n  W7.5 w t  % -2.5 w t  % Z r  a l l o y  was expla ined  
on t h e  b a s i s  of  an i n t e r a c t i o n  of aging mechanisms and p r e f e r r e d  o r i e n t a -  
t i o n s  caused by mechanical  twinning. The m a r t e n s i t i c  t r ans fo rma t ion  t o  
monocl inic  a*- i n  a monotectoid uranium-niobium a l l o y  w a s  observed t o  
t a k e  place bo th  a the rma l ly  and i s o t h e r m a l l y .  The p r e c i p i t a t i o n  process  
i n  aluminum-gold a l l o y s  and i t s  e f f e c t  on t h e  r e s i d u a l  r e s i s t i v i t y  r a t i o  
and microhardness  w e r e  i n v e s t i g a t e d .  The e f f e c t s  of i n i t i a l  o r i e n t a t i o n  
on t h e  deformation and r e c r y s t a l l i z a t i o n  behavior  of r o l l e d  tan ta lum 
s i n g l e  c r y s t a l s  w e r e  s t u d i e d  by o p t i c a l  and e l e c t r o n  meta l lography,  x-ray 
l i n e  broadening and p o l e  f i g u r e  a n a l y s e s ,  and microhardness  t e s t i n g .  
S t u d i e s  w e r e  i n i t i a t e d  on t h e  s u r f a c e  deformat ion  t h a t  accompanies wear 
and e ros ion .  
by t r ansmiss ion  e l e c t r o n  microscopy. 

Hydrogen embr i t t l ement  of n i c k e l  s i n g l e  c r y s t a l s  w a s  s t u d i e d  



3. PHYSICAL PROPERTIES AND TRANSPORT PHENOEIENA 

3 . 1  Mechanisms of Surface  and S o l i d - s t a t e  React ions 

Ceramic-metal composites (Cr203-Mo) r e s i s t e d  a t t a c k  a t  1000°C i n  
a v a r i e t y  of CO-CO2 mixtures  b u t  r e a c t e d  r e a d i l y  i n  SUI-fur-bearing 
atmospheres. 
chromium a l l o y s  i n  mixed-gas environments i n  terms o f  t h e  p r o p e r t i e s  
o f  individual .  r e a c t i o n  products .  S t u d i e s  of i n t e r d i f f u s i o n  processes  
i n  vanadium-titanium a l l o y s  between 900 and 160OOC were e s s e n t i a l l y  
completed t h e  r e s u 1 . t ~  showing that t h t r  vacancy wind phenomenon i n f l u e n c e s  
i n C r i n s i c  d i f f u s i o n  f l u x e s  tro a g r e a t e r  degree  than t : heo re t i ca l ly  pre- 
d i c t e d .  I n t e r s t i t i a l  d i f f u s i o n  o f  oxygen i n  niobium w a s  slowed s i g n i f i -  
c a n t l y  by t h e  a d d i t i o n  of 1. a t .  X Z r ,  presumably because Qf c l u s t e r i n g  of  
oxygen about  t h e  zirconium a t o m .  W e  i n i t i a t e d  p r o j e c t s  t o  i n v e s t i g a t e  
tritium d i f f u s i - o n  i n  oxides  and t h e  meclianism of  anomalous f a s t  d i f f u s i o n  
i n  metals; a t h e o r e t i c a l  t rea tment  of c e r t a i n  a s p e c t s  of t h e  l a t t e r  
phenomenon w a s  completed. Several o l d e r  programs involv ing  t h e  oxi-dation 
of uranium-base and r e f r a c t o r y  m e t a l  a l - loys and t h e  m i c r o s t r u c t u r e  of  
ox ide  scales formed on Z i r c a l o y  w e r e  cotrrpl~eted o r  are be ing  phased o u t .  

We began a program t o  c h a r a c t e r i z e  t h e  r e a c t i o n s  of i ron-  

3 . 2  P h y s i c a l  P r o p e r t i e s  Kesearch 

The thermal. c o n d u c t i v i t y  of p o l y c r y s t a l l i n e  C s C I ,  C s B r ,  and C s T  w a s  
measured and compared w i t h  prev ious  r e s u l t s  on rubidium h a l i d e s .  The 
e lec t r ica l  c o n d u c t i v i t i e s  of some s i n g l e - c r y s t a l  s p i n e l  f e r r i t e s  were 
s t u d i e d .  Improved procedures  t o  s e p a r a t e  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  of  metals  w e r e  developed. Transpor t  p r o p e r t y  
measurement:s on i r o n  and d i l u t e  i r o n  a l l o y s  w e r e  completed and analyzed 
t o  show t h e  behavior  o f  t h e  Lorenz number and t h e  l a t t i c e  thermal 
r e s i s t a n c e  of p u r e  i r o n .  The e lec t r ica l  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 niobium w e r e  measured t o  1600 K .  The s p e c i f i c  h e a t s  
of 241Am, PuCo.82, P u C O , ~ ~ ,  PuC1.51, and Eu203 were measured. 
opera ted  d a t a  a c q u i s i t i o n  systems w e r e  used f o r  thermal  expansion 
measurements , f o r  a t echnique  t o  o b t a i n  t h e  thermal  d i f f u s i v i t y  and 
thermal c o n d u c t i v i t y  o f  s a l t  c o r e s ,  and f o r  temperature  measurements 
on o x i d i z i n g  zirconium samples. 

Computer- 

3.3 Superconducting Materials 

The i n f l u e n c e  of meta l l -urg ica l  v a r i a b l e s  ( p r e c i p i t a t e  and d i s l o c a t i o n  
s t r u c t u r e )  on superconduct ing c r i t i c a l  c u r r e n t  d e n s i t y  w a s  s t u d j e d  i n  
Nb-Ti a l l o y s  c o n t a i n i n g  yttr:ium p a r t i c l e s ,  and i n  N b - I l f  a l l o y s  ( t h e  Nb- 
Hf a l l o y s  e x h i b i t  d ramat ic  peak e f f e c t s ) .  The f l u x o i d  l a t t i c e  w a s  imaged 
i n  V 3 G a  by a d e c o r a t i o n  technique  and the u s e  of scanning e l e c t r o n  micro- 
scopy. Neutron d i f f r a c t i o n  w a s  u sed  t o  s t u d y  t h e  bending of f l u x  l i n e s  



mi i 

by t r a n s p o r t  c u r r e n t s  i n  Nb--13% T a  a l l o y s .  A l t e r n a t i n g  c u r r e n t  measure- 
ments on I%-Ta s a m p l e s  r e v e a l e d  magnetic h i s t o r y  e f f e c t s ,  which are  
b e l i e v e d  t o  b e  r e l a t e d  t o  t h e  d e f e c t  s t r u c t u r e  of t h e  f l u x o i d  l a t t i c e .  

The mechanical p r o p e r t i e s  of superconduct ing composite conductors  
w e r e  determined a t  4.2  K.  
c u r r e n t  densitly w a s  s t u d i e d  i n  m u l t i f i l a m e n t a r y  Nb3Sn conductors .  P l a s t i c  
deformation and s t r e s s - s t r a i n  h y s t e r e s i s  l o o p s  were fourid t o  b e  s i g n i f  i- 
c a n t  s o u r c e s  of h e a t  g e n e r a t i o n  i n  superconduct ing composites.  

high v a l u e s  o€  upper c r i t i ca l  f i e l d  and s t r o n g  f l u x  pinning near  the 
specimen surf ace. 

N b 3 A 1 ,  and N b 3  (A13Ge) i s  d e s c r i b e d .  

The s t ress - induced  d e g r a d a t i o n  of c r i t i c a l  

Inhomogeneities i n  niobium s u r f a c e s  were found r e s p o n s i b l e  f o r  

Work i n  p r o g r e s s  on the advanced superconductors  LiTi704, PbMogSs, 

4 .  RADIA4TION EFFECTS 

The Radia t ion  E f f e c t s  Program i s  concerned wi th  understanding the 
e f f e c t s  of v a r i a t i o n s  i n  composition and m i c r o s t r u c t u r ?  on s w e l l i n g  
behavior  and mechanical p r o p e r t i e s  changes a r i s i n g  from e lcva ted-  
temperature  neut ron  i r r a d i a t i o n .  
work sponsored by t h e  LMFBK and f u s i o n  r e a c t o r  programs by examining 
r e l a t i v e l y  s imple  systems and by conduct ing s t u d i e s  aimed a t  i d e n t i f y i n g  
mechanisms conLrol l ing  damage a 

During t h e  p a s t  y e a r  s w e l l i n g  and p o s t i r r a d i n t l o n  mechanical 
p r o p e r t y  measurements w e r e  completed oti h igh-pur i ty  aluminum and a 
ser ies  of commercial aluminum a l l o y s  i r r a d i a t e d  t o  exposures  o f  up t o  
260 dpa i n  t h e  High F l u x  I s o t o p e  Reactor .  
a n e g l i g i b l e  amount and r e t a i n e d  a t  least 10% e l o n g a t i o n  i n  t e n s i l e  t e s t s ,  
showed t h e  b e s t  performance of the group. S t u d i e s  of  s m a l l  impur i ty  
a d d i t i o n s  t o  aluminum i n d i c a t e d  tha t  elements  t h a t  caused l a r g e  changes 
i n  l a t t i c e  parameter reduced swell i n g .  I n  h i g h l y  i r r a d i a t c c l  commercially 
pure  aluminum, s p h e r i c a l  shells o r  c o a t i n g s  r i c h  i n  s i l i c o n  were found 
on t h e  voids .  

A c o r r e l a t i o n  experiment designed t o  compare t h e  tempera ture  
dependencc of damage produced by neut ron  and n i c k e l  i o n  bombardment 
i n  n i c k e l  showed t h a t  t h e  3000-fold i n c r e a s e  i n  damage rate i n  t h e  ion 
bombardment experiment i n c r e a s e d  t h e  tempera ture  f o r  peak s w e l l i n g  by 
about  200°C. 

d i s l o c a t i o n  loop  format ion  i n  high- and low-swelling s t a i n l e s s  steels.  
Loops i n  the low-swelling steel appeared t o  b e  more s t a b l e  and grew t o  
l a r g e r  s i z e s  b e f o r e  u n f a u l t i n g .  S i l i c o n ,  the element r e s p o n s i b l e  f o r  
t h e  s w e l l i n g  r e s i s t a n c e  of the steel ,  w a s  found t o  be  segrega ted  t o  
the d i s l o c a t i o n  loops .  

t r e a t e d  t o  produce a v a r i e t y  of coherent  and i n c o h e r e n t  p r e c i p i t a t e  
s t r u c t u r e s  w a s  i r r a d i a t e d  t o  examine t h e  e f fec ts  of  m i c r o s t r u c t u r e  on 

It complements and s u p p o r t s  a p p l i e d  

The 6061 a l l o y ,  which swel led 

I o n  bombardment w a s  used t o  stludy the e a r l y  s t a g e s  of  i n t e r s t i t i a l  

A series of  two-phase aluminum, copper ,  and n i c k e l  a l l o y s  hea t -  



x v i i i  

swel.ling behav-Lor. 
coherency s t r a i n s  r e t a r d e d  s w e l l i n g ,  whi1.e s t r a i n s  of t e t r a g o n a l  symmetry 
suppressed i t  f o r  1-MeV e l - ec t ron  exposures o f  up t o  40 dpa. 

P o s i t r o n  annihilat:i.on w a s  shown t o  be  a u s e f u l  technique  f o r  moni tor ing  
t h e  migratzion and p r e c i p i t a t i o n  of helium i n t o  bubbles  i n  aluminim. 

h n  e v a l u a t i o n  of commercial aliminum a l l o y s  f o r  f u s i o n  r e a c t o r  f i r s t -  
w a l l  a p p l i c a t i o n s  i n d i c a t e d  t h a t  swel l ing and d u c t : i l i t y  l o s s  w i l l  p rec lude  

I n  t h e  c a s e  of copper a l l o y s  s p h e r i c a l l y  syme t r i ca l  

t h e i r  use  at temperatures  above 473 K ( 2 0 0 O C ) .  
Techni-ques f o r  implant ing helium i n  metals f o r  s tudying  high- 

temperature  pmbrit t lement were reviewed and shown n o t  t o  provide  a com- 
p l e t e  s i m u l a t i o n  of the processes  occurr tng  dur ing  el.evated-teiiiperature 
neut ron  i r r a d i a t i o n .  
mechanisms o f  embr i t t l ement .  

A t h e o r e t i c a l  i n v e s t i g a t i o n  of formation of a t h i n  l a y e r  of d i f f e r i n g  
e l a s t i c  p r o p e r t i e s  surrounding a void  as a r e s u l t  of s o l u t e  s e g r e g a t i o n  
showed a signf.fica.nt  change i n  the image i n t e r a c t i o n  of  s e l f - i n t e r s t i t i a l s  
w i t h  v o i d s *  I t  w a s  concluded t h a t  t h e  formation of a s u r f a c e  l a y e r  t h a t  
provides  a n  a c t i v a t i o n  b a r r i e r  f o r  t h e  i . n t e r s t i t i a1 . s  i s  pr0babS.y necessary  
f o r  vo id  n u c l e a t i o n ,  a l though a l a r g e  d i s l o c a t i o n  b i a s  o r  change i n  s u r f a c e  
energy as a r e s u l t  of impur i ty  contaminat ion could provide  t h e  d r i v i n g  
f o r c e .  Other  s t u d i e s  examined n u c l e a t i o n  i n  t h e  r e g i o n  of an e x i s t i n g  
i n t e r s t i t i a l  d i s l o c a t i o n  loop.  Void n u c l e a t i o n  w a s  shown t o  b e  more 
l i k e l y  i n  t h e  r e g i o n  above (or  below) the p l a n e  of t h e  l o o p .  Dose exponents 
f o r  swel.l.i:ng were evalua ted  f o r  l i m i t i n g  cases f o r  models t h a t  have been 
proposed and shown t o  depend on m i c r o s t r u c t u r e .  S i n c e  several regimes 
may b e  t r a v e r s e d  i n  a long-time i r r a d i a t i o n ,  e x t r a p o l a t i o n  of short- term 
r e s u l t s  i s  q u e s t i o n a b l e  i r t i l ess  e v o l u t i o n  of t h e  m i c r o s t r u c t u r e  is known. 
An e v a l u a t i o n  of  t h e  growth of i n t e r s t i t i a l  d i s l o c a t i o n  loops  i n  n i c k e l  
dur ing  e l e c t r o n  i r radiacioxr  i n d i c a t e d  tihat t h e  r a t i o  of s i n k  s tirength 
f o r  i n t e r s t i t i a l s  t o  tha t  f o r  vacancies i n c r e a s e d  w i t h  i n c r e a x i n g  1 .00~  
s i z e .  A numerical technique f o r  d e s c r i b i n g  d i f f u s i o n  of p o i n t  d e f e c t s  
i n  a stress f i e l d  w a s  developed and appS.i.ed t o  s m a l l  d i s l o c a t i o n  loops  
i n  quenched aluminum. An a n a l y t i c a l .  s o l u t i o n  was developed f o r  d i f f u s i o n  
of  p o i n t  d e f e c t s  t o  a toroi.da1 s i n k  i n  a f i n i t e  medium. C a l c u l a t i o n s  
based on s u r f a c e  energy c o n s i d e r a t  ions \?ere i n i t i a t e d  t o  d e s c r i b e  t h e  
morphologies of p r e c i p i t a t e  p a r t i c l e s  r e su l t i . ng  from s e g r e g a t i o n  of  
i m p u r i t i e s  t o  radiat ion-induced d e f e c t s .  Vacancy and i n t e r s t i t i a l  
p r o f i l e s  produced by i o n  bombardment w e r e  c a l c u l a t e d  f o r  t h e  tempera ture  
range where vacancies  are  mobile .  Peak concentzrations were broadened 
and d i s p l a c e d  from t h e  p o i n t  of m a x i m u m  g e n e r a t i o n  ra te .  C a l c u l a t i o n  of 
t he  d e f l e c t i o n  of p r e s s u r i z e d  e c c e n t r i c  t u b e s  d u r i n g  i r r a d i a t i o n  showed 
t h a t  t h e  d e f l e c t i o n  can b e  used t o  e v a l u a t e  t h e  e f f e c t  of  a h y d r o s t a t i c  
stress on swel l ing .  

and t h e  CN Van d e  Graaff f a c i l i t y  are r e p o r t e d  a long  w i t h  a sununary of 
heavy i o n  bouhardments made dur ing  t h e  y e a r .  A major experiment t o  b e  
i r r a d i a t e d  i n  a Row 7 p o s i t i o n  of  EBR-TI w a s  designed and c o n s t r u c t e d .  
Experiments be ing  conducted w i t h  DPK suppor t  are descr ibed .  Developments 
i n  a n a l y t i c a l  and high-vol tage e l e c t r o n  microscopy f a c i l i t i e s  are  r e p o r t e d .  

The techniques w e r e  recommended f o r  i den t i fy i -ng  

Progress  on t h e  development of t h e  ORNE i r r a d i a t i o n  c reep  experiment 



1. STKUCTURE OF MATERIALS 

1.1 THEORETICAL RESEARCH J .  S .  Faulkner  

W e  have c o n t r i b u t e d  t o  t h e  development of models f o r  p o i n t  d e f e c t  
annea l ing  and c l u s t e r i n g  i n  f i n i t e  media, t h e  Korringa-Kohn-Kostoker 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  states 
i n  ordered  s o l i d s ,  t he  cohe ren t -po ten t i a l  approximation f o r  ob ta in ing  
t h e  e l e c t r o n i c  s t a t e s  i n  d i so rde red  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  theory  of s u r f a c e s  and condensed 
matter. W e  are us ing  t h e s e  techniques  t o  g a i n  a n  unders tanding  o f  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 
states and a f t e r  r a d i a t i o n  damage. 

1.. I. 1 E1ectroni .c  S t a t e s  of Subs to ich iometr ic  Compounds and App l i ca t ion  
t o  Pal ladium Hydride' - J. S. Faulkner  

A theory  f o r  t h e  e l e c t r o n i c  s t a t e s  of subs to i ch iomet r i c  compounds 
based on t h e  cohe ren t -po ten t i a l  approximation is  desc r ibed .  Extens ive  
numerical  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 pal ladium hydr ide .  
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  theory  t o  t h i s  system and o t h e r  
systems w i l l  be d i scussed .  

These 

1 . l . 2  A Band Theory C a l c u l a t i o n  of t h e  Fermi Sur€ac.e of Technetium2 .- 
J. S .  Faulkner  

Although technet ium has  no s t a b l e  i s o t o p e s ,  i t  has  some i n t e r e s t i n g  
p r o p e r t i e s .  For example, i t s  t r a n s i t i o n  tempera ture  f o r  supe rconduc t iv i ty  
i s  t h e  h i g h e s t  of any hcp m e t a l - .  
v e r s i o n  of our  KKR band theory  programs t o  c a l c u l a t e  t h e  constant-energy 
s u r f a c e s  of hcp materials wi thou t  i n t e r p o l a t i o n .  T h i s  a l lows  u s  t o  
c a l c u l a t e  t h e  i n t e g r a t e d  d e n s i t y  of states, t h e  Fermi energy ( E F ) ,  t h e  
d e n s i t y  of states a t  EF, and t h e  Fermi s u r f a c e  topology i n  g r e a t  d e t a i l .  
We w i l l  r e p o r t  such c a l c u l a t i o n s  f o r  technetium. 

W e  have r e c e n t l y  adapted a r e v i s e d  

'Abstract: of Phys .  Rev. B13:  2391-93 (1976).  

'Abstract  of a paper p re sen ted  a t  t h e  s o l i d - s t a t e  meeting of  t h e  
American P h y s i c a l  Soc ie ty ,  A t l an ta ,  Georgia,  March 29-April 1, 1976. 



2 

1.1..3 Defect  Ani iea l ing .~~d. - -CI .us te r inR i n  the E l a s t i c  I n t e r a c t i o n  xo' 
F i e l d 3  - M. H. Yoo, W.  11. B u t l e r ,  and L. K.  Mansur 

T h e  e f f e c t i v e  c a p t u r e  r a d i u s  f o r  recombinat ion and the  b i a s  f a c t o r s  
of Frank loops  f o r  p o i n t  d e f e c t s  have been c a l c u l a t e d  by a nimeri.cal 
s o l u t i o n  of t h e  s t e a d y - s t a t e  d i f f u s i o n  equat ion .  Employing t h e s e  r e s u l t s  
we have obta ined  from t h e  g e n e r a l  r a t e  e q u a t i o n s  the. s t e a d y - s t a t e  
d i f f u s i o n  p r o f i l e s  of vacancies  and i n t e r s t i t i a l s  i n  bounded media, namely 
t h e  ha l f - space  and t h e  foil . .  E f f e c t s  of s p a t i a l  v a r i a t i o n  of d e f e c t  
product ion,  thermal emission o f  vacancies ,  b i a s  f a c t o r s  of s i n k s ,  and 
t:he image i n t e r a c t i o n  of p o i n t  d e f e c t s  w i t h  f r e e  s u r f a c e s  on t h e  d e f e c t  
d i f f u s i o n  p r o f i l e s  are  descr ibed .  

1..1.4 Numerical S o l u t i o n s  of t h e  General ._.I. R a t e  Equations-..-for P o i n t  Defects . ... . . . .- 
____..... and Defec t  C l u s t e r s  - M. W. Yo0 

Based on the ra te  theory  model of t h e  homogeneous n u c l e a t i o n  and 
subsequent growth of d e f e c t  c l u s t e r s ,  a system of p a r t i a l  d i f f e r e n t i a l  
r a t e  equat ions  i.s formulated t o  account  f o r  p o i n t  d e f e c t  c o n s e r v a t i o n  
and growth of d e f e c t  c l u s t e r s .  Each of t h e  t o t a l  m -t- n e q u a t i o n s  f o r  m 
types  of mobile d e f e c t s  and n t y p e s  of f i x e d  i n t e r n a l  s i n k s  i s  d iv ided  
i n t o  a number (1) o f  equati-o-ns f o r  s p a t i - a 1  p o s i t i o n s  (one dimension) by 
a procedure known as t h e  method of l i n e s .  The t o t a l  of (m C n)  X 2 r a t e  
equat ions ,  t y p i c a l l y  100, a r e  solved s imultaneously by u s e  of t h e  s t i f f  
i n t e g r a t o r  pac.kage c a l l e d  GEAR-B. T h i s  numerical  technique i s  used t o  
s tudy  t h e  t r a n s i e n t  and s t a t i o n a r y  s ta tes  of d e f e c t  annea l ing  and 
c l u s t e r i n g  f o r  quenching, annea l ing ,  and i r r a d i a t i o n  s i t u a t i o n s .  

1.1.5 Banding K r p p e r t i e s  O F  -. ..... Stepped T r a n s i t i o n  _. .. Metal Surfaces4  - 
G. S.  P a i n t e r ,  R .  0. J o n e s , 5  and P. J .  Jennings'- 

E l e c t r o n i c  s t r u c t u r e  c a l c u l a t i o n s  f o r  s m a l l  metall ic c l u s t e r s  a re  
analyzed t o  d e t e r n i n e  (1) how e l e c t r o n s  a re  d i s t r i b u t e d  s p a t i a l l y  and 

3 A b s t ~ a c t  of pp. 804-11 FundunentaZ Aspects of Radiation Damage i n  
Metals (Proc.  Tnt. Conf., Gat l inburg ,  Tenn. , October 6-10, 1975)  
CONF-751006, Vol. 2. 

4Abst rac t  of a paper  t o  b e  publ i shed  i n  t h e  Proceedings of t h e  NBS 
Conference on t h e  Electron F a c t o r  i n  C a t a l y s i s  on Metals, Gai thersburg ,  
Waryland, December 8-9, 1975.  

West Germany. 
5 1 n s t i t ~ i t  f l r  FestkErper  Forschung d e r  Kernforschungsanlage,  J l l i c h ,  

6School of P h y s i c a l  Sciences,  Murdoch U n i v e r s i t y ,  Nurdoch, A u s t r a l i a  (I 
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e n e r g e t i c a l l y  i n  s m a l l  c r y s t a l l i t e s  and a t  s u r f a c e s ,  ( 2 )  how e l e c t r o n s  
respond t o  s u r f a c e  d i s o r d e r  (k inks ,  s t e p s ,  reduced c o o r d i n a t i o n  number), 
and ( 3 )  how e l e c t r o n i c  c h a r a c t e r i s t i c s  are r e l a t e d  t o  chemical Ly act ive 
s u r f a c e  sites. 

1.1.6 E l e c t r o n i c  S t r u c t u r e  of S t e  ed T r a n s i t i o n  M5tal Surfaces7  - 
-1_1 

G .  S. P a i n t e r ,  P.  J .  J e G n s a n d  R.  0 ,  Jones5  

The m u l t i p l e - s c a t t e r i n g  approach h a s  been used t o  de te rmine  t h e  
e l e c t r o n i c  s t r u c t u r e  and o r b i t a l  charge  d i s t r i b u t i o n s  f o r  c l u s t e r s  of 
i r o n ,  n i c k e l ,  and copper atoms i n  a s imple s tepped  s u r f a c e ,  The d e n s i t y  
of states a t  t h e  Fermi energy i s  by far  t h e  l a r g e s t  i n  t h e  case of i r o n ,  
and t h e  r e l a t - i v e l y  i n e r t  copper i s  d i s t i n g u i s h e d  by t h e  absence o€ 
pronounced charge  l o b e s  p r e s e n t  a t  t h e  s t e p  i n  t h e  o t h e r  e lements .  For 
all t h r e e  elements ,  t h e  s tepped surface sliows 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 . 7  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. Jones,  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  for 13-atom c l u s t e r s  
of 3d 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 u s e  of 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, 
sugges t ing  t h a t  t h e s e  are ac t ive  si tes i n  t h e s e  metn ls .  These lobes are 
inore 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 iven  element,  
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  not  p r e s e n t  on t h e  
f l a t  s u r f a c e .  

1.1.8 Oxygen Chemisorption on a Small. Aluminum C l u s t e r g  _._._I - J, Harriss 
and G. S. P a i n t e r  

T h e  chemisorpt ion of oxygen on t h e  (100) s u r f a c e  of aluminum is 
s t u d i e d  w i t h i n  t h e  Hartree-Fock-Slater s e l f - c o n s i s t e n t  f i e l d  model w i t h  
a m u l t i p l e - s c a t t e r i n g  method. Good agreement i s  obta ined  w i t h  t h e  

"Abst rac t  of J .  Phys.  C 8: L1993--L202 (1975) .  

'Abstract  of  Szryf. S&. 53: 409-28 (1975). 

'Abstract  oE Phys .  Rev. L e t t .  3 6 :  151-53 (1976) .  

, . . . . . . . 
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s p e c t r a l  r e s u l t s  of t h e  jel.lium c a l c u l a t i o n  of Lang and W i l l i a m s  when 
t h e  oxygen-metal d i s t a n c e  approaches t h e i r  e q u i l i b r  iurn s e p a r a t i o n .  For  
a d s o r p t i o n  a t  a h o l e  s i t e ,  w e  a r g u e  t h a t  t h e  O ( 2 p )  resonance shou7.d be  
deeper  i n  t h e  band and broader  than  suggested by t h e  j e l l i u m  model. 

1 .1 .9  A S u r f a c e  Molecule Study of50xygen Chemisorption .- on Aluminum2 ._____ --- 

G .  S .  P a i n t e r  and J .  Harris 

The bonding of oxygen and a s m a l l  c l u s t e r  of al.uminum atoms i s  
s t u d i e d  w i t h i n  the Kartree-Fock-Slater s e l f - c o n s i s t e n t  f i e l d  model by 
a m u l t i p l e - s c a t t e r i n g  technique.  The e l e c t r o n i c  s t r u c t u r e  and l o c a l  
d e n s i t y  of s ta tes  c a l c u l a t e d  f o r  several absorbate-surEace s e p a r a t i o n s  
are compared wi th  a v a i l a b l e  exper imenta l  s p e c t r a l  d a t a .  
of c o r r e l a t i n g  t h e o r e t i c a l  and experimental  r e s u l t s  t o  a s c e r t a i n  s t a b l e  
bonding s i tes  is  d i s c u s s e d .  

The p o s s i b i l i t y  

1.1.10 E l e c t r o n  Phonon I n t e r a c t i o n  i! i  Cubic Systems:-- Appl ica t ion  .. t o  
--I__ Niobium'" - W. H. B u t l e r ,  J .  J .  Olson, 
R .  L .  Gyorffy" 

J .  S .  Faulkner ,  and 

To a good approximation the electron-phonon coupl ing parameter ,  A, 
which de termines  t h e  superconduct ing t r a n s i t i o n  temperature  T, and t h e  
electron-phonon mass enhancement, may he  w r i t t e n  as t h e  product  of two 
f a c t o r s :  one t h a t  depends upon t h e  phonon f r e q u e n c i e s  ( M h 2 )  ) I 1 ,  and a 
pure ly  e l e c t r o n i c  f a c t o r ,  Q. T h i s  l a t t e r  q u a n t i t y  i s  determined by t h e  
band s t r u c t u r e  and t h e  electron-phonon mat r ix  e lements .  I n  t h i s  paper 
w e  develop a method 01 c a l c u l a t i n g  q from f i r s t  p r i n c i p l e s ,  making o n l y  
t h e  r i g i d  muff in- t in  approximation t o  d e s c r i b e  t h e  electron-phonon 
coupl ing.  A s  a n  i l l u s t r a t i o n  we e v a l u a t e  q f o r  niobium and discr iss  t h e  
s i g n i f i c a n c e  of t h e  c a l c u l a t i o n  w i t h  r e g a r d  t o  t h e  v a l i d i t y  o f  d e s c r i b i n g  
t h e  electron-phonon i n t e r a c t i o n  i n  t r a n s i t i o n  m e t a l s  by t h e  r i g i d  muffin- 
t i n  approximation. We a l s o  a t tempt  t o  i s o l a t e  t h o s e  f e a t u r e s  of t h e  
band s t r u c t u r e  t h a t  appear  t o  have t h e  s t r o n g e s t  e f f e c t  on T . 

(7 

"Abstract  of a paper submit ted t o  t h e  Physical Review. 

"Present  a d d r e s s ,  Phys ics  Department, U n i v e r s i t y  of C a l i f o r n i a  a t  

"H. li. W i l l s  P h y s i c s  Laboratory,  Royal F o r t ,  B r i s t o l ,  U.K. 

San Diego. 
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1.1.11. GapAniso t ropy  and gJC Enhancement: General  Theog- and Calcul.ation - -. 

f o r  Nb, Using Fermi S u r f a c e  HarmonicsL3 -_I - W. N. B u t l e r  and 
P .  R .  Allen14 

A g e n e r a l  theory  i s  g iven  of t h e  a n i s o t r o p y  of t h e  energy gap and 
t h e  r e s u l t i n g  t r a n s i t i o n  temperature  {Ye> enhancement of pure  super- 
conductors .  The frequency dependence of t h e  gap A(k,r*i) i s  approximated 
by t h e  two-square-well form of McMillari, b u t  o t h e r w i s e  an e x a c t  a l g e b r a i c  
s o l u t i o n  of t h e  s t rong-coupl ing El iashberg  e q u a t i o n s  i s  given,  v a l i d  f o r  
a r b i t r a r i l y  l a r g e  a n i s o t r o p y .  I n  t h e  l i m i t  of weak a n i s o t r o p y  a s imple 
p e r t u r b a t i v e  formula i s  a l s o  d e r i v e d .  The method o f  s o l u t i o n  r e l i e s  on 
t h e  use of expansion f u n c t i o n s  c a l l e d  Fermi s u r f a c e  harmonirs  (FSIIs) , 
which are v e l o c i t y  polynomials or thonormalized on t h e  Fermi s u r f a c e .  
Methods f o r  e x p l i c i t  c o n s t r u c t i o n  of t h e s e  f u n c t i o n s  are d e s c r i b e d .  A s  
a n  a p p l i c a t i o n  of  t h e s e  techniques  t h e  mass enhancement and gap a n i s o t r o p y  
are c a l c u l a t e d  f o r  niobium i n  a n  approximation t h a t  i n c l u d e s  a l l  e l e c t r o n i c  
a n i s o t r o p y  b u t  n e g l e c t s  t h e  c o n t r i b u t i o n  t o  t h e  a n i s o t r o p y  t h a t  arises 
from phonons. The r m s  gap a n i s o t r o p y  i n  t h i s  model i s  6%, which i s  n o t  
i n c o n s i s t e n t  w i t h  most of t h e  c u r r e n t  exper imenta l  d a t a .  The r e s u l t i n g  
!TC enhancement is  p r e d i c t e d  t o  b e  0.7% o r  0.06 K. 

3.. 1.12 Superconduct iv i ty  i n  t h e  T r a n s i t i o n  Metals’ - w . H. But le r  

We have c a l c u l a t e d  t h e  electron-phonon mass enhancement and super- 
conduct ing t r a n s i t i o n  temperature ,  YC, f o r  e i g h t  c u b i c  t r a n s i t i o n  metals 
us ing  t h e  r i g i d  muff in- t in  approximation of Gaspar i  and Gyarffy,  b u t  
i n c l u d i n g  r i g o r o u s l y  t h e  e f f e c t s  of nonspher ica l  energy bands.  These 
c a l c u l a t i o n s  were made p o s s i b l e  by t h e  numerical  e f f i c i e n c y  o f  t he  KKR 
technique  when opera ted  i n  t h e  constant-energy s e a r c h  mode. W e  f i n d  t h a t  
t h e  r i g i d  muff i n - t i n  approximation i s  q u i t e  adequate  f o r  o b t a i n i n g  a 
q u a l i t a t i v e  f i r s t - p r i n c i p l e s  understanding of t h e  v a r i a t i o n  of T,,, i n  t h e  
t r a n s i t i o n  m e t a l s ,  b u t  t h e  m a t r i x  e lemcnts  should probably b e  reduced by  
s c r e e n i n g  ef€ects.  We f i n d  t h a t  p r o c e s s e s  i n  which t h e  electron sca t te rs  
from a d state t o  an f state  a re  thc primary c o n t r i b u t o r s  t o  the e l e c t r o n -  
phonon i n t e r a c t i o n  i n  t h e  t r a n s i t i o n  meta ls .  

1.1.13 

W e  
and KXR 

A One-Dimensional Model f o r  T r a n s i t i o n  Metals and T h e i r  Alloys” - 
W. H. B u t l e r  

develop t h e  one dimensional  ana logs  of m u 1  t i p l e  s c a t t e r i n g  theory 
band theory.  The muff in- t in  CPA t u r n s  o u t  t o  be  q u i t e  si.nip1.e i n  

13Al,stract of a paper  to appear  i n  proceedings of the S e w r i d  b c h e s t e r  
Conference on d- and f-band Superconductors (Rochester ,  New York, 
A p r i l  30, 1976) .  

14Department of Phys ics ,  S t a t e  U n i v e r s i t y  of N e w  York, Stony 8rook. 
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one dimension when w r i t t e n  i n  terms of t h e  iogariLlirnic d e r i v a t i v e s  of 
tlie r a d i a l  Schrodinger equat ion.  For t r a n s i t i o n  m e t a l s  we develop a 
one-dimensional model t h a t  i n c l u d e s  t h e  e € f e c t s  of h y b r i d i z a t i o n  and 
resonant  s c a t t e r i n g .  Using t h i s  motlc~l we c a l c u l a t e  t h e  change i n  t h e  
d e n s i t y  of scates  due Lu the a d d i t i o n  of a s i n g l e  impur i ty .  A number 
of  s u r p r i s i n g  e f f e c t s ,  which a re  o u t s i d e  t h e  r e a l m  oE t ight-binding models 
and which seem t o  havc three-dimensional  ana logs ,  are observed. 

1." 1 . 1 4  Exact Spectral - .... .. Densi ty  . .. ._ Funct ion f o r  .~.~~. a One-Di-mensional ... . .-. . . . Model of 
__. a n  Amorphous .- S o l i d 2  - D .  G .  Elal.7.15 

The r e s u l t s  of a n  exac t  machine c a l c u l a t i o n  oE t h e  s p e c t r a l  d e n s i t y  
f u n c t i o n  A ( q , o ) )  f o r  a one-dimensional model of a n  amorphous s o l i d  are  
presented .  The model coniiains a n  a d j u s t a b l e  short-range-order  parameter,  
and A(q,w) i s  obta ined  f o r  s e v e r a l  v a l u e s  of t h a t  parameter .  The 
c a l c u l a t e d  A ( q , o )  a re  d iscussed  i n  a g e n e r a l  way, and f e a t u r e s  such as 
broadening and t h e  r e d i s t r i b u t i o n  o f  s ta tes  a re  shown as depar-tu-res from 
t h e  behavior  of A ( ~ , w )  for t h e  ordered system. 

1.1.15 Spectral Densi ty  Funct ions f o r  Amorphous Sol. ids16 ......- _- - D .  G .  IIal-l.15 
and .J . Sr- Fau1kne.G- 

-f 
The s p e c t r a l  d e n s i t y  f u n c t i o n  A ( & , w ) ,  p r o p 2 r t i o n a l  t o  t h e  imaginary 

p a r t  of  t h e  s i n g l e - p a r t i c l e  Green 's  f u n c t i o n  G(Q,w), i s  c a l c u l a t e d  e x a c t l y  
f o r  a one-dimensional model of a n  amorphous s o l i d .  I n  a d d i t i o n  t o  a 
Hamiltonian t h a t  d e s c r i b e s  e l  e c t r o n s  i n  t h e  t igh t -b inding  approximation 
o r  s p i n  waves, w e  a l s o  t r e a t  one t h a t  d e s c r i b e s  phonons. The i n s i g h t  
gained from t h e  model c a l c u l a t i o n  i s  a p p l i e d  t o  r e c e n t  neut ron  s c a t t e r i n g  
r e s u l t s  of Mook e t  a l .  

1.1.16 ... The Q u a s i c r y s t a l l i n c  Approximation: Compar i sonof  t h e  S p e c t r a l  ...__ 

__ Densi ty  ...._... w i t h  Exact'.-&sults'' .- - D .  G .  

The q u a s i c r y s t a l l i n e  approximation (QCA) f o r  e l e c t r o n i c  e x c i t a t i o n s  
i n  a one-dimensional 1 i q u i d  metal  i s  examined by comparing t h e  s p e c t r a l  
d e n s i t y  A ( k , E : )  t o  exac t  numerical  r e s u l t s .  The numerical  method i s  
b r i e f l y  d e s c r i b e d ,  and t h e  1i .mitat ions of t h e  QCA a re  i n d i c a t e d .  

5Under appointment t o  t h e  Graduate Laboratory P a r t i c i p a t i o n  Program 
Administered by ORAU €01- EF(DA. 

Conference on Neutron S c a t t e r i n g ,  Gatlinbiirg,  Tenn., June 6-10, 1976 .  
16Abst rac t  of a paper t o  b e  publ ished i n  t h e  Proceedings of t h e  

I7Abst rac t  of a paper submit ted t o  Solid S t a t e  Commndcatdons. 
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1.1.17 -. T h e  Effect?  of Short-Range Order on t h e  S p e c t r a l  Dens i ty  Funct ion  
_I_- f o r  a One-Dim-cnsional Amorpllous Sol id"  - D .  G .  H a l l "  and 
J. S .  Faul-kner 

The s p e c t r a l  d e n s i t y  A ( Q , E )  i s  c a l c u l a t e d  e x a c t l y  f o r  a one- 
dimensional model of a n  amorphous s o l i d .  The model c o n t a i n s  a n  a d j u s t a b l e  
short-range-order  parameter  a ,  and A ( Q , E j  i s  c a l c u l a t e d  f o r  s e v e r a l  v a l u e s  
of a- 
v i b r a t i o n s  and a t igh t -b inding  Hamiltonian d e s c r i b i n g  i n  a s i m p l i f i e d  
way e i t h e r  e l e c t r o n s  o r  s p i n  waves a re  s t u d i e d  f o r  n e a r e s t  neighbor i n t e r -  
a c t i o n s .  The c a l c u l a t e d  s p e c t r a l  d e n s i t i e s  are  compared with  t h e  r e c e n t  
neut ron  s c a t t e r i n g  measurements o f  Mook, Wakabayashj , and Pan. 

The harmonic o s c i l l a t o r  Hamiltonian a p p r o p r i a t e  t o  l a t t i c e  

1.1.18 C l u s t e r  Shape and C r i t i c a l  Exponents Near P e r c o l a t i o n  Threshold'  e - 
P .  L .  L e a t h l g  

_- .- 

The s h a p e  of t h e  l a r g e ,  random c l u s t e r s ,  o c c u r r i n g  near  p e r c o l a t i o n  
t h r e s h o l d  eo, i s  shown t o  b e  such t h a t  t h e  mean c l u s t e r  boundary-to-bulk 
r a t i o  (b> / (d g i v e s  e o .  A Monte C a r l o  c a l c u l a t i o n  y i e l d s  t h a t  the c l u s t e r  
s i z e  d i s t r i b u t i o n  i s  p r o p o r t i o n a l  t o  n Gaussian i n  b/n, which i s  
independent o f  c o n c e n t r a t i o n  and narrows t o  a d e l t a  f u n c t i o n  as n -+ 00; 

t h e  asymptot ic  behavior  g i v e s  eo and the c r i t i c a l  exponents.  

1.1.19 -_1_ C l u s t e r  S i z e  and Boundary D i s t r i b u t i o n  - Near P e r c o l a t i o n  
T h r e s h o l T = P .  -_ L. L e a t h L g  

It i s  shown t h a t  t h e  shape of t h e  l a r g e ,  random c l u s t e r s ,  near  t h e  
c r i t i c a l  p e r c o l a t i o n  c o n c e n t r a t i o n  eo , i s  such that: t h e i r  mean boundary 
(b) is  p r o p o r t i o n a l  t o  their  mean b u l k  (d, and t h i s  i s  i l l u s t r a t e d  by 
a n  argument that: shows t h a t  t h e  dimension o f  t h e  boundary i s  t h e  same as 
t h a t  of t h e  bulk.  T h e  r e s u l t i n g  r a t i o  (,!I) /(n> i s  simply r e l a t e d  t o  t h e  
c r i t i c a l  c o n c e n t r a t i o n  e o .  T h e  d e t a i l e d  r e s u l t s  of n Monte Car lo  
c a l c u l a t i o n ,  p r e v i o u s l y  r e p o r t e d ,  are  g iven  f o r  e (20 on a simple,  square  
l a t t i ce ;  they  y i e l d  a n  e m p i r i c a l  formula f o r  t he  p r o b a b i l i t y  d i s t r i b u t i o n  
P(n,b) f o r  f i n d i n g  a c l u s t e r  of s i z e  n and boundary b t h a t  i s  p r o p o r t i o n a l  
t o  a Gaussian i n  b/n, which is independent of c o n c c a t r a t i o n  and which 
narrows t o  a dcblta f u n c t i o n  a t  b/n = ao, n -f a. T h e  asymptot ic  behavior  
of t h e  Gaussian form g i v e s  t h e  c r i t i c a l  exponents /3 == 0.19 k 0.16 and 
y = 2 .34  ? 0,3. It g ives  u g  corresponding t o  the c r i t i c a l  c o n c e n t r a t i o n  
eo = 0.587 5 0 . 1 4 ,  i n  agreement w i t h  prev ious  d e t e r m i n a t i o n s .  

"Abstract  of a paper  submit ted t o  Phys7:caZ Review Letters .  

lgWork c a r r i e d  o u t  at O W L  w h i l e  3 summer g u e s t .  Permanent a d d r e s s ,  
Ilepartrnent of Phys ics ,  Rutgers  Univers  i t y ,  New Brunswick, N .  J .  
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1 . 2  X-EUY DIFFRACTION RESEARCH - 11. L .  Yake1 and Bernard Bor ie  

The work accomplished by t h e  X-Ray D i f f r a c t i o n  Group i n  t h e  p a s t  
year  w a s  h i g h l i g h t e d  by t h e  s u c c e s s f u l  s y n t h e s i s  of components of t h e  
1 0 - m  small-angl e x-ray s c a t t e r i n g  spec t rometer .  Pre l iminary  i-esul t s  
from t h e  i n s  truinent demonstrate  t h e  unique advantages of t h e  combina Lion 
of h i g h - i n t e n s i t y  x-ray source ,  two-dimensional p o s i t i o n - s e n s i t i v e  
d e t e c t o r ,  and dedi-cated on- l ine  computcr system. Advances i n  o t h e r  areas 
of our program are  a l s o  i n d i c a t e d  among t h e  fol lowing a b s t r a c t s  and b r i e f  
d e s c r i p t i o n s  o€ work i n  progress .  

1 . 2 . 1  Raman Resonance S c a t t e r i n g  of X ...... R z ’ O  - C .  .J. Sparks,  J r .  

Though Raman resonance s c a t t e r i n g  of photons h a s  been t h e o r e t i c a l l y  
prcdi.cted and ohserved i n  t h e  vi.si.ble energy r e g i o n ,  w e  r e c e n t l y  
r e p o r t e d  t h e  f i r s t  o b s e r v a t i o n  of a Raman resonance-l ike s c a t t e r i n g  of 
x r a y s  i n  t h e  keV energy r e g i o n .  2 1  These resonance-sca t te red  x r a y s  
occur  w i t h  i n c r e a s i n g  i n t e n s i t y  as t h e  energy of t h e  i n c i d e n t  x r a y s  
approaches an a b s o r p t i o n  edge of t h e  t a r g e t  atom. The energy of t h e  
resonance-sca t te red  x r a y s  i s  l e s s  than  t h e  i n c i d e n t  energy by a n  atuount 
e q u a l  t o  t h e  bindi.ng energy of t h e  next  e l e c t r o n  s h e l l  above t h e  s h e l l  
n e a r e s t  resonance.  The i n t e n s i t y  of t h e  resonance-sca t te red  x r a y s  w a s  
independent of s c a t t e r i n g  a n g l e .  Comparison of t h e  i n t e n s i t y  of t h i s  
i n e k s t i c  resonance s c a t t e r i n g  w i t h  t h e  real  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  c.oherent atom;-c s c a t t e r i n g  f a c t o r s  f o r  
x r a y s  showed t i l e -pzocesses  t o  be  t h e  same. 
p r e d i c t e d  by t h e  $*A term i n  second-order p e r t u r b a t i o n  theo ry ,  a t e r m  
p r e v i o u s l y  neglec ted  i n  i n e l - a s t i c  x-ray s c a t t e r i n g  c a l c u l a t i o n s .  

S ince  t h i s  resonance s c a t t e r i n g  occurs  when t h e  e l e c t r o n  i s  i n  a 
v i r t u a l  s t a t e  of e x c i t a t i o n ,  t h i s  process  provi-des f o r  a new kind of 
x-ray spectroscopy i n  c o n t r a s t  t o  the usual. o b s e r v a t i o n s  made a f t e r  t h e  
e l e c t r o n  i s  p h o t o i n j c c t e d  from tile atom. F i n e  s t r u c t u r e  i n  our  r e c e n t  
o b s e r v a t i o n  of t h e  energy spectrum from t h i s  i n e l a s t i c  resonance 
s c a t t e r i n g  process  g i v e s  i n f o m a  t i o n  on t h e  energy 1evel.s of the o u t e r  
e l e c t r o n  s h e l l s .  T h i s  in format ion  i s  c a r r i e d  by h igher  energy x r a y s ,  
p e r m i t t i n g  informat ion  t o  b e  obta ined  from t h e  b u l k  r a t h e r  t h a n  t h e  
near  s u r f a c e ,  as  has  been t h e  u s u a l  case. 

The c r o s s  s e c t i o n  i s  

2 0 A b s t r a c t  of an  i n v i t e d  paper presented  a t  t h e  Midwinter Sol id  
S t a t e  Research Conference on Deep  Level Sprctroscopy,  U n i v e r s i t y  of 
C a l i f o r n i a ,  I r v i n e ,  J an .  12-16, 1976. 

21C. J .  Sparks,  J r . ,  P h y s .  Rev. L e t t .  3 3 :  262-65 (1974). 
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1.2.2 Q u a n t i t a t i v e  X-Kay Fluorescent  Analys is  Using Fundamental 
P a r a m e t e g Z 2  - C .  J .  Sparks,  Jr .  

___ 

A monochromatic source  of x r a y s  f o r  sample e x c i t a t i o n  p e r m i t s  t h e  
use  of pure  elemental  s t a n d a r d s  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  
conver t  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  t o  a n  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. 
of t h e  sample f o r  t h e  e x c i t i n g  and t h e  Eluorescent  r a d i a t i o n  need b e  
determined. Besides  t h e  d i r e c t  measurement of t h e s e  absorpc ion  
c o e f f i c i e n t s  i n  t h e  sample, w e  c o n s i d e r  o t h e r  techniques ,  which r e q u i r e  
fewer sample manipula t ions  and measurements. 
methods permit  q u a n t i t a t i v e  a n a l y s i s  wi thout  r e c o u r s e  t o  t h e  t i m e -  
consuming process  of prepar ing  n e a r l y  i d e n t i c a l .  s t a n d a r d s .  

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  

These fundamental  parameter 

1 . 2 . 3  X-Ray Monochromator Design f o r  Synchrotron I Radiat ion '  
C .  J .  Sparks,  Jr. and J .  B.  Hast ings 

The advantages of s i n g l y  curved monochromators f o r  u s e  in t h e  x-ray 
energy spectrum of synchro t ron  r a d i a t i o n  has  been g e n e r a l l y  overlooked.  
S e v e r a l  c e n t i m e t e r s  of h o r i z o n t a l  beam divergence  can b e  focused a t  t h e  
sample o r  t h e  d e t e c t o r  t o  i n c r e a s e  t h e  i n t e n s i t y  on t h e  samples and t o  
improve b o t h  t h e  s p a t i a l  and energy r e s o l u t i o n  i n  some x-ray spec t roscopy 
and s c a t t e r i n g  experiments .  Design c o n s i d e r a t i o n s  f o r  t h e  o p t i c s  of 
t h e s e  monochromators and t h e  advantage of t h e i r  a p p l i c a t i o n s  f o r  c e r t a i n  
experiments  a re  given.  

1 .2 .4  The D e t e c t i o n  of S t r u c t u r a l l y  Forbidden Bragg Maxima i n  VsSi - 
Bernard Bor ie  

The d e t e c t i o n  of weak r e f l e c t i o n s  f o r b i d d e n  by t h e  space  group i n  
diamond, s i l i c o n ,  and germanium is  common. They are caused by non- 
s p h e r i c a l  e l e c t r o n  d i s t r i b u t i o n s  about  t h e  atomic nuc leus  and by t h e  
anharmonic c h a r a c t e r  of the thermal  motion. We have developed a general. 
theory24 t o  p r e d i c t  which of t h e  f o r b i d d e n  r e f l e c t i o n s  i n  o t h e r  s t r u c t u r e s  

" Invi ted  review paper g iven  a t  t h e  2 4 t h  Annual Denver X-Ray 
Conference,  Aug. 6-9, 1975. Publ i shed  i n  Advances in X-Ray A m l y s < s ,  
V o l .  19,  pp. 19-52, ed. by  R .  W. Gould et  al., Kendall/Hunt, Dubuque, 
Iowa, 1976. 

2 3 A b s t r a c t  of paper  presented  a t  t h e  Second Annual S tanford  
Synchrotron R a d i a t i o n  P r o j e c t  Users Group Meeting, S tanford  Linear  
A c c e l e r a t o r  Center, S tanford ,  C a l i f . ,  SSRP Report  75/11, O c t .  23-24, 1975.  

A30(Part  3 ) :  337-41 (May 1 9 7 4 ) .  
24B. Borie ,  "Thermally Exci ted  Forbidden R e f l e c t i o n s , "  Acta C r y s t .  
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should b e  e x c i t e d  i n  t h i s  manner, and we have a p p l i e d  i t  t o  the  A15 
s t r u c t u r e .  Within the  i i m i c i n g  spheye of Cu KCY r a d i a t i o n  f o r  V3Si w e  
p r e d i c t  t he  e x c i t a t i o n  of t h r e e  such maxima: hkl  2: 410,  430, and 531. 
W e  have undertaken a sea rch  f o r  theru. 

conf i rmat ion  t h a t  322 (which s h a r e s  a common Hragg a.ng1.e wi th  410) 
remains a b s e n t .  I n  our  measurements we have t aken  c a r e  t o  avoid c o n t r i -  
b u t i o n s  due t o  s u r f a c e  contaminants  and t h e  Renni~nger e f f e c t .  We expect: 
s h o r t l y  t o  sea rch  f o r  531. 

s t a t e  d e t e c t o r ,  so that. i n  a d d i t i o n  t o  t h e  cohe ren t ly  d i f f r a c t e d  Cu Ka 
r a d i a t i o n  w e  have s imultaneouly measured t h e  V KCY f l u o r e s c e n t  i n t e n s i t y .  
The r a t i o  of these  count  ra tes  w i l l  all.ow u s  t o  conve r t  our  d a t a  t o  
absolute u n i t s  by a novel. and powerful new method (due t o  C .  J .  Sparks) .  
Our experiment wi.l.1 c o n s t i t u t e  i t s  f i r s t  a p p l i c a t i o n .  

A1.5 s t r u c t u r e  must be r e l a t e d  t o  t h e  d e t a i l s  of t he  thermal  motion, w e  
expec t  our measurements t o  contri . l ,ute t o  our  understanding of t h i s  
phenomeno 11. 

We r e p o r t  t h e  obse rva t ion  of ve ry  weak 410 and 430 r e f l e c t i o n s  and 

The measurements have been made by u s e  of  a n  ene rgy- sens i t i ve  s o l i d -  

S ince  t h e  important  superconduct ing p r o p e r t i e s  of compounds w i t l i  t h e  

1.2.5 -. The . . . . . . C r y s t a l  - . . . S t r u c t u r e  .. . . . . of Monoclinic Europia . . . . . . . - Harry T>. Yakel 

The s t r u c t u r e  of iiionoclinic samarium sesqu iox ide  ( B - S m 2 0 3 )  was 
r epor t cd  i n  1957 by D ,  T. C r ~ m e r , ~ ~  who s t u d i e d  a c r y s t a l  grown by a 
f l ame- fus ion  Lechniqup.26 A l i m i t e d  number of d i f f r a c t i o n  d a t a  w e r e  
c o l l e c t e d ,  they  w e r e  not  c o r r e c t e d  F o r  a b s o r p t i o n ,  and the  s t r i i c t u r e  
w a s  so lved  by P a t t e r s o n  p r o j e c t i o n s  fol lowed by Four i e r  and least  squares  
re f inemenis .  4n agreemenr f a c t o r  of on ly  11% was achieved.  

J t  i s  d o u b t l e s s l y  c o r r e c t  t u  assume t h a t  t h e  s t r u c t u r e  of B-Eu203 
i s  isomorphous wi th  t h a t  of B-Srn203.  However, u n c e r t a i n t i e s  regard ing  
t h e  r e l a t i v e  s t a b i l i t i e s  of  B-Eu703 and cubic  C-Eu203, and e s p e c i a l l y  
regard ing  t h e  p o s s i b l e  e f f e c t s  of i m p u r i t i e s  (..g., hydroxyl i o n s )  on 
t h e  s t a b i l i t y  of e i t h e r  phase,  s u g g p s t  t h a t  a reexaminat ion of t h e  
c r y s t a l  s t r u c f u r e ( s )  of europia  grown under c a r e f u l l y  c o n t r o l l e d  condit  i o n s  
would bc u s e f u l .  T o  t h i s  end, we have begiin s t u d i e s  of monocl inic  europia  
growth from NaF-Eu203 m e l t s  on  which a s m a l l  thermal g r a d i e n t  has been 
imposed (Sec t .  1 .4 .10  of t h i s  r e p o r t ) .  The r e s u l l i n g  europia  c r y s t a l s  
c o n t a i n  no contaminants  from t h e  f l u x ,  and have been exposed only  t o  
atmospheres from which oxygen and water have been r i g o r o u s l y  excluded.  

P re l imina ry  s e l e c t i o n  and x-ray d i f f r a c t i o n  c h a r a c t e r i z a t j o n  of  
t h e  c r y s t a l s  have been completed.  Use fu l ly  dimensioned p e r f e c t  K-Eu203 

25D. T .  Cromer, "The C r y s t a l  S t r u c t u r e  of Monoclinic Sni203,"  

26K. M .  Douglass and E .  S t a r i t z k y ,  "Samarium Sesqui-oxide, S m 2 0 3 ,  

2. Phys .  Chem. 61: 753----55 (1957). 

Form B , "  A n a l .  Chem. 28: 552 (1956). 
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c r y s  ta1.s occurred r a t h e r  seldom; ob3 ec ts w i t h  t h e  s u p e r E i c i a l  q u a l i t i e s  
of  a c c e p t a b l e  c r y s t a l s  f r e q u e n t l y  comprised a g g r e g a t e s  of crystals of 

d i r ec t l i on .  D e s p i t e  t h i s  d i f f i c u l t . y ,  a small., p e r f e c t  monocli.nic europia  
c r y s t a l  has  been mounted i n s i d e  a 0.1-mm-diam c a p i l l a r y  i n  n helium- 
f i l l e d  d r y  box. Sir ,”e  t h e  c a p i l l a r y  w a s  s e a l e d  i n s i d e  t h e  box, t h i s  
specimen has never  been exposed to an oxygen- o r  water-contatning 
environment.  A second s m a l l ,  p e r f e c t  B-Eu203 c r y s t a l  w a s  removed f rom 
t h e  d r y  box, mounted and examined i o  t h e  normal l a b o r a t o r y  atmosphere. 
S i n g l e - c r y s t a l  x-ray d i f f r a c t i o n  d a t a  s e t s  w i l l  b e  c o l l e c t e d  from both 
c r y s t a l s ;  c a r e f u l  comparisons of t h e  d a t a  themsel.ves and of t h e  
c r y s t a l  s t r u c t u r e s  d e r i v e d  from them should  serve t o  (1) refitle 
and amend t h e  ea r l i e r  r e s u l t s  of Cromer,25 and ( 2 )  i n d i c a t e  t h e  scope 
of  any s t r u c t u r a l  consequences of t h e  d i f f e r i n g  h i s t o r i e s  of  t h e  
two c r y s t a l s  . 

similar o r i e n t a t i o n ,  each n o t i c e a b l y  t ipped  about  a n  avejciage -t b a x i s  

1.2.6 Crystal .  S t r u c t u r e  l____ll___ of  LiTesZ7 - Diane Y.  V a l e n t i n e , 2 8  0. B.  C a v i n ,  
and Harry L. Yakel 

The c r y s t a l  s t r u c t u r e  of L i T e 3  h a s  been analyzed from x-ray and 
n e u t r o n  powder d i f f r a c t i o n  d a t a ,  and from p h o t o g r a p h i c a l l y  recorded x-ray 
s i n g l e - c r y s t a l  d i f f r a c t i o n  d a t a .  The proposed striic t u r e  i s  based on 
harmonical ly  r e l a t e d  p o s i t i o n a l  d i sp lacements  of t e l h r i u m  atoms from a 
r e f e r e n c e  s t r u c t u r e  whose rhombohedrally c e n t e r e d  hexagonal u n i t  c e l l  has 1x1 = 8.7144 2 0.0003 A and Displac.ements are  
i n  basal p l a n e  d i r e c t i o n s ;  t h e  wave vector of t h e  harmon.ic f u n c t i o n  
d e s c r i b i n g  them i s  p a r a l l e l .  t o  8 an.d & a wavelength of 41.?\ f r o m  -103’C 
t o  1 5 0 O C .  The unique a x i a l  r a t i o  (5/3/8> of t h e  hexagonal c .e l l  of the 
ref erenc.e s t r u c t u r e  is  a l s o  mainta-ined over  t h i s  tempera ture  range.  While 
t h e  a c t u a l  s t r u c t u r e  must b e  c l - a s s i f i e d  as a s u p e r s t r u c t u r e ,  t h e  symmetry 
r e l a t i o n s h i p s  developed f o r  modulated three-dimensional  s t r u c t u r e  (MS3)  
groups are a p p l i c a b l e  t o  i t s  d e r i v a t i o n .  The proposed displ-acements 
produce s e c t i o n s  normal t o  i n  which segments of t e l l u r i u m - l i k e  c h a i n s  
can  be d i s t i n g u i s h e d .  These s e c t i o n s  a r e  s e p a r a t e d  by m e t a l - l i k e  l a y e r s  
that  occur  as the d isp lacements  become s m a l l .  
d i s t r i b u t e d  i n  channels  p a r a l l e l  t o  %. 

= 5 . 3 3 6 3  _+ 0.0002 1%. 

Lithium atoms are r e g u l a r l y  

1 .2 .7  Recent Experimental  R e s u l t s  from t h e  ORNL 1.0-rn Small-Angle __ -- X - -  
S c a t t e r i n g  Spectrometerz9 - K. W. Hendricks 

The development of t h e  ORNL 10-111 small-angle  x-ray s c a t t e r i n g  
spec t rometer ,  which uses a two-dimensional 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  

2 7 A b s t r a c t  of paper  t o  be  submit ted t o  Acta CryatalZographicxz. 

‘Chemistry D i v i s i o n .  

2 9 A b s t r a c t  of pape.r t o  b e  p r e s e n t e d  a t  Small-Angle S c a t t e r i n g  
Symposium Summer Meeting, American C r y s t a l l o g r a p h i c  Assoc ia t ion ,  Evanston, 
Ill . ,  Aug, 8-12, 1976. 
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counter ,  was descr ibed  a t  t h e  Clernson (wi-nter 1976) AGA meet ing,  S ince  
then t h e  machine has  been t e s t e d  wi th  a wide v a r i e t y  of s c a t t e r i n g  
specimens. Among t h e s e  a re  (1) n e u t r o n - i r r a d i a t e d  aluminum, molybdenum, 
and n i c k e l  contari.ning voids  (2) c o l l a g e n  f t b r i l s ,  ( 3 )  nu-bodies e x t r a c t e d  
from chicken nucleii . ,  and (4) a commercial h y d r o t r e a t i n g  c a t a l y s t .  I n  
t h i s  p a p e r ,  w e  d e s c r i b e  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t he  spectrometer  
as determined by i n c i d e n t  beam f l u x ,  s l i t - e d g e  p a r a s i t i c  s c a t t e r i n g ,  
e l e c t r o n i c  n o i s e ,  system deadtime, and d a t a  handl ing procedures .  The 
r e s u l t s  w i l l  b e  compared w i t h  s i m i l a r  performance c h a r a c t e r i s t i c s  of t h e  
Kratky camera and our  2-m spectrometer  wi-t-h a one-dimensional p o s i t i o n -  
s e n s i t i v e  d e t e c t o r .  

1 . 2 . 8  Report  of t h e  I U C r  C C i . ? s i o n  on C r y s t a l l o g r a p h i c  Apparatus 
I n t e r n a t i o n a l  P r o j  ect: ____ f o r  t h e  Cal ibTat ion  of Ab-solute I n t e n s i t l i e s  

l_._l i n  Srna1.1-Angle ......- X-Ra-cattering-' ._ .... ' L .  B .  Shaff er rar--.------ 
R .  W. Hendricks 

_._____..- ..-. 

A s  a r e s u l t  of  informal  d i s c u s s i o n s  he ld  a t  t h e  Second I n t e r n a t i o n a l  
Conference on Small.-Angle S c a t t e r i n g  of X-Rays i n  Graz, A u s t r i a  (1970) ,  
a p r o j e c t  t o  tesl: t h e  r e p r o d u c i b i l i t y  and comparati.ve accuracy of t h e  
v a r i o u s  a b s o l u t e  i n t e n s i t y  c a l i b r a t i o n  techni-qucs i n  c u r r e n t  use w a s  
organized.  
Commission on C r y s t a l l o g r a p h i c  Apparatus of t h e  I n t e r n a t i o n a l  Union of 
Crys ta l lography.  I n  t h e  p r o j e c t ,  t h e  a b s o l u t e  d i f f e r e n t i a l  x-ray 
s c a t t e r i n g  c r o s s  s e c t i o n s  of s tandard  samples of g l a s s y  carbon and 
po7.ystyrene were c a l i b r a t e d  i n  e i g h t  d i f f e r e n t  l a b o r a t o r i e s  using f i v e  
d i f  f z r e n t  c a l i b r a t i - o n  techniques and two d i € f e r e n t  x-ray waveleng tihs. 
The r e s u l t s  have been intercompared by use  of a v a r i e t y  of s t a t i s t i c a l  
techniques.  It is  concluded t h a t  a n g u l a r l y  dependent e r r o r s  a s s o c i a t e d  
w i t h  determining t h e  zero of a n g l e ,  dead-time c o r r e c t i o n s ,  and c o l l i m a t i o n  
c o r r e c t i o n s  are more important  i n  account ing f o r  d i s c r e p a n c i e s  between 
l a b o r a t o r i e s  than are d i f f e r e n c e s  i n  t h e  a b s o l u t e  i n t e n s i t y  c a l i b r a t i o n  
methods themselves.  

The proposa l  w a s  accepted a s  a n  o f f i c i a l  p r o j e c t  of t h e  

1.2.9 Application- of SAXS- f o r  C h a r a c t e r i z a t i o n  of Pyrocarbon CoaJings2' -- 

P. Krautwasser3'  and R .  W. Hendricks 

Small-angle x-ray s c a t t e r i n g  measurements proved t o  provide a v e r y  
s e n s i t i v e  method f o r  t h e  c h a r a c t e r i z a t i o n  of pyrocarbon c o a t i n g s  dcpos i ted  
on n u c l e a r  f u e l  k e r n e l s .  'The s i z e  d i s t r i b u t i o n  of v o i d s  up to  1000 A 

'Anderson College,  Anderson, Indiana 44011. 

' I n s t i t i i t  f i i r  Reaktorwerkstoffe ,  Kernforschungsanlage Jii1 i c h ,  517 
JGIich,  BRD, on assignment t o  ORNL. 
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i n  diameter  depends s t r o n g l y  on t h e  d e p o s i t i o n  c o n d i t i o n s  of t h e  c o a t i n g s .  
As determined by t r a n s m i s s i o n  e l e c t r o n  microscopy, a v a r i a t i o n  o f  t h e s e  
c o n d i t i o n s  l e a d s  t o  d i f f e r e n t  microstruc. tures ,  which can b e  d i s t i n g u i s h e d  
by t h e i r  t yp ica l .  pore  s i z e  d i s t r i b u t i o n s .  The evnl.uation of t h e  pore  
s p e c t r a  r a t h e r  t h a n  t h e  to t a l .  p o r o s i t y  i s  t h e r e f o r e  needed. T h i s  a l s o  
a l l o w s  t h e  i n v e s t i g a t i o n  of t h e  i n f l u e n c e  of t h e  d i f f e r e n t  pore s i z e s  on 
o t h e r  material p r o p e r t i e s .  The t o t a l  p o r o s i t y  of t h e  pyrocarbons i s  
almost  e n t i r e l y  due t o  pores  smaller than  25 8, whereas t h e  r e s i s t a n c e  
t o  o x i d a t i o n  i s  inf luenced  by t h e  c o n c e n t r a t i o n  of p o r e s  of about  50 A 
i n  d iameter .  
t h e  number of p o r e s  i n  t h e  s i z e  range  of 200 t o  1000 A. The i.n.Eluence 
of t h e  v a r i a t i o n  of t h e  d e p o s i t i o n  parameters  on m a t e r i a l  p r o p e r t i e s  can 
t h e r e f o r e  b e  p r e d i c t e d  by SAXS measurements, o r  converse ly ,  t h e s e  
measurements can b e  used t o  c o n t r o l  t h e  d e p o s i t i o n  c o n d i t i o n  of pyrocarbon 
c o a t i n g s .  I n  t h i s  c o n t r i b u t i o n  w e  wi.l.1 de-monstrate c o r r e l a t i o n s  between 
t h e  pore s i z e  d i s t r i b u t i o n  determined by SAXS and d e p o s i t i o n  c o n d i t i o n s ,  
immersion d e n s i t y ,  o x i d a t i o n  ra te ,  and f r a c t u r e  s t r e n g t h  i n  v a r i o u s  
pyrocarbons.  

The s t r e n g t h  of pyrocarhon c o a t i n g s  depends s t r o n g l y  on 

1 .2 .10  S t u d i e s  of C a t a l y s t s :  Coba1.t MoSybdateZ9 ___I - J .  S .  Lin ,  
E. L. F u l l c r ,  Jr. , 2 B  and R.  W .  Hendricks 

A commercial h y d r o t r e a t i n g  c a t a l y s t  c o n s i s t i n g  of 3% c o b a l t  ox ide  
and 9% molybdenum oxide  supported on approximately 80-K-diam s i l ica-  
promoted alumina c r y s t a l l i t e s  (Harshaw CoMo 401 T) has proven t o  be  
u s e f u l  i n  a wide v a r i e t y  of processes ,  i n c l u d i n g  t h e  s y n t h e t i c  product ion  
of f u e l s .  A s  a p a r t  of a n  ongoing program of c a t a l y s t  r e s e a r c h ,  w e  are 
i n v e s t i g a t i n g  t h e  s t r u c t u r e  and s u r f a c e  p r o p e r t i e s  of t h i s  material under 
a v a r i e t y  of c o n d i t i o n s  w i t h  g a s  a d s o r p t i o n ,  t ransmiss ion  e l e c t r o n  
microscopy (TEM), and small-angle  x-ray s c a t t e r i n g  -in a n  a t t e m p t  t o  
c o r r e l a t e  t h e s e  p r o p e r t i e s  w i t h  c a t a l y t i c  a c t i v i t y .  We have v a r i e d  t h e  
chemical composition, c r y s t a l l i t e  s i z e s ,  and pore  s t r u c t u r e  by diemica1 
t r e a t m e n t  (hydra t ion  and o x i d a t i o n  r e d u c t i o n )  and heat t rea tment  ( iso-  
c h r o n a l  a n n e a l i n g  t o  1000°C). The pore  s i z e  d i s t r i b u t i o n s  and s u r f a c e  
areas have been determined as a f u n c t i o n  of specimen t rea tment  i n  t h e  
ORNL IO-m small-angle  x-ray s c a t t e r i n g  spec t rometer ,  which u s e s  a two- 
dimensional 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  counter .  The c o r r e l a t i o n  
of t h e s e  s t u d i e s  w i t h  t h e  gas  a d s o r p t i o n  and TEM r e s u l t s  w i l l  b e  r e p o r t e d .  
A d d i t i o n a l l y ,  t h e  inhomogeneity of  t h e  as-received material  h a s  been 
examined by determining t h e  small-angle s c a t t e r i n g  p a t t e r n s  from d i f f e r e n t  
s e c t i o n s  of t h e  p e l l e t s .  

1.2.11 -- A Study of t h e  S t r u c t u r e  I_--. of Co:lagen F i b r i l s  by Small-Angle X-Ray 
S c a t t e r i n g 2 '  - R. H. Stinson-? T. Kurg,32 and R .  W .  Hendricks 

Phasing problems have prevented a s a t i s f a c t o r y  d e t e r m i n a t i o n  of t h e  
one-dimensional e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  a long  the 680-A un5.t c e l l  

2Department of Phys ics ,  U n i v e r s i t y  of Guelph, Guelph, O n t a r i o  N 1 G  
2w1. 
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of a a t i v e  tendon c o l l a g e n .  A method of solu ' i ion i s  presented  i n  whlch 
improved i n t e n s i t i e s  of r e f  l ~ e c t i o n s  w e r e  measured on t h e  ORNL 10-m 
small-angle x-ray s c a t t e r i n g  spectroine te r ,  which u s e s  a two-dimensional 
posit ion-sensi. t : ive proporti .ona1 counter .  Heavy meta l  compounds, includi-ng 
phosphotungst ic  a c i d  and u r a n y l  a c e t a t e ,  were used f o r  phase de te rmina t ion .  
The heavy metal. s t a b s  were 1-ocated froiil e l e c t r o n  micrographs.  The 
l o c a t i o n s  are i n  agreement wi th  those  determi-ned from d i f f e r e n c e  
Patterson maps. The r e s u l t i n g  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  w i l l  b e  
compared wi th  t h a t  p r e d i c t e d  by v a r i o u s  models of the f i b r i l  assembly. 

1.2.. 1-2 X-Ray ._ of  Surf ace Plasmons__-o-n Sphe;.+c:idV;ids ..... i n  
- T. L .  Perre11,34'35 J .  C .  Ashley? . W. Hendricks 

The c r o s s  sectrion f o r  x-ray excitai: i~on of s u r f a c e  plasmons on a 
s p h e r i c a l  void i n  a n  e l e c t r o n  gas i s  der ived  by use  of t h e  hydrodynamical 
approximation. 'The r e s u l t  i s  compared wi th  t h e  c r o s s  s e c t i o n s  f o r  
d a s t i c  s c a t t e r i n g  from t h e  void  and o t h e r  i n e l a s t i c  processes ,  such as 
s c a t t e r i n g  from b u l k  plasmons, i n  o r d e r  t o  provide  informat ion  on the 
f e a s i b i l i t y  of d e t e c t i n g  such s u r f a c e  p1.ar;mon e x c i t a t i o n s  exper imenta l ly .  
P o s s i - b l e  a p p l i c a t i o n s  t o  t h e  s tudy  of t h e  mechanisms of  void n u c l e a t i o n  
arid growth are  d iscussed .  

1..2.13 
~ A New ......... Small.-Angle -. X-Ray Scat t -er ing F a c i l i t y  U t i l i z i n g  - ........ a R o t a t i n g  ......... 

Counter3'  - J .  Schel.ten3' and K. W .  Nendricks 
Anode, ......... P in-IIo l e  C o 11 i m a  t -. -- 

A new small-angle x-ray s c a t t e r i n g  f a c i l i t y  t h a t  u s e s  a 6-kW 
r o t a t i n g  anode, pin-hole c o l l i m a t i o n ,  and a p o s i t i o n - s c r i s i t i v e  p r o p o r t i o n a l  
counter  was developed. A s  p r e s e n t l y  c o n s t r u c t e d ,  t h e  minimum sca t l - e r ing  
v e c t o r  K(= 4n s i n  8/A) t h a t  can be  reached w i t h  Cu K a  r a d i a t i o n  i s  5 x 
m 3 / A .  
been Eound t o  be 6 x l o 5  photonsjsec.  
compared with t r a d i t i o n a l  l o n g - s l i t  gpomptries;  namely, (1) i t  can 
q l i a n t i t a t i v e l y  measure a n i s o t r o p i c  s c a t t e r i n g  d i s t r i b u t i o n s ,  ( 2 )  i t  avoids  
l a r g e  mathematical  c o r r e c t i o n s  of t h e  d a t a  f o r  s l i t - smear ing  e f f e c t s ,  and 

Under t h e s e  c o n d i t i o n s  t h e  f l u x  i n c i d e n t  on t h e  specimen has  
The system has  s e v e r a l  advantages 

....... .......... - 

3Abst rac t  of paper t o  be  publ ished i n  PhiZosophicaZ Magazine. 

34Heal th  Phys ics  D i v i s i o n .  

5Permanent a d d r e s s :  Phys ics  Departriient, Appal-achian S t a t e  U n i v e r s i t y ,  
Boone, N . C .  28608. 

36Abstracted from J .  A p p z .  CyysL. 8: 421---29 (1975) .  

70n r e s e a r c h  assigniiient from I n s t i t u t  f k  Festkorperforschung d e r  
Kernforschungsanlage,  D517 J G l i c h ,  Mest Germany. 
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( 3 )  i t  minimizes double  Bragg s c a t t e r i n g  i n  c r y s t a l l i n e  materials and 
m u l t i p l e  d i f f u s e  s c a t t e r i n g  i n  amorphous o r  l i q u i d  materials.  To 
i l l u s t r a t e  t h e  performance of t h i s  i n s t r u m e n t ,  t h e  s c a t t e r i n g  curves  
obta ined  from f o u r  widely d i f f e r e n t  samples a re  shown. These are: 
polye thylene ,  a 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  c o n t a i n i n g  
v o i d s ,  a d i l u t e  suspcns ion  o f  Ludox spheres ,  and duck tendon c o l l a g e n .  
Q u a n t i t a t i v e  comparisons of  t h e  performance wi th  a Kratky camera and 
w i t h  t h e  neut ron  small-angle s c a t t e r i n g  f a c i l i t y  i n  J G l i c h  a r e  g i v e n .  

1 . 3  FUNDAMENTAL CERAMICS STUDIES -- C .  S. Y u s t  

The o b j e c t i v e s  of this program are t h e  i n v e s t i g a t i o n  and e l u c i d a t i o n  
of t h c  fundamentals of high-temperature phenomena i n  ceramic s o l i d s .  The 
t o p i c s  of immediate i n t e r e s t  arc the deformation of ceramic systems, 
e r o s i o n  processes  in  r e f r a c t o r y  o x i d e s ,  and the s t a b i l i t y  of ceramic 
phases  a t  h igh  temperature .  In a d d i t i o n ,  t h e  types ,  s i z e s ,  and d i s t r i -  
b u t i o n  of t h e  m i c r o c o n s t i t u e n t s  i n  c o a l  a r e  be ing  s t u d i e d  by t r a n s m i s s i o n  
el ec t r o n  and o p t i c a l  microscopy and small-angle x-ray s c a t t e r i n g .  F i s s i o n  
product  d i s t r i b u t i o n  and compound s t a b i l i t y  in advanced nuc lear  fuels are  
s t u d  i f d  . 

1.3.1 l't'Isical S t r u c t u r e  of Coal ---- C.  S. Yust and L. A. Harris 

S t u d i e s  of t h e  physical  s t r u c t u r e  o f  c o a l  have  been s t a r t e d  i n  o r d e r  
t o  i n c r e a s e  t h e  understanding of  i t s  p h y s i c a l  and chemical n a t u r e  and t h e  
r e l a t i o n s h i p  of i t s  n a t u r e  t o  coal process ing  parameters .  S e v e r a l  
m e t a l l u r g i c a l  t echniques  have been adapted t o  de te rmine  t h e  m i c r o s t r u c t u r e  
of t h e  e x i n i t e  and i n e r t i n i t e  r e g i o n s  of a n  E a s t e r n  Kentucky bituminous 
c o a l .  The s i z e  and d i s t r i b u t i o n  of p o r o s i t y  g i v e  informat ion  about  t h e  
i n t e r n a l  s u r f a c e  area and p e r m e a b i l i t y  r e l a t e d  t o  the k i n e t i c s  of conversion 
processes .  The s i z e ,  shape hardness, and composi t ion of mineral  
i n c l u s i o n s  may i n f l u e n c e  t h e  e ros ion  p r o c e s s e s ,  c a t a l y s t  f o u l i n g ,  and 
removal of entrained s o l i d s  i n  t h e  g a s  o r  l i q u i d  produced. 

P o r e s  i n  t h e  e x i n i t e  (a reg ion  r e l a t i v e l y  h igh  i n  hydrogen c o n t e n t )  
'nave t h e  i inusual shapes shown i n  F i g .  1.1. The c o l l o i d a l - s i z e  p a r t i c l e s  
( 2 5 0  A diam) c o n t a i n  no element h e a v i e r  t h a n  sodium (lower l i m i t  of 
d e t e c t i o n )  except  calcium. An e l e c t r o n  d i f € r a c t i o n  p a t t e r n  obta ined  w i t h  
a 15-A beam i s  be ing  analyzed t o  i d e n t i f y  t h e  calcium compound. 
porcss and p a r t i c l e s  s t r o n g l y  sugges t  n n a t u r a l l y  o c c u r r i n g  c a t a l y z e d  
r e a c t i o n .  We are  t r y i n g  t o  deEine t h e  composition of any gas i n  t h e  pore.  

The i n e r t i n i t e  (a c o n s t i t u e n t  r e l a t i v e l y  h i g h  i n  carbon) i s  very  
g r a n u l a r ,  upper r i g h t  of F i g .  1.1, and c o n t n i n s  much l a r g e r  p o r e s  than  
woul d be deduced from gas a b s o r p t i o n  techniques .  

is  about  2 on a s i d e ,  c o n t a i n s  many sharp  a n g u l a r  c o r n e r s ,  and is  
much harder  t h a n  t h e  m a t r i x .  I t  c o n s i s t s  of t i t a n i u m ,  i r o n ,  and s i l i c o n .  
Other m i n e r a l s  have been i d e n t i f i e d  as q u a r t z  p a r t i c l e s  i n t i m a t e l y  mixed 
wi th  t h e  e x i n i t e  and i n e r t i n i t e  and p a r t i c l e s  r i c h  i n  aluminum and s i l i c o n .  

These 

An example of a m i n e r a l  i n c l u s i o n  i s  shown i n  F i g .  1 .2 .  This  p a r t i c l e  



1 6  

F ig .  1.1. Transmission E l e c t r o n  Micrograph of E x i n i t e  Region of a 
C o l l o i d a l  p a r t i c l e s  a r e  a s s o c i a t e d  wi th  High-Volat i le  Bituminous Coal. 

each l a r g e  (-0.5 um) pore .  6 0 , 0 0 0 ~ .  

4 
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1.3.2 Transmission E l e c t r o n  Microscope Observa t ions  of P o r o s i t y  i n  
Coal3' - L.  A. Harris and C .  S .  Yust 

Samples of a h i g h - v o l a t i l e  bituminous c o a l  ( N a b )  were examined by 
t r ansmiss ion  i n  a h igh-vol tage  e l e c t r o n  microscope (1 M e V ) .  The p o r o s i t y  
observed w i t h i n  t h e  e x i n i t e  and i n e r t i n i t e  c o n s t i t u e n t s  of t h i s  c o a l  f a l l s  
p r i m a r i l y  i n t o  t h e  mesopore s i z e  range  (20 t o  500 A ) .  Small p a r t i c l e s  
(-250 A diam) w e r e  s een  i n  most of t h e  e x i n i t e  po res  and a re  be l i eved  t o  
have ca t a lyzed  t h e  pore  format ion .  

1 .3 .3  O p t i c a l  and E l e c t r o n  Microscopy of Vapor-Deposited S i l i c o n  
Carbide3'  - C .  S.  Yust and V.  J .  Tennery 

The c o a t i n g s  on HTGR f u e l  p a r t i c l e s  i n c l u d e  a l a y e r  of s i l i c o n  
c a r b i d e  formed by t h e  thermal  decomposition of m e t h y l t r i c h l o r o s i l a n e  i n  
a f l u i d i z e d  bed. The s i l i c o n  c a r b i d e  l a y e r  s e r v e s  as a d i f f u s i o n  b a r r i e r  
f o r  s o l i d  f i s s i o n  p roduc t s .  The m i c r o s t r u c t u r e  of t h e  c o a t i n g  i s  
t h e r e f o r e  of p a r t i c u l a r  i n t e r e s t  and w a s  s t u d i e d  by o p t i c a l  and e l e c t r o n  
microscopy. The c o a t i n g s  c o n s i s t  of columnar g r a i n s ,  r a d i a l l y  a l i g n e d .  
O p t i c a l  t r ansmiss ion  s t u d i e s  r evea led  r e g i o n s  of o p t i c a l  a n i s o t r o p y ,  
a l though  t h e  c o a t i n g  i s  almost e n t i r e l y  composed of cub ic  B-s i l icon  
c a r b i d e .  Transmission e l e c t r o n  microscopy r e v e a l s  a l a r g e  deg ree  of 
f a u l t i n g  on (111) p lanes  and e x t e n s i v e  p a r t i a l  d i s l o c a t i o n  format ion  on 
t h e  f a u l t  p l anes .  Annealing lowered t h e  d i s l o c a t i o n  con ten t  of t h e  
c o a t i n g s  bu t  d i d  n o t  va ry  t h e  f a u l t  p l a n e  d e n s i t y  s i g n i f i c a n t l y .  The 
m i c r o s t r u c t u r e  of t h e  s i l i c o n  c a r b i d e  c o a t i n g s  formed on t h e  s p h e r i c a l  
f u e l  p a r t i c l e s  w a s  more h e a v i l y  f a u l t e d  than  those  t h a t  had been depos i t ed  
on f l a t  d i s k s  by o t h e r  i n v e s t i g a t o r s .  

1 .3 .4  SmalL-Angle X-Ray S c a t t e r i n g  S t u d i e s  of P o r o s i t y  i n  Pyrocarbons - 
H. P.  K r a u t w a ~ s e r ~ ~  

The s i z e  d i s t r i b u t i o n  of vo ids  i n  pyrocarbons w a s  determined from 
SAXS and c o r r e l a t e d  w i t h  t h e  d e p o s i t i o n  c o n d i t i o n s  and wi th  behavior  
du r ing  deformat ion  and i r r a d i a t i o n .  The pore  s i z e  spectrum i n f l u e n c e s  
s p e c i f i c  p r o p e r t i e s ,  i n  c o n t r a s t  t o  t h e  b e l i e f  t h a t  t o t a l  p o r o s i t y  is  
t h e  most s i g n i f i c a n t  f a c t o r .  The t o t a l  p o r o s i t y  i s  determined by po res  
smaller than  25 A; r e s i s t a n c e  to o x i d a t i o n  i s  in f luenced  by po res  about  
50 A diam; s t r e n g t h  depends on t h e  number of po res  having d i ame te r s  of 
200 t o  1000 A .  

38Abst rac ted  from Fuel 55(3) :  233-36 ( J u l y  1976).  

3 9 A b s t r a c t  of a paper  t o  be  submi t ted  t o  t h e  ;ournaZ of the American 

4 0 0 n  assignment from KFA, J z l i c h ,  t o  ORNL. 

Ceramic Society. 
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1.3.5 S t r u c t u r a l  C h a r a c t e r i z a t i o n  of HTGR Pyrocarbon Fuel  P a r t i c l e  
Coatings3'  - V .  J .  Tennery, C .  S .  Yust, H. P .  Krautwasser," and 
R. L. Bea t ty  

The combined use  of t h r e e  c h a r a c t e r i z a t i o n  techniques  t o  a s s e s s  t h e  
i r r a d i a t i o n  s t a b i l i t y  of propylene-derived pyrocarbon h a s  provided a n  
improved unders tanding  of i t s  s t r u c t u r a l  p r o p e r t i e s ,  which are impor tan t  
t o  t h e  mechanical i n t e g r i t y  of t h e  pyrocarbon dur ing  exposure t o  f a s t  
neut rons .  The c h a r a c t e r i z a t i o n  techniques  i n c l u d e  oxygen plasma e t c h i n g ,  
small-angle x-ray s c a t t e r i n g ,  and t r ansmiss ion  e l e c t r o n  microscopy. The 
r e s u l t s  ob ta ined  by apply ing  t h e s e  methods t o  a set of pyrocarbon c o a t i n g s  
t h a t  w e r e  subsequent ly  i r r a d i a t i o n  t e s t e d  i n  t h e  High F lux  I s o t o p e  Reactor 
a r e  compared. The c h a r a c t e r i z a t i o n  c l e a r l y  shows t h a t  i n  t h e s e  pyrocarbons 
t h e  m i c r o s t r u c t u r e  a s s o c i a t e d  wi th  mechanical s t a b i l i t y  a t  h igh  f a s t  
neut ron  f l u e n c e s  has  s p h e r o i d a l  growth f e a t u r e s  ranging  i n  s i z e  from less 
than 0.1 pm t o  about  1 pm and a r e l a t i v e l y  homogeneous d i s t r i b u t i o n  of a 
f i n e  f i b r o u s  carbon around t h e  l a r g e r  growth f e a t u r e s .  The c h a r a c t e r i z a t i o n  
techniques  each provide  p o r t i o n s  of t h e  m i c r o s t r u c t u r a l  d a t a  needed f o r  
a s s e s s i n g  a g iven  pyrocarbon material .  

1.3.6 Deformation of Ceramics 

1 . 3 . 6 . 1  Deformation of Ceramic-Metal Composites - C .  S .  Yust 

A s tudy  of t h e  deformation c h a r a c t e r i s t i c s  of me ta l - f ibe r - r e in fo rced  
ceramic-matrix composites is  i n  p r o g r e s s .  The i n i t i a l  s t a g e s  of t h i s  
s tudy  involve  t h e  development of specimen p r e p a r a t i o n  techniques  f o r  bo th  
mechanical t e s t i n g  and t r ansmiss ion  e l e c t r o n  microscope s tudy  of t h e  
deformed samples. Samples of a composite c o n s i s t i n g  of molybdenum f i b e r s  
i n  a chromia m a t r i x  have been th inned  s u c c e s s f u l l y  by i o n  e t ch ing .  
P re l imina ry  examination of t h e  m i c r o s t r u c t u r e  of t h i s  composite system 
shows ve ry  l i t t l e  evidence of grown-in d i s l o c a t i o n  c o n t e n t .  
mic roana lys i s  by x-ray f l u o r e s c e n c e  i n  t h e  e l e c t r o n  beam sugges t s  t h a t  
some chromium may be  d i s so lved  i n  t h e  molybdenum f i b e r s .  

Chemical 

1 .3 .6 .2  Eros ion  Processes  i n  Ceramics - C .  S. Yust 

A s tudy  of e r o s i o n  i n  ceramics h a s  begun. The o b j e c t i v e  i s  a more 
complete unders tanding  of subsu r face  damage mechanisms i n  well-defined 
ceramic systems t h a t  approximate commercial r e f r a c t o r y  compositions.  
Eros ion  damage w i l l  be  s imula ted  by s i n g l e  p o i n t  i n d e n t a t i o n  tests, by 
s u r f a c e  s c r a t c h  and a b r a s i o n  tests,  afid by bombardment of test s u r f a c e s  
wi th  a v a r i e t y  of p a r t i c l e s .  
t empera ture ,  atmosphere, composition, and m i c r o s t r u c t u r e  w i l l  be  explored .  
P r e s e n t l y ,  p r e p a r a t i o n  of samples i s  i n  p rogres s  i n  t h e  system A1203-Si02. 
Q u a n t i t a t i v e  e l e c t r o n  microscopy techniques  (TEM and STEM) w i l l  be used 
t o  c h a r a c t e r i z e  t h e  response  t o  e r o s i o n  and wear. 

The i n f l u e n c e  of such parameters  as 
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1 . 3 . 7  F i s s i o n  Product  Compounds 
._-._ 

1 . 3 . 7 . 1  Compat ib i l i ty  of F u e l ,  F i s s i o n  Products ,  and Cons t ruc t ion  
Materials .--- J. Brynestad and S .  L. Bennett  

Te l lur ium is  a f i s s i o n  produci: and causes  i n t e r g r a n u k r  embr i t t l ement  
i n  s o m e  t ra i is i t ioi i -metal  b a s e  c o n s t r u c t i o n  materials i n  n u c l e a r  r e a c t o r s .  
The s t a b i l i 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  are be ing  
determined by measuring vapor  p r e s s u r e  by t h e  Knudsen e f f u s i o n  weight- 
l o s s  technique w i t h  a r e c o r d i n g  vacuum thermobalance.  
s tudy  of t h e  Ni -Ni3Te2- ; c  system h a s  j u s t  been completed. 
mass-spectrometric- experiments  showed t h a t  t h e  gaseous s p e c i e s  i n  t h i s  
system are m0nomeri.c and d imer ic  t e l l u r i u m .  S ince  t h e  n i c k e l  t e l l u r i d e  
d i s s o c i a t i o n  and t h e  d i s s o c i a t i o n  e q u i l i b r i u m  T E ? ~  (9)  4” 2Te(g) must be  
s imul taneous ly  s a t i s f i e d ,  t h e  p a r t i a l  p r e s s u r e  o f  T e 2  ( o r  Te) can b e  
r e l a t e d  t o  t h e  exper imenta l ly  measured rate of mass l o s s  as w e l l  as t o  
t h e  temperature ,  t h e  e f f e c t i v e  0 r i f i c . e  area, and t h e  e q u i l i b r i u m  c o n s t a n t  
f o r  t h e  above r e a c t i o n .  S e v e r a l  experiments  w e r e  performed over  t h e  
temperature  region. 800-1000°C w i t h  e f f e c t i v e  o r i f i c e  areas v a r y i n g  by a 
f a c t o r  of 20. There were no changes,  w i t h i n  exper imenta l  e r r o r ,  i n  t h e  
d e r i v e d  T e 2  (or  Te) p a r t i - a 1  p r e s s u r e s ,  demonstrat ing t h a t  e q u i l i b r i u m  
had been achieved w i t h i n  t h e  Knudsen ce l l s .  
Ni3Te2-x/Ni3Te, -x  + N i  phase boundary over  t h i s  temperature  range  was 
found t o  be  N i 3 T e 1 . 7 7  f 0.02. S;98 
have been e s t i m a t e d  f o r  N i 3 T e l . 7 7 .  T h e  thi rd- law A H 8 9 8  f o r  t h e  decompo- 
s i . t i o n  of t h i s  phase i n t o  N i  and T e a ,  based on t h e s e  estimates and t h e  
exper imenta l  T e 2  p r e s s u r e s ,  i s  i n  good agreement w i t h  1zH&8 d e r i v e d  from 
t h e  second l a w  t rea tment .  

The experimental  
Independent 

The composi t ion of t h e  

Values of S % ~ B ,  H;: -.- U z 9 8  and $5 

1 .3 .7 .2  F i s s i o n  Product  T r a n s p o r t  i n  Advanced Nuclear  F u e l s  -- X.  L. Beat ty  

S t u d i e s  a t  ORNI, have been conc-erned w i t h  the s t r u c t u r e  and p r o p e r t i e s  
of u n i r r a d i a t e d  advanced n u c l e a r  f u e l s  as w e l l  a s  t h e  s t a b i l . i t y  and 
migra t ion  of i m p u r i t i e s  ( e . g . ,  f i s s i o n  p r o d u c t s ) .  One q u e s t i o n  t h a t  
arises when such s t u d i e s  are used t o  p r e d i c t  i n - s e r v i c e  behavior  i s  t h e  
extent t o  which equi l i .br ium thermodynamics can b e  used i n  t h e  dynamic 
system. The Swiss F e d e r a l  I n s t i t u t e  f o r  Reactor  Research has i r r a d i a t e d  
several c a r b i d e  f ue1.s under well documented condi.ti0n.s. W e  hnve accepted  
t h e i r  o f f e r  f o r  a staEE exchange t o  compare p r e d i c t e d  behavior  w i t h  
experiment.  Problems under i n v e s t i g a t i o n  based on t h e  f i n a l  f i s s i o n  
product  d i s t r i b u t i o n  are  t h e  thermal ,  mic ros t ruc tu ra l . ,  and composi t ional  
e f f e c t s  on d i f f u s i o n a l  and vapor t r a n s p o r t  ra tes ,  and t h e  chemica l ly  
s t a b l e  forms of t h e  v a r i o u s  f i s s i o n  products .  
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1 .4  CKYSTAL PHYSICS - G .  W. Clark  

The growth of c r y s t a l s  of r e f r a c t o r y  materia1.s i s  our c e n t r a l  theme. 
Frequent ly  very  s p e c i f i c  c r y s t a l s  (composition, phase,  p u r i t y ,  p e r f e c t i o n ,  
s i z e ,  et.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  uniqi.ic1y 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 k  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  conduct a 
cont inuing  program t o  d e v i s e  and improve methods of c r y s t a l  growth, t o  
develop increased  understanding of c r y s t a l  growth processes  and k i n e t i c s ,  
and t o  provide  c r y s t a l s  needed i n  r e s e a r c h .  
methods: by i n t e r n a l  zone growth, by temperature-gradient  zone mel t ing ,  
from molten--sal t  s o l v e n t s ,  from s u p e r c r i t i c a l .  aqueous systems, by ed-ge- 
def ined  fi lm-fed growth, and by t h e  Verneiii.1 method. During t h i s  r e p o r t  
peri-od, our c r y s t a l s  were shared 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  resonance, 
o p t i c a l  and c l a s t i c  p r o p e r t i e s ,  deformation,  d i f f u s i o n ,  f i e l d  emission,  
and el.r:c t r o n i c  o s c i l . l a t o r  q u a l i t y .  
p r o p e r t i e s ,  bo th  those re la ted t o  t h e  c r y s t a l  growth process  and those  
important  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  a 

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 m e t a l .  oxide-metal e u t e c t i c  composites 
as  MI-ID e l e c t r o d e  mater ia l  and t u r b i n e  components. 

C r y s t a l s  are  grown by s e v e r a l  

W e  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  

Of 

1 . 4 . 1  Oxygen P a r t i a l  P r e s s u r e  Versus Phase E q u i l i b r i a  I__- and D i r e c t i o z r t  
S o l i d i f i c a t i o n  i n  t h e  Cr-0-Mo System - J. D. Holder and G .  W. Clark  _-. 

Oxygen p a r t i a l  p r e s s u r e ,  P o 2 ,  f o r  s o l i d - l i q u i d  phase e q u i l i b r i a  o f  
C r 2 O 3 ,  C r 2 0 3 - C r  e u t e c t i c ,  and Cr203-Mo eu tec t ic  h a s  been es t imated  from 
(1) a v a i l a b l e  thermomechanical d a t a  on t h e  C r 2 0 3 - C r - 0 2  e q u i l i b r i a ,  
( 2 )  C r 2 0 3  o x i d a t i o n  and r e d u c t i o n  experiments ,  and ( 3 )  Mo o x i d a t i o n  and 
r e d u c t i o n  experiments .  The s o l u b i l i t y  of r e f r a c t o r y  metals i n  o x i d e s  as 
a f u n c t i o n  of d i s s o l v e d  oxygen and Pg2 i s  a l s o  suggested from r e c e n t  
experiments  conducted elsewhere.  All i n d i c a t i o n s  are t h a t  Po2 p l a y s  a n  
extremely important  r o l e  i n  t h e  oxide-metal  e u t e c t i c  s o l i d i f i c a t i o n  by 
c o n t r o l l i n g  phase volume r a t i o s ,  growth rate l i m i t a t i o n s ,  and l i q u i d  
superhea t  requirements  . 
and t e s t e d .  I n i t i a l  experiments  w i l l  involve  a s tudy  of phase e q u i l i b r i a  
as a f u n c t i o n  of temperature  and Po2 a t  n e a r - e u t e c t i c  composi t ions.  
experiments w i l l  b e  cons t ruc ted  t o  tes t  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  v e r s u s  
Pop i n  t h i s  system. 

G a s  mixing and Po2 monitor ing equipment i s  p r e s e n t l y  being bui1.t 

L a t e r  

1.4.2 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 Cr2O3-Mo 
__l_--__l_ 

_ _ . _ . - ~  E u t e c t i c  Composites -- J .  D. Holder and G.  W. Clark  

The s tudy  of t h e  i n t e r n a l  zone meltdng 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  
Scale-up of sample d iameter  from 2 t o  5 c m  has of Cr203-Mo i s  cont inuing .  
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been s u c c e s s f u l  as p r e d i c t e d  by she mathematic.a.1. nodel ing  n f  I Z G  by 
H a r t z e l l  and Sekerka.41 
developed and was ins t rumen ta l  i n  s c a l  e-up - A zot-le ap~-?”oxinl,.ii~ci!l.y 2 cni 
I.ong h a s  been moved through a 5--cm l e n g t h  of a hot-pressed mixture  of 
C r 2 0 3  and Mo powders ( C r 2 0 3 - 2 0  mole % Mo). O u r  present e f fo r t :  i s  t o  
p e r f e c t  c r y s t a l  q u a l i t y  f o r  mechanical and p h y s i c a l  p rope r ty  
de t e rmina t ions .  Con t rc~ l  of  el .ectri .c.al  c o n d u c t i v i t y  by m e t a l .  o r  c a t i o n  
doping has  been demonstrated and should prove va1uabl.e f o r  f1.11: t h e r  
scale-up a t  t erap t s . 

Th2 concept of i n t e r n a l  suscep ta r s  has been 

A c o l l a b o r a t i o n  between persons oE the Uepartmene: o f  Metal lurgy  and 
Materials Sc ience ,  Ca-~megie-Mellon U n i v e r s i t y  and 1:h:i.s group a t  ORNL which 
w a s  made inore formal. by EHBA suhcoiitract  suppor t  i.n ] .ate  1973, has  been 
rnost f r u i t f u l .  The i n t e n t  was t o  develop a mathematical  model of thi3 

i n t e r n a l  zone growth te.c.Pnriique and i l~en  u t - i l i z e  the 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 our p r e s e n t  i n t e r n a l  zone growth systciii and  t o  
extend t h e  use of t h i s  technique  to a more: general.. *ncthod of s o l i d i f i c a t i o n .  
‘The complexity of t h i s  model. descriBi.ng induc t ion  coupl ing  and Ilea i- 
t r a n s p o r t  i n  metal oxide-uietal systems evolves  through t h e  facts that the 
electr ical  c o n d u c t i v i t y  of t h e  system is a s t r o n g  functi-on o f  teinperature 
and t h a t  e lec t r ica l  c o n d u c t i v l t y  appears as a parameter i n  bo th  equaclions. 
T h u s ,  t h e  induc t ion  coupl ing  and h e a t  t r a n s p o r t  equa t ions  a re  coupled. 

The f i r s t  e x c i t i n g  p r e d i c t i o n  of t.he model. w a s  the probable  e x i s t e n c e  
of a coupled power o r  s a m p l e  tempera ture  i n s t a b i l i t y  a s s o c i a t e d  v-i.t:h 
o t h e r  c o n t r o l l a b l e  system parameters .  At t h e  s a m e  t i m e  we were being 
stopped by erratic exper imenta l  system behavior t h i x t  w e  d i d  n o t  r ecogn ize  
as an i n s t a b i l i t y .  

A s  t he  motlel h a s  been r e f i n e d  and o u r  l a b o r a t o r y  exper ience  matured, 
i t  appea r s  t h a t  we wiJ.1.. be a b l e  to  p r e d i c t a b l y  s k i r t  a long  t h e  edge of 
t h e  in s t ab i . l . i t y  to  r each  our g o a l  of directionally s o l i d i f y i n g  many 
complex e u t e c t i c  systems. 

many, many o p p o r t u n i t i e s  y e t  untouched tor  us ing  t h i s  genera l  technique  
of i n t e r n a l  zone growth. 

The modeling cont.i.nues t o  suppor I: the c o n v i c t i o n  t h a t  there are 

1.4.4 The Growth of &;.lrge--Diarneter I .. . 1102-W . . . . . _. . . . . . .. . Composites 
and G .  W. C la rk  

- A. T .  C h 2 p m ~ n “ ~  

L a s t  yea r  we r e p o r t e d  the  s u c c e s s f u l  growth of l a rgc  UQ2 single 
c r y s t a l s  u s ing  the  i n t e r n a l  cen t r i fup ,a l  LOIIE. growth technique  w i t h  i ngo t s  

Ir ’ ~ e p n r t m e n t  of rt.letallurgy and ~ n ~ c r - i a l s  Sc ience ,  Carnegie-Mcl lori 
I Jn ive r s i ty .  Work s u p p o r t e d  by ERDA subcon t rac t .  

2Consul tan t  from the School o f  Ceramic Engineering, Georgia 
T n s t i t u t e  of Techno1 ogy .  
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up t o  25  m i n  d iameter .  E f f o r t s  t o  make similar s i z e  i n c r e a s e s  f o r  t he  
UO2-W composite s t r u c t u r e s  m e t  w i th  d i f f i c u l t y  because of t h e  i n a b i l i t y  
t o  ach ieve  we l l - s in t e red  and d e n s i f i e d  i n g o t s  be fo re  i n t e r n a l  mel t ing .  
W e  found i t  necessary  t o  p r e s i n t e r  t h e  UO2-W s a m p l e s  i n  c o n t r o l l e d  Po2 
t o  produce t h e  needed sample c h a r a c t e r i s t i c s .  Using UO2-W i n g o t s  
weighing approximately 450 g and up t o  30 mm i n  d iameter ,  w e  have 
s u c c e s s f u l l y  i n t e r n a l l y  melted t h e s e  samples us ing  a 10-kW i nduc t ion  
gene ra to r  ope ra t ing  a t  3.5 MHz. The r e s u l t a n t  e u t e c t i c  s t r u c t u r e s  showed 
major i n c r e a s e s  i n  t h e  l e n g t h  and s i z e  of t h e  c e l l s  and, consequent ly ,  
improved tungs ten  f i b e r  c o n t i n u i t y  compared wi th  t h e  s m a l l e r  (approximately 
20-nil-diam) i n g o t s .  I n  t h e  l a r g e  i n g o t s  t h e  l o n g i t u d i n a l  h e a t  l o s s e s ,  
e s p e c i a l l y  a t  t h e  upper end, appear  t o  be  s u f f i c i e n t  t o  d i s t o r t  t h e  
d e s i r a b l e  f l a t  l i q u i d - s o l i d  i n t e r f a c e  a c r o s s  t h e  i n t e r n a l  molten zone. 
The p o s s i b i l i t y  of dec reas ing  t h e  induc t ion  frequency used dur ing  
s o l i d i f i c a t i o n  and/or  provid ing  i n s u l a t i o n  t o  b e t t e r  c o n t r o l  end h e a t  
losses are under cons ide ra t ion .  

1.4.5 The 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 CeOz-Transition Metal Systems - 
A. T. Chapman42 and G .  W. Clark  

_I__- - 

During t h e  last seven yea r s ,  t h e  growth of r e f r a c t o r y  m e t a l  oxide- 
m e t a l  e u t e c t i c  s t r u c t u r e s  has  been achieved i n  a v a r i e t y  of systems. 
Almost a l l  systems e x h i b i t i n g  a l igned  s t r u c t u r e s  c o n s i s t  of ox ide  and 
m e t a l  combinations t h a t  have e u t e c t i c  temperatures  w e l l  above 2000°C. 
E f f o r t s  t o  extend t h i s  technology t o  inc lude  t r a n s i t i o n  metals ( i . e . ,  
N i ,  C r ,  Pe, Co) have been unsuccessfu l .  Analys is  of t h e  high-temperature  
m e t a l  oxide-metal  s y s t e m s  d i s p l a y i n g  e u t e c t i c  s t r u c t u r e s  sugges t s  t h a t  
ox ide  s to ich iometry  i s  perhaps t h e  most impor tan t  parameter a f f e c t i n g  
t h e  s o l u b i l i t y  of t h e  metal i n  the  molten oxide.  Consequently,  a 
s o l i d i f i c a t i o n  s tudy  w a s  i n i t i a t e d  i n  the  Ce02- t rans i t ion  m e t a l  system. 
Ceria w a s  s e l e c t e d  as t h e  h o s t  ox ide  because of i t s  comparat ively low 
mel t ing  p o i n t  and i t s  l a r g e  v a r i a t i o n s  i n  O / C e  r a t i o s  t h a t  may b e  
c o n t r o l l e d  by u s e  of CO2-CO and W20-H2 gas  mixtures .  
zone me l t ing  of Ce02,x-Ni samples produced some i n t e r e s t i n g  mic ros t ruc tu res .  
S t a r t i n g  wi th  Ce02-15 w t  2 N i O  samples mel ted i n  a reducing atmosphere 
s p h e r i c a l  C e O 2  g r a i n s  surrounded by a cont inuous l a y e r  of n i c k e l  m e t a l  
could be  produced when t h e  molten zone w a s  r a p i d l y  t r a n s l a t e d  through 
t h e  sample. Using much slower (approximately 3 cm/hr) s o l i d i f i c a t i o n  
rates produced p r imar i ly  i s o l a t e d  d r o p l e t s  of n i c k e l  m e t a l  i n  t h e  C e 0 2  
ma t r ix ,  b u t  i n  some areas p a r t i a l l y  a l i g n e d  s h o r t  n i c k e l  p l a t e l e t s  were 
p r e s e n t .  These r e s u l t s  sugges t  t h a t  t h e  growth of a l igned  e u t e c t i c  
s t r u c t u r e s  i n  t h e  Ce02- t rans i t ion  m e t a l  systems i s  f e a s i b l e ,  and 
experimental  work i s  cont inuing .  

The d i r e c t  i n t e r n a l  
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1..4.S 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 an  l__ LiF-20 .-._ mole % CaF2 E u t e c t i c  M e l t  
by t h e  Edge-Def ined,- Frilm-Fed (EFG) Method - J .--D. Holder, 
C .  B. FT&h, and G. W. Clark 

The EFG method w a s  used t o  s o l i d i f y  cy l . indr ica1  samples (5 mm diam 
by 3 cm) of a lamellar LiF-20 mole % CaF2 e u t e c t i c .  The experiments 
were conducted i n  argon a t  800 t o  850"C, us ing  a plat inum c r u c i b l e  and 
n i c k e l  d i e .  W e t t a b i l i t y  of t h e  d i e  was improved by i n t r o d u c t i o n  of 
small amounts of oxygen i n t o  t h e  system, an  e f f e c t  p o s s i b l y  r e l a t e d  t o  
t he  formation of a N i O  f i l m  on t h e  d i e  s u r f a c e .  Melts of e u t e c t i c  and 
LiF-r ich ( l a  mole % CaF2) composi t ions w e r e  s u c c e s s f u l l y  s o l i d i f i e d  a t  
a t  rates between 3 and 40 mm/hr, and t h e  r e s u l t i n g  m i c r o s t r u c t u r e s  w e r e  
analyzed wi th  a n  eye t o  ga in ing  a b e t e r  understanding of t h e  p o t e n t i a l  
and l i m i t a t i o n s  of t h e  EFG process .  

1..4.7 Boundary Layer Model of Thin Film i n  t h e  EFG grscess - J.  D .  Holder,  
C. B. Fin&, and G.  W:"Clark 

A numerical s o l u t i o n  t o  t h e  time-dependent mass t r a n s f e r  problem 
f o r  a b i n a r y  l i .qu id  c r y s t a l l i z i n g  t o  a e u t e c t i c  s t r u c t u r e  under t h e  
c o n d i t i o n s  imposed by t h e  edge-defined f:ilsn-fed growth p rocess  w a s  
developed. The r e s u l t s  p r e d i c t  s h o r t e r  t r a n s i e n t  pe r iods  t o  s t eady  
state i n  EFG than  i.n t y p i c a l  Bridgman o r  zone mel t ing  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  techniques .  An inc reased  s e n s i t i v i t y  t o  growth r a t e  
p e r t u r b a t i o n s  i s  also p r e d i c t e d  as t h e  f i l m  th i ckness  dec reases .  We 
are p r e s e n t l y  seeking  an  experimental  model system t o  v e r i f y  our  
p r e d i c t i o n s .  

1.4.8 F a b r i c a t i o n  of a La rgeAutoc lave  f o r  Growint3@artz C r y s t a l s  f o r  
- Acous t ic  Loss  (&) Mensurements - 0. C .  Kopp and G. W. C la rk  

F a b r i c a t i o n  of a new, l a r g e r  hydrothermal  au toc lave  based on a 
previous  des ignb4  i s  complete.  
compared wi th  22 mm (0.875 i n . )  €o r  t h e  presenc  a u t o c l a v e s  will permi-t 
u s  t o  grow a number of q u a r t z  c r y s t a l s  l a r g e  enough f o r  f a b r i c a t i n g  
o s c i l l a t o r  p l a t e s  f o r  t h e  measurement of a c o u s t i c  l o s s  (Q). Prev ious ly ,  
t h e  s i z e  l i m i t a t i o n  imposed by t h e  v e s s e l s  permi t ted  u s  t o  o b t a i n  only  

The i n t e r n a l  diameter  of 32 mm (1.25 i n . )  

3Research P a r t i c i p a n t  from t h e  Department of Geologica l  Sc iences ,  

440. C .  Kopp, G. W, Clark ,  and T .  G.  Reynolds, "Replaceable Liner-  

Un ive r s i ty  of Tennessee,  Knoxvjl le .  

Type Autoclave w i t h  Modified Rridgman Closures ,"  RGV. S k i .  Instr. 
34: 1262--63 (1963). 
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one d i r e c t  measurement of Q foi- RhOH-grown q u a r t z .  " 
a c o u s t i c  l o s s  d a t a  f o r  s eve ra l  c r y s t a l s  grown wi th  RbOH should enab le  u s  
t o  answer impor tan t  q u e s t i o n s  concerning t h e  p e r f e c t i o n  of oiir q u a r t z  i n  
some d e c a i l .  

The a v a i l a b i l i t y  of 

1 .4 .9  S ingle-Crys ta l  Syn thes i s  of Pure and Rare-Earth-Doped CaO by Mass 
Transpor t  i o  _...I._... Molten ___I_ CaFZ-LiE '  So lvent  - C .  B .  Finch and G .  'w. Clark  

C r y s t a l s  of CaO up t o  2 nvn on edge w e r e  grown from a hi.gh-temperature 
sol.ution i n  CaF2-LiF between 1150 and 1200°C. 
i n  d ry  a i r ,  us ing  platinum v e s s e l s  and a s o l u t i o n  temperature d i f f e r e n t i a l  
between n u t r i e n t  and crystall . iz: i .ng n u c l e i  1.0 c.in above of app;rosimately 
20°C. 
cub ic  ha1)ri.t approximately 3 mm on edge. C r y s t a l s  w e r e  grown doped wi th  
Gd3', and s p e c t r o s c o p i c  a n a l y s i s  i n d i c a t e d  t h a t  a t  least  one-fourth of 
t h e  gadolinium in t roduced  t o  t h e  sys t em i s  inco rpora t ed  i n  t h e  c r y s t a l .  
T h i s  sugges t s  t h a t  t h i s  growth technique  w i l l  be appl - icable  t o  p r e p a r a t i o n  
of actinide-doped C a O  s i n g l e  c r y s t a l s ,  where it is  of i n t e r e s t  t o  de te rmine  
t h e  EPK of a c t i n i d e  ions  i n  a n  o c t a h e d r a l l y  coord ina ted  s i t e  symmetry. 

Experiments were conducted 

Growth r u n s  of approximately t h r e e  weeks produced c r y s t a l s  of 

1 .4 .10 S ingle-Crys ta l  - Growth of Monoclinic Eu2O3 from Molten NaF Solvent  
S. L.  Bennet t ,  J. Brynestnd, G .  W.  C la rk ,  C .  B .  Finch, and 
H. L. Yakel 

The optimum c o n d i t i o n s  f o r  growth of h igh-pur i ty  s i n g l e  c r y s t a l s  of 
monoclinic Eu203 from molten NaF s o l v e n t  w e r e  sought i n  t h e  temperature 
r ange  13.00 t o  120OOC.  The l i m i t e d  change i n  t h e  s o l u b i l i t y  o f  Eu2O3 i n  
NaF wi th  tempera ture  ( s o l u b i l i t y  w a s  abou t  0 . 3  w t  % a t  both  1150 and 
1200°C) d i c t a t e d  t h a t  continued emphasis be  p laced  on experiments 
i nvo lv ing  m a s s  t r a n s p o r t  from n u t r i e n t  t o  seed  over s o l u t i o n  temperature 
d i f f e r e n t i a l s  ranging  between 10 t o  3 O O C .  
wi th  v e r t i c a l  s e a l e d  p la t inum v e s s e l s  abou t  10 crn t a l l  under a n  
atmosphere of argon. 
s t a r t i n g  r e a g e n t s  and growth environment. Crystal-growth r u n s  up t o  
t h r e e  weeks long  produced t r a n s p a r e n t ,  need le - l ike  c r y s t a l s  up t o  0 . 2  X 
0.2  x 5 rmn i.n s i z e ,  which w e r e  c o l o r l e s s  t o  sl . i .ghtly pink. Spectrochemical 
a n a l y s i s  i n d i c a t e d  3 ppm N a  and 3 ppm F as t h e  on ly  s o l v e n t  i m p u r i t i e s .  
X-ray d i f f r a c t i o n  and o p t i c a l  goniometr ic  s t u d i e s  i n d i c a t e d  t h a t  t h e  
[ b ]  c r y s t a l l o g r a p h i c  axis  c o i n c i d e s  wi th  t h e  l o n g e s t  c rys t a l .  dimension 
( i . e , ,  need le  a x i s ) .  Se l ec t ed  c r y s t a l s  are being used i n  x-ray s t r u c t u r e  
de t e rmina t ions  and i n  a n  x-ray d i f f r a c t i o n  s tudy  of the s u r f a c e  
deg rada t ion  of E u ~ O ~  j.n t h e  presence  of moi s tu re .  

The experiments w e r e  conducted 

E f f o r t s  w e r e  made t o  el-iminate H 2 0  o r  OH- from t h e  

" 0 .  C .  Kopp and P. A .  S t a a t s ,  "Measurement of Q f o r  RbOIi-Grown 
Quartz," J .  Phys. Cherii. S o l i d s  36: 356 (1975). 
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1 . 4 . 1 1  BKj.!!gr+n Growth..-of Several . ... P i i r e  and A c  .. tinide-Doped ... . . ....... Hal-ide ____ S i n g l e  ....... 

wstals- -- C .  B Flnch 

Conventional m e l t  growth techniqiies were used  t o  prepare  s i n g l e  
c rys t a l s  of RbCaF3, L a % r 3 ,  and C a K r 2  f o r  o p t i c a l  and luminescence s t u d i e s .  
The c r y s h l s  were prepared i n  plat inum, v i t r e o u s  carbon,  o r  q u a r t z  
c o n t a i n e r s ,  which w e r e  lowered through a 20”C/cm thermal g r a d i e n t  a t  
approximately 2 mm/hr. 
w i t h  244Ctm,  
e l e c t r o n  s p i n  resonance s t u d i e s  e 

C r y s t a l s  of t h e  above coni ounds bere 3150 doped 
S i n g l e  c r y s t a l s  of S r C 1 2  doped w i t h  ‘“Bk w e r e  grown f o r  

1.4 12 , V i b r a t i o n a l  S p e c t c a i f - . .  S;;theti.c Sing1e;:rys t a l  Tephro-LJX 
%Xi- W. D .  Stidham, .J. B .  Rates, and C .  B. Finch 

‘The Rarnan, i n f r a r e d ,  and vis ib1.e  a b s o r p t i o n  s p e c t r a  of s y n t h e t i c  
t e p h r o i t c ,  Mn2Si04, have been measured. The bands observed i n  t h e  
vibrat i .ona1 s p e c t r a  are ass igned  t o  the k % 0 t r a n s v e r s e  o p t i c a l  nodes 
of Mn2Si04, and several. longitudi.na1 o p t i c a l  mode f r e q u e n c i e s  of V 3  were  
es t imated  from f e a t u r e s  observed i n  t:ransverse magnetic r e f l - e c t i o n  s p e c t r a .  
The Raman-active components of the i n t e r n a l  modes of S ~ O I + ” -  do n o t  appear  
t o  i n t e r a c t  w i t h  t h e  motions of Mn2+ i o n s ,  b u t  t h e  i n f r a r e d  components o f  
V2 and V b  appear  t o  be  h i g h l y  mixed w i t h  t h e  e x t e r n a l  modes of t h e  
manganese s u b l a t t i c e .  

4- 

1.4.13 .Self-Luminescence o f  S e v e r a l  Curium-Doped Alkaline-Ea-th and 
Lanthanum Hal ides  - C .  B. Pinch and J .  P .  Young4‘ 

The s e l f - e x c i t e d  radiolumi.nescence s p e c t r a  of s e v e r a l  a l k a l i n e - e a r t h  
and lanthanum h a l i d e s  doped w i t h  approximately 0.1. a t . %  2 4 4 C m  w e r e  
recorded between 273 and 600°K i n  t h e  wavelength range 0 . 2  t o  2 urn. The 
h o s t  c r y s t a l s  i n v e s t i g a t e d  inc luded  CaF2, SrF2, BaF2, RbCaF3, I,aF3, 
SrC12. and LaC13.  With t h e  except ion  of LaC13, a l l  t h e  samples d i s p l a y  
a s t r o n g  emission peak i n  t h e  v i c i n i t y  of 0.6  pm. I n  a d d i t i o n ,  t h e  
f l u o r i t e - s t r u c t u r e  f l u o r i d e s  (CaF2, S rF2 ,  BaF2) e x h i b i t  a broad peak a t  
0.30 pm, w h i l e  t h e  i s o s t r u c t u r a l  SrC12 and n o n i s o s t r u c t u r a l .  Lac13 both  
have similar broad peaks a t  0.40  urn. The 0.6Q-lim peak h a s  g r e a t e s t  
i n t e n s i t y  a t  approximately 400 K i n  all c r y s t a l s  s t u d i e d ,  where i t  occurs .  
The 0.30- and 0.40-um peaks,  w h i l e  s t r o n g  a t  room temperature ,  are quenched 
on h e a t i n g  t o  400 K. 
o r  C e 0 2  doped w i t h  s imilar  amounts of 244Cm. 

No luminescence emission w a s  d e t e c t e d  f r o m  ThQ2 

-- __ 

460n leave from Department: of Chemistry,  U n i v e r s i t y  of  Massachuset ts ,  
Amherst. 

’So l id  S t a r e  Div is ion .  

8 A n a l y t i c a l  Chemistry Div is ion .  



26 

1.4.14 ___ E l e c t r o n  Param-snet ic  KesonanceJnvesti$ations o f  D i v a l e n t  ’ 5 3 E s  
i n  S r C l ?  and BaF2” - L. A. BoatnerF-R. W. R e y n o l d ~ , ~ ‘  
C .  R ,  Finch, and M.  M.  

The e l e c t r o n  paramagnetic resonance (EPK) spectrum of 3Es2*  
(5f1 
c r y s t a l  h o s t s  BaF2 and SrC12. The spectrum obta ined  a t  about 24 GHz and 
a temperature  of 4 .2  K e x h i b i t e d  a wel l - resolved 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 )  f o r  253Es23. i n  b o t h  h o s t  c r y s t a l s .  The magnetic E 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 t h e  magnetic 
f i e l d  o r i e n t a t i . o n ,  b u 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 EPR 
spectrum of 

e l e c t r o n i c  conf igurat i -on)  h a s  been observed i n  t h e  c u b i c  s i n g l e -  

3 E s 2 +  w a s  descr ibed  by t h e  spin-Hamiltonian 

w?th  L’/ = 1/2, 
t h e  BaP2 h o s t  and g = 6.658 0.003, A = 13.82 5 0.02/m f o r  SrC12. The 
s i g n i f i c a n t  d i f f e r e n c e  between t h e  measured g-values  f o r  t he  two h o s t s  
i n d i c a t e s  t h a t  t h e  E s 2 +  ground s t a t e  i s  a 1’16 doubI.et i n  BaF2 and a r 7  
double t  i n  S r C 1 2 .  Although a s i m i l a r  change i n  ground states between 
BaFa and SrCI:, h a s  been observed f o r  t h e  r a r e - e a r t h  ana log  of Es2’ 
( i .  e . ,  Ho2+ w i t h  a 4f’ e l e c t r o n i c  c o n f i g u r a t i o n )  , a corresponding 
e f f e c t  is  n o t  n e c e s s a r i l y  expected f o r  Es2+ i n  view of t h e  known importance 
of intermediate-coupl ing e f f e c t s  i.n t h e  a c t i - n i d e  series.  The o b s e r v a t i o n  
of such a correspondence provides  a n  a d d i t i o n a l  example of t h e  i n c r e a s i n g  

= 7/2,  and g = 5.825 * 0.006, A = 12.1.8 i 0.03/m For 

r a r e - e a r t h - l i k e ”  behavior  of t h e  a c t i n i d e s  wi th  i n c r e a s i n g  atomic number. If 

4 9 L .  A. Boatner,  R .  IJ. Reynolds, C.  B. Finch,  and M. M. Abraham, 

”Ecole Polytechnique Fgd6rale  de Lausanne, L a b o r a t o i r e  d e  Phys ique  

Phys.  Rev. B13: 953 (1976) .  

Expikimentale,  CEI-1007 Lausanne, Swi tzer land .  

’Advanced Technology Center ,  Dallas,  Texas.  



2.  DEFORMATION AND MECHANICAL PROPERTIES 

R.  A .  Vandermcter 

The emergence of Materials Sc ience  a s  a d i s c i p l i n e  i.s anchored o n  
t h e  premise that  h p o r  t a n t  r e l a t i o n s h i p s  o b t a i n  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  d i s c o v e r  and 
c h a r a c t e r i z e  t h e s e  r e l a t i o n s h i p s ,  w i t h  pa r t - i cu la r  emphasis on def orma Lion 
and mechanical behavior  i n  materials of r e l e v a n c e  t o  nuc l~ea r  and o t h e r  
energy-re la ted  f i e l d s .  

2.1 THE PHASE TMNSFOFW4TION CHARACTERISTICS OF A U R A N I I i M  f 1 4  at.% 
NIOBIUM AT,LOY’ - R.  A. Vandermeer 

The t r a n s f o r m a t i o n  of t h e  elevated-temperature  bcc phase dur ing  
b o t h  cont inuous  c o o l i n g  and i s o t h e r m a l  ag ing  i n  a uranium-niobium a l l o y  
of t h e  monotectoid composi t ion h a s  been i n v e s t i g a t e d  wri.z-h d i l a t o m e t r y  and 
x-ray d i f f r a c t i o n .  During r a p i d  c o o l i n g  to  room temperature  two t r a n s -  
format ion  s t a g e s  were d e t e c t e d .  The end product  phase w a s  t h e  m e t a s t a b l e  
monocl inic  a” modif i s a t i o n ,  which w a s  assumed t o  form martensit ical .1.y 
w i t h  a n  accompanying volume expansion o f  0.48%. 
r a t e  t h e  M, temperature  w a s  1 6 0 O C ;  t h e  MJ- w a s  about  50’C. 
temperature  i n c r e a s e d  s l i g h t l y  wi th  a d e c r e a s e  i n  cool-ing rate. Aging 
a t  tempera tures  above M, and below 375°C caused a” t o  b e  produced 
i s o t h e r m a l l y  r a t h e r  than  atherinal-ly . ‘The I -a t t ice  parameters  of a” 
formed isothermal1.y d i f f e r e d  from t h o s e  found a f t e r  quenching. T h i s  and 
o t h e r  evidence t o  b e  presented  s u g g e s t  t h e  p o s s i b l e  i n t e r p l a y  of s o l u t e  
s e g r e g a t i o n  p r o c e s s e s  w i t h  t h e  m a r t e n s i t i c  t ransformat ion .  T h i s  al.l.oy 
e x h i b i t e d  a wide range of mechanical p r o p e r t i e s  depending on h e a t  t rea tment ,  
i n c l u d i n g  t h e  c u r i o u s  shape memory e f f e c t .  Because of t h e  in t imake  
connec t ion  of t h e  shape memory e f f e c t  and m a r t e n s i t i c  phase t ransformat ion ,  
this s tudy  w a s  conducted t o  provide  informat ion  r e g a r d i n g  t ransformat ion  
c h a r a c t e r i s t i c s  t o  b e  used i n  l.ater shape memory s t u d i e s .  

Fo r  t h e  f a s t e s t  qi.ienchi.ng 
The M, 

2.2 AGING INDUCED SHAPE INSTABILITY I N  APJ ELASTICAILY BENT IF-7.5 w t  % 
N’3-2.5 w t  % Z r  ALLOY2 - 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 was 
found t o  ex is t  a t  room temperature  as a m e t a s t a b l e  phase,  which was 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  elevated-temperature  body-centered- 
c u b i c  (bcc) phase.  F l a t ,  as quenched specimens have been e l a s t i ca l1 .y  

’Abs t rac t  of t a l k  presented  a t  t h e  Annual 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, Feb. 22--28, 1976, L a s  Vegas, Nevada. 

(June 1976) .  
2 A b s t r a c t  of a paper  publ ished, in  MetaLZ. Trans. 7A(S): 8 7 1  78 

27 
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deformed i n  four -poin t  bending t o  maximum o u t e r  f:i.ber stresses below t h e  
s t r e s s  requi-red f o r  p l a s t i c  deformation t o  occur  b u t  i.nto a range  of 
stress where p s e u d o e l ~ a s t i c  behavior  h a s  been observed. Aging of t h e s e  
e1as t i ca l l . y  bent  specimens i n  a n  oi.1. b a t h  a t  423 K,  whi le  constra:Lned by 
t h e  bending j i g ,  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 so thermal  ag ing ,  a f t e r  rerrroval from t h e  hending 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  absencc: of t h e  a p p l i e d  load .  X-ray examination of samples c u t  from 
a b e n t  and aged specimen reveal-ed important  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 c e  parameter d i . f f e rences  between t h e  t e n s i o n  and compresshn  r e g i o n s  
and t h e  high- and low--stress  p a r t s  of t h e  specimen. These o b s e r v a t i o n s  
are descr ibed  and compared w i t h  prev ious  f i n d i n g s  on quenched sarnp1.es 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 .  
A r a t i o n a l  i.zat:ion of t h e  shape instahi.l-ii:y i s  presented .  E las%ic  twin 
n u c l e a t i o n  and growth, p r e f e r r e d  o r i e n t a L i o n s ,  s o l u t e  s e g r e g a t i o n ,  and 
t h e  i n t e r p l a y  of a1.I t h e s e  seem t o  be involved ,  

2 . 3  PRECIPITATION-HARDENED ALUMINUN FOR POSSIBLE APPS,ICATLON AS 
S T A B I L I Z I N G  COMPONENT I N  SUPERCONDUCTION MAGNETS AND TKANSMlSSYON 
LINKS3 - li. A .  Vaiidermeer, J .  C. Ogle, and C .  E ,  Zachary 

I n  l a r g e  superconduc:I;:i.ng magnets and i n  t h e  proposed underground 
superconduct ing power t ransmiss ion  I . ines,  u l t r a h i g h - p u r i t y  aluminum i s  
a candida te  material f o r  t.he component servi-ng t o  c a r r y  f a u l t  c u r r e n t s  
and t o  provide  a p a t h  f o r  t h e  r a t e d  c u r r e n t  should t h e  superconductor 
temporar i ly  g o  normal. I f  t h e  alurninum could a l s o  mechanicall  y suppor t  
t h e  superconduc-tor assembly, c e r t a i n  des ign  s i m p l i f i c a t i o n s  and weight 
sav ings  iii-i-ght be  r e a l i z e d .  Unalloyed 1ii.gh-purity a1 uminum, though 
e l e c t r i c a l l y  s u i t a b l e  a t  t h e  low temperatures ,  does n o t  have suf f:i.c:ient 
s t r e n g t h  t o  accomplish Izliis, T h i s  rc?search i s  explor ing  t h e  p o s s i b i l i t y  
of manipulat 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  hardenab1.e 
al.1.o-y whose so l . id  s o l u b i l i ~ t y  i s  extremely l i m i t e d ,  i n  such a way a s  t o  
s t r e n g t h e n  aluminum whi le  r e t a i n i n g  a reasonably  h igh  conducciv i ty .  

Al loys  conta in ing  0.07, 0.12, and 0 .26  w t  2 Au i.n zone-refined 
aluminum w e r e  prepared.  Specimens were s o l u t i o n  h e a t - t r e a t e d  a. t 873 K 
f o r  1 6  h r  and quenched i n t o  an i ce-br ine  s o l u t i o n .  Aging t rea tments  
were carr: ied o u t  a t  371., 460 ,  510, 57.5, and 625 K f o r  times up t o  1.000 h r .  
'The r e s i d u a l  r e s i s t i v i - t y  r a t i o  was found t o  depend s e n s i t i v e l y  on t h e  
d e f e c t  and p r e c i p i t a t e  s t a t e  of t h e s e  a l l o y s .  The s t r e n g t h e n i n g  of t h e  
a l l o y s  was monitored by means of Vickers  microhardness tests. E n  t h i s  
p a p e r  some c o r r e l a t i o n s  e s t a b l i s h e d  between mechanical and e l e c t r i c a l  
proper  t i e s  of t h e s e  a l l o y s  w i l l  be  preseii  t e d .  

3Abst rac t  ( r e v i s e d )  of paper t o  be  presented  a t  t h e  Second l n t e r -  
~ t i o ~ i l  Conierence on Mechanical Behavior of Materials, Aug. 16 -20, 
1976,  Boston, Mass. 
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2.4 KoLLiNG AND R~:(:KYSTA~LI~!AI'TI)N OF (110) [ i i o ]  ' I ~ T A L U M  SINGLE 
CRYSTALS' - W. €3. Snyder, Jr.' and L i .  A. Vandermeer 

Al-though m.uch knowledge h a s  been gained i.n past years concerning t h e  
r o l l i n g  and r e c r y s t a l l i z a t i o n  behavior  of i r o n  and i r o n - s i l i c o n  sing1.e 
c r y s t a l s ,  a p a u c i t y  of information e x i s t s  on s i . ng l~e  c r y s t a l s  of t h e  bcc 
r e f r a c t o r y  metals. The p r e s e n t  i n v e s t i g a t i o n  i s  a s t u d y  of t h e  effects 
of r o l l i n g  c o n d i t i o n s  on t h e  o r i e n t a t - i o n  stabi.l..ity and recrystal  I . i za t ion  
behavior  of (110) [ lie] s i n g l e  c r y s t a l s  of tantalum. 
microhardness ,  traasm:issj.on e l e c t r o - n  microscopy, and x-ray d i f f r a c t i o n  
were used t o  c h a r a c t e r i z e  t h e  e icts of ro1.l ing arid recrysti i l l . i .za t i o n .  
R o l l i n g  under c o n d i t i o n s  of h igh  f r i c t i o n  produces t r a n s v e r s e  s t r a i n s  
t h a t  are  n o t  symmetric w i t h  r e s p e c t  to t h e  specimen midplane. R o l l i n g  
with 1.ower f r i c t i o n  f o r c e s  o r  under more n e a r l y  i d e a l  s t r a i n  c o n d i t i o n s  
produces symmetric t r a n s v e r s e  s t r a i n s  w i t h  respect: t o  the  speclimen midplane. 
A "double bi3rreling" e f f e c t  a t  specimen edges OCCUKS under all. s t r a i n h g  
c o n d i t i o n s .  A s  a rer,ul.t of t h e s e  s t r a i n  inhomogenei t ies ,  t h e  c h a r a c t e r  
of  deformation banding var ies  through t h e  c r y s t a l  t h i c k n e s s .  Crystal 
i n s t a b i l i t y  i s  expla ined  by the  Tayl.or theory  of p l a s t i c i t y  u s i n g  
Di.llamori?'s t rea tment  of p e n c i l  g1.i.d.e i n  bcc iiietnl.~. Optical. microscopy 
and microhardness  indicatie t h a t  t he  r a t e  of r e c r y s t a l . l i z a t i o n  depends  
s t r o n g l y  on t h e  c h a r a c t e r  of the rria.croscopic dc..formation banding. 

O p t i c a l  metal lography,  

2.5 'THE EFFECTS OF OKIENTATION ON THE ROLLING AND RECKYSTAT,T,T%A'TION 
BEHAVIOR OF 'I'AN'I'ATJM SLNGLE CKYSrL'ATAS5 - W. E. Snyder, Jr.4 

T h i s  i n v e s t i g a t i o n  was concerned w i t h  e s t a b l i s h i n g  the e f f e c t s  of 
orientat:i.on 011 the def ormati.on and r e c r y s t a l l i z a t i o n  behavior  of r o l l e d  
tantalum s i n g l e  c r y s t a l s .  Crps ta1.s w i t h  i .nit ial  o r i e n t a t i o n s  of 

t h i c k n e s s  r e d u c t i o n  and examrlned w i t h  o p t i c a l  and e l e c t r o n  metal lography,  
x-ray l i n e  broadening and p o l e  f i g u r e  a n a l y s e s ,  arid microhardness  t e s t i n g .  
A si.mmation of t h e  impor can t  conclus ions  fo l lows:  

o r i e n t a t i o n  dur ing  r ~ l l . i . ~ i p  and produced m i c r o s t r u c t u r e s  of  nor^ o r  less 
uniform d i s t r i b u t i o n s  of dis1ocat: ions.  S l i g h t  i.ncreases i n  x-ray l i n e  
broadening and microhardness  i n d i c a t e d  t h a t  l i t t l e  l a t t i c e  c u r v a t u r e  and 
s t o r e d  energy remained i n  t h e s e  c r y s t a l s  a f t e r  r o l l i n g .  I n  a d d i t i o n ,  
p o l e  f i g u r e  a n a l y s e s  i.ndi.cate t h a t  very l i t t l e  spread  i n  or i e .n t a t ion  
e x i s t e d  i n  t h e  deformed crysta1.s. 
r e o r i e n t e d  by a 10" r o t a t i o n  toward t h e  more s tab le  (112)  [X.?O]. The 

(001) [ l ? o ]  , (112) [.l.Tfo], (1-1.7.) [ si01 , and (110) [ lio] were r o l l e d  t o  80% 

T h e  (001) [ I ? O ]  and (112) [ 1101 c r y s t a l s  m n i - r i  t n i n e d  t h e i r  i n i t i a l  

During r o l l i n g ,  t h e  (111) [lie] crystal .  

'S ta f f  Member, Development Div is ion ,  Y-12 P l a n t .  
5 ,  I I h i s  c o n t r i b u t i o n  siiriiriarizes a D i s s e r t a t i o n  presented  t o  t h e  

U n i v e r s i t y  of Tennessee as p a r t i a l  f u l f i l l m e n t  of Ph .D .  requirements  of 
W. B. Snyder, J r .  R. A.  Vandermeer was f a c u l t y  advisor. 
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moderate r e o r i e n t a t i o n  of t h e  (111) [ l i O ]  c r y s t a l  dur ing  r o l l i n g  c r e a t e d  
a f a i r1 .y  uniform d i s l o c a t i o n  c e l l  s t r u c t u r e  w i t h  more o r  less random 
m i s o r i e n t a t i o n s  throughout t h e  c r y s t a l .  Latt ice c u r v a t u r e  as determined 
from both  t ransmiss ion  e l e c t r o n  inicrostopy and p o l e  f i g u r e  a n a l y s i s  w a s  
g r e a t e r  than  f o r  t h e  s t a b l e  c r y s t a l s .  Microhardness and x-ray l i n e  
broadening measurements suggested t h a t  t h e  amount of scored energy i i i  t h e  
moderately r e o r i e n t e d  c r y s t a l  w a s  g r e a t e r  than  t h a t  i n  t h e  s t a b l e  c r y s t a l s .  

concomitant formation of deformation bands. Deformation bands c o n s i s t e d  
of a l t e r n a t e  {OOl) (100 ) and 1111) (110) - to -< l l2 )  o r i e n t e d  reg ions  s e p a r a t e d  
by n t r a n s i t i o n  band of  mixed o r i e n t a t i o n s .  O r i e n t a t i o n s  of  a l t e r n a t e  
bands were a f f e c t e d  by r o l l i n g  condi t ions .  M i c r o s t r u c t u r e s  wl.thin t h e  
bands were qi.ii.te inhomogeneous, v a r y i n g  from dense uniform d i s l o c a t i o n  
a r r a y s  t o  a d e f i n i t e  c e l l  s t r u c t u r e .  C r y s t a l s  t h a t  formed deformati.on 
bsnds dur ing  r o l l i n g  e x h i b i t e d  t h e  g r e a t e s t  i n c r e a s e  i n  o r i e n t a t i o n  
spread  and s t o r e d  energy of any c r y s t a l s .  

C r y s t a l  s t a b i l i t y  and r e o r i e n t a t i o n  could be p a r t l y  explained by 
assuming p l a n e  s t r a i n  deformation and usi-ng t h e  Taylor  theory  of p l a s t i c i t y  
as a p p l i e d  t o  p e n c i l  g l i d e  i n  bcc metals. R e o r i e n t a t i o n s  produced from 
deformation banding could b e  b e t t e r  i n t e r p r e t e d  by apply ing  T a y l o r ' s  theory  
t o  (:he s t r a i n  s t a t e  of a x i s p u e t r i c  compression r a t h e r  than p l a n e  s t r a i n .  

Annealing of c r y s t a l s  w:i.th s m a l l  ainounts of l a t t i -ce  c u r v a t u r e  or 
o r i e n t a t i o n  spread produced l a r g e  subgra ins ,  which were only s l i g h t l y  
misor ien ted  from one a n o t h e r .  On t h e  o t h e r  hand, r e c r y s t a l l i z e d  g r a i n s  
w e r e  formed i n  those  c r y s t a l s  t h a t  had s u f f i c i e n t  l a t t i c e  c u r v a t u r e  t o  
produce d i s l o c a t i o n  c e l l  s t r u c t u r e s .  C r y s t a l s  c o n t a h i n g  def orrnation 
bands of a l t e rna te  o r i e n t a t i o n  r e c r y s t a l l i z e d  a t  a 1-ower temperature  
than  t h o s e  c r y s t a l s  t h a t  r e o r i e n t e d  wholly t o  s i n g l e  o r i e n t a t i o n s .  The 
lowered r e c r y s t a l l i z a t i o n  temperature  w a s  be l ieved  due t o  t h e  increased  
l a t t i c e  c u r v a t u r e  genera ted  by deformati-on bands. 

R e c r y s t a l l i z e d  g r a i n s  were nuc lea ted  by t h e  polygoi i izat ion and 
growth of disS.ocation ce l l s  i n  t h e  deformed c r y s t a l .  Growth and 
imp-ihgement of t h e s e  n u c l e i  r e s u l t e d  i n  r e c r y s t a l l i z e d  g r a i n s  t h a t  had 
o r i e n t a t i o n s  t h a t  w e r e  o r i g i n a l l y  i n  the  deformed c r y s t a l s .  

l a t t i c e  c u r v a t u r e  w a s  necessary  t o  cause  n a t u r a l  r e c r y s t a l l i z a t i o n  i n  
r o l l e d  sing1.e c r y s t a l s .  

t h e  (lll)[liO] c r y s t a l .  
o r i e n t a t i o n  w i t h i n  t h i s  35"16' range where banding would s tar t .  

S i g n i f i c a n t  r e o r i e n t a t i o n  occurred i n  khe (110) [ l i O ]  c r y s t a l  w i - t h  

R e s u l t s  of t h i s  experiment suggested t h a t  a c r i t i c a l  amount of 

Deformation banding occurred i n  the (110) [IF01 c r y s t a l  b u t  n o t  i n  
Thus i t  appeared t h a t  t h e r e  could b e  a c r i t i c a l  

2.6 PETAL SURFACE DEFORMATION - R .  W. Carpenter  

The w e a r  c1iaracteristi.c of metals s u b j e c t  t o  rubbing s u r f a c e  
deformation is  expected t o  depend on t h e  deformation s u b s t r u c t u r e  
immediately beneath t h e  deformed s u r f a c e .  S ince  e r o s i o n  is  a combination 
of wear and c o r r o s i v e  a t t a c k ,  all. a s p e c t s  of s u r f a c e  deformation need t o  
b e  i n v e s t i g a t e d .  An experimental  method to  examine d i k l o c a t i o n  a r r a y s  
i - imediately below such deformed s u r f a c e s  h a s  been developed by u s e  of a n  
a n a l y t i c a l  e l e c t r o n  microscope. A s m a l l  s c r a t c h  was made along t h e  
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s u r f a c e  of a la rge-gra ined  annealed 1100 aluminum wafer  specimen wi th  a 
hemispher ica l  s t y l u s  loaded t o  about  35 mg. The sc ra t ched  s u r f a c e  w a s  
preserved wh i l e  t h e  wafer w a s  th inned  t o  e l e c t r o n  t ransparency  from t h e  
unscra tched  back s u r f a c e .  The specimen w a s  examined i n  an a n a l y t i c a l  
e l e c t r o n  microscope i n  t h e  fo l lowing  imaging modes: 

(1) Scanning secdndary e l e c t r o n  images were used t o  c h a r a c t e r i z e  t h e  
e x t e r n a l  deformation caused by t h e  s c r a t c h ,  F jg .  2.1. 

( 2 )  Scanning t r ansmiss ion  (STEM) images w e r e  used t o  examine t h e  
d i s l o c a t i o n  a r r a y s  a d j a c e n t  t o  and d i r e c t l y  underneath t h e  s c r a t c h  i n  
t h i c k  r e g i o n s  of t h e  f o i l ,  F ig .  2 .2 .  Note t h a t  t h e  d i s l o c a t i o n  a r r a y  
i s  abou t  4 t i m e s  t h e  wid th  of t h e  s t y l u s  mark. 

(3) Transmisssion e l e c t r o n  images (TEM) w e r e  used t o  examine t h e  
d i s l o c a t i o n  a r r a y s  beneath t h e  s c r a t c h  i n  t h i n n e r  r e g i o n s  of t h e  f o i l s ,  
and t o  de te rmine  t h e  Burgers v e c t o r s  of t h e  d i s l o c a t i o n s  i n  t h e  a r r a y s ,  
F ig .  2.3. M u l t i p l e  s l i p  had occurred .  Stereomicroscopy showed t h a t  t h e  
d i s l o c a t i o n s  extend i n t o  t h e  specimen only  about  4 t i m e s  t h e  width of 
t h e  s t y l u s  mark. 

The work is  con t inu ing ,  and environmental  e f f e c t s  w i l l  be s tud ied  
wi th  t h e  m o d i f i c a t i o n s  t o  t h e  h igh-vol tage  (1 MV) e l e c t r o n  microscope. 

F i g .  2.1. Su r face  S t y l u s  Mark on 1100 Aluminum Specimen. Scanning 
E lec t ron  Micrograph a t  20 kV, 15,OOOX. 
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Fig .  2 .2 .  The D i s l o c a t i o n  Array i n  t h e  Subsurface Volume of t h e  
Specimen D i r e c t l y  Under t h e  S t y l u s  Mark Shown i n  F ig .  2.1. 
Transmlssion E lec t ron  Micrograph a t  120 kV, 15,OOOX.  
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2.7 HYDROGEN ABSORPTION INDUCED DEFORMATION I N  SINGLE-CRYSTAL NICKEL 
FOILS' - R. W. Carpenter  and G. S. Bauer7 

Hydrogen w a s  in t roduced  i n t o  annea led  s i n g l e - c r y s t a l  n i c k e l  f o i l s  
by th inn ing  i n  a n  active a c i d  s o l u t i o n  a t  300 K. A t  t h i s  tempera ture  
t h e  hydrogen m o b i l i t y  i s  h igh  enough f o r  t h e  hydrogen t o  d i f f u s e  e a s i l y  
through t h e  e l e c t r o n - t r a n s p a r e n t  r eg ions  of t h e  f o i l .  Examination of 
t h e  f o i l s  by t r ansmiss ion  e l e c t r o n  microscopy showed t h e  f o i l s  t o  be  
s e v e r e l y  deformed as a r e s u l t  of t h e  hydrogen abso rp t ion .  Thinning 
i d e n t i c a l  specimens i n  t h e  same a c i d  s o l u t i o n  a t  a lower temperature ,  
220 K, where t h e  hydrogen m o b i l i t y  is too  s m a l l  t o  p e n e t r a t e  t h e  
e l e c t r o n - t r a n s p a r e n t  r eg ions ,  r e s u l t e d  i n  undeformed specimens. The 
deformation c h a r a c t e r i s t i c  of hydrogen a b s o r p t i o n  c o n s i s t e d  of c r a c k s  a t  
t h e  f o i l  edges t h a t  t e rmina ted  i n  microtwins i n  t h i c k e r  r e g i o n s  of t h e  
f o i l .  The microtwins te rmina ted  i n  t u r n  i n  p l a n a r  a r r a y s  of u n i t  s l i p  
d i s l o c a t i o n s .  Evidence f o r  l o c a l  r educ t ion  of t h e  s t a c k i n g  f a u l t  energy 
w a s  found i n  t h e  form of d i s s o c i a t e d  u n i t  s l i p  d i s l o c a t i o n s  on s l i p  
p l anes  immediately ahead of t h e  twin t i p s .  The obse rva t ions  are being 
analyzed i n  terms of contemporary models f o r  twining and c r a c k  n u c l e a t i o n .  

'Summary of a paper  t o  be presented  a t  t h e  S i x t h  European Congress 

7Permanent address :  I n s t i t u t  f6r F e s t k h p e r f o r s c h u n g ,  

on E l e c t r o n  Microscopy, Jerusalem, 1976. 
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3 .  PHYSICAL PROPERTIES AND TRANSPORT PHENOMENA 

3 . 1  MECHANISMS OF SURFACE AND SOLID STATE REACTIONS - J. V .  C a t h c a r t  

We i n v e s t i g a t e  fundamental  mechanisms of gas-so l id  r e a c t i o n s  and of 
s o l i d - s t a t e  d i f f u s i o n  processes .  T h e  long-term g o a l s  of t h i s  work are 
t o  develop a more comprehensive understanding of t h e  r o l e  of a l l o y i n g  
elements  i n  t h e  k i n e t i c s  of gas-metal r e a c t i o n s  and t o  c h a r a c t e r i z e  t h e  
i n f l u e n c e  on d i f f u s i o n  p r o c e s s e s  OF t h e  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  and d e f e c t s  i n  t h e  h o s t  l a t t i c e .  Because d i f f u s i o n  i s  a n  i n t e g r a l  
p a r t  of many gas-metal r e a c t i o n s ,  t h e s e  dual  g o a l s  a re  obviously 
i n t e r r e l a t e d .  

t o  s t u d y  (1) t h e  r e a c t i o n  of iron-chromium a l l o y s  i n  high-temperature ,  
mixed-gas environments; (2)  t h e  r e a c t i o n s  of ceramic-metal composites i n  
similar environments;  ( 3 )  i n t e r s t i t i a l  d i f f u s i o n  of t r i t i u m  i n  oxides  and 
of oxygen i n  a l l o y s ;  ( 4 )  t h e  phenomenon of anomalous f a s t  d i f f u s i o n  i n  
metals; and (5) i n t e r d i f f u s i o n  processes  i n  m e t a l s .  These p r o j e c t s  provide 
b a s i c  in format ion  r e l e v a n t  t o  t h e  behavior  oE s t r u c t u r a l  materials used i n  
c o a l  convers ion  processes ,  t h e  development of high-temperature materials, 
t h e  t r i t i u m  containment problem i n  f u s i o n  r e a c t o r s ,  and hydrogen 
embr i t t 1 emcn t of m e  ta  1 s . 

During t h e  p a s t  year  t h i s  r e s e a r c h  has encompassed programs designed 

3.1..1 Reac t ions  of Fe-Cr A l l o y s  i n  Mixed-Gas Environments - R .  A.  McKee, 
I_ 

G.  F.  P e t e r s e n ,  and .J- J .  Campbell. 

W e  i n i t i a t e d  a s t u d y  of t h e  oxidat i -on,  s u l f i d a t i - o n ,  and r e a c t i o n s  
i n  mixed oxygen-sulfur p o t e n t i a l s  of a series of iron-chromium a l l o y s  
between 600 and 900°C. 
v a r i o u s  components i n  coal. convers ion  p l a n t s ,  and w h i l e  t h e  oxi.da t i o n  
and, t o  a lesser e x t e n t ,  t h e  s u l f i d a t i o n  of t h e s e  al . loys have been t h e  
s u b j e c t  of ear l ie r  i n v e s t i g a t i o n s ,  t h e  r e a c t i o n s  a re  so complex (mult iphase 
scale formation,  wide ranges  of d e f e c t  c o n c e n t r a t i o n s ,  s e n s i t i v i t y  t o  
ambient oxygen o r  s u l f u r  p r e s s u r e s ,  e tc . )  t h a t  a d d i t i o n a l  in format ioa  i s  
needed regard ing  t h e  p r o p e r t - i c s  of t h e  varlious r e a c t i o n  products  formed. 
We p l a n  t o  c h a r a c t e r i z e  t h e  t o t a l  r e a c t i o n  i n  terms of t h e  p r o p e r t i e s  of 
t h e  i n d i v i d u a l  r e a c t i o n  p r o d u c t s  and t h e i r  i n t e r a c t i o n s  w i t h  each o t h e r .  

W e  are beginning w i t h  a n  i n v e s t i g a t i o n  of t h e  s u l f i d a t i o n  of the 
a l l o y s  and t h e i r  pure  components, and most of our  e f f o r t s  t h i s  year  have 
been d i r e c t e d  toward a p p a r a t u s  d e s i g n  and c o n s t r u c t i o n .  A d e v i c e  f o r  
measuring s u l f u r  p r e s s u r e ,  based on t h e  same p r i n c i p l e  as t h a t  used t o  
measure oxygen p r e s s u r e s  wi th  a c a l c i a - s t a b i l i z e d  ZrO;! c e l l ,  w a s  Zmi l t  
and i s  be ing  t e s t e d .  Microbalances s u i t a b l e  f o r  measuring the. k i n e t i c s  
of e i t h e r  s u l f i d a t i o n  o r  o x i d a t i o n  r e a c t i o n s  have been se t  up.  We have 
a l s o  obta ined  and i n s t a l l - e d  a l a r g e  magnet, which w i l l .  b e  used t o  measure 
magnetic s u s c e p t i b i l i t y  and t o  determine t h e  n a t u r e  of t h e  charge carriers 
i n  t h e  r e a c t i o n s  products  by means of H a l 1  e f f e c t  measurements. Conduc- 
t iv5.ty measurements a re  a l s o  planned where a p p r o p r i a t e ,  and a n  e f f o r t  i s  
under way t o  p r e p a r e  t h e  s i n g l e  c r y s t a l s  of FeS and C r S  t o  b e  used.  

Such a l l o y s  are 1.ikel.y candi .dates  f o r  u s e  i n  
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3.1.2 Ceramic-Metal Composites -- J .  V .  Ca thca r t  and G.  F .  Pe t e r sen  

In coopera t ion  wi th  the  C r y s t a l  Phys ics  and Fundarnental C e r a m i c s  
Groups, we have cont inued our  e f f o r t s  t o  c h a r a c t e r i z e  ceramic-metal 
composites i n  v a r i o u s  high-temperature  environments.  We t e s t e d  Cr203-Mo 
composites i n  a v a r i e t y  of CO-C02 mixtures  a t  2000°C. Some of t h e  C r 2 O 3  

evaporated a t  h igh  CO/COz r a t i o s  ( reducing c o n d i t i o n s ) ,  and a l i m i t e d  
a t t a c k  of t h e  ends of t h e  molybdenum rods  occurred a t  h igh  oxygen 
p o t e n t i a l s .  I n  a l l  ca ses ,  however, t h e  degrada t ion  of t h e  composite w a s  
s u p e r f i c i a l .  I n  H2S and s u l f u r  vapor ,  on t h e  o t h e r  hand, t h e  composites 
were seve re ly  a t t a c k e d ,  d i s i n t e g r a t i n g  completely i n  a few hours  i n  s u l f u r  
a t  a p r e s s u r e  of about  30 kPa (0.3 am). W e  a re  c u r r e n t l y  t e s t i n g  o t h e r  
ox ides ,  e .g .  MgO, in an  e f f o r t  t o  f i n d  a n  oxide  t h a t  i s  more r e s i s t a n t  
t o  s u l f u r  a t t a c k .  

3.1.3 Di f fus ion  i n  Vanadium-Titanium Al loys  - P .  T .  Car l son  and 
L C Manley, Jr .  

3.1.3.1 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 fus ion  i n  Binary Vanadium- 
Ti tanium So l id  So lu t ions  a t  1350°C‘ - €’. 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 
system a t  1350°C wi th  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  couples .  
T h e  exper imenta l ly  determined d i f f u s i o n  c o e f f i c i e n t s  were compared wi th  
the  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 
wi th  the  use  of a v a i l a b l e  t r a c e r  d i f f u s i o n  and thermodynamic informat ion  
and were found t o  be l a r g e r  than those  c a l c u l a t e d  from t h e  t h r e e  models. 
Vacancy wind parameters, determined exper imenta l ly ,  r e f l e c t e d  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 lux  
of each s p e c i e s  than  t h a t  c a l c u l a t e d  on the  b a s i s  of Manning’s theory .  
I n  par t icular ,  the  f a s t e r  d i f f u s i n g  component i s  enhanced and t h e  slower 
d iEfus ing  component i s  r e t a r d e d  t o  a g r e a t e r  degree  than i s  t h e o r e t i c a l l y  
p red ic t ed .  Furthermore,  experimental  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 s ,  ~ I D T ~ ,  were compared, and t h e  r e s u l t s  sugges t  an  
inc reased  e f f e c t  of vacancy flow on t h e  i n t r i n s i c  fluxes wi th  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 rea tment .  
The vacancy wind e f f e c t  i s  shown t o  be an  important  f a c t o r  i n  the  con- 
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 informat ion  i n  t h e  vanadium-titanium system. 

..I__.._ -- 
‘Abs t rac t  of paper publ ished i n  Me-trczll. I’mns. A 7 A ( 2 ) :  199-208 

(1976) .  
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3.1.3.2 I n t r i n s i c  D i f f u s i o n  and Vacancy Flow E f f e c t s  i.n Vanadium-Titanium 
Al loys  from 900 t o  1600°C2 - 1'. T.  Car l son  and T, C Manley, Jr. 

1nl : r ins ic  d i f f u s i o n  coef f  ici.ent:s and vacancy wind parameters  have 
been determined on t h e  vanadium-titanium system from 900 t o  1600°C w i t h  
t h e  use  of i n f i n i t e ,  s o l i d - s o l i d  d i f  fusi.on coup les .  The experi.nientally 
determined q u a n t i t i e s  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 0x1 t h e  i n t r i n s i k  d i f f u s i o n  f l u x  of each spec.ies t han  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 theory .  In p a r t i c u l a r ,  the 
d i f f u s i o n  rate of 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 a t  
of the slower d i f f u s i n g  component i s  r e t a r d e d  t o  a greater  degree  than  
i s  t h e o r e t i c a l l y  p r e d i c t e d .  A comparison of t h e  exper imenta l  and 
p r e d i c t e d  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 s ,  &/@i, f u r t h e r  s u g g e s t s  t he  
inc reased  e f f e c t  of vacancy f low on t h e  i n t r i n s i c  f l u x e s .  The d iscrepan-  
cies between t h e  exper imenta l  and t h e o r e t i c a l  v d . u e s  are  examined i n  
t e r m s  of t h e  assumptions of t he  random a l l o y  model used i n  t h e  t h e o r e t i c a l  
t r ea tmen t  e S p e c i f i c a l l y ,  t h e  random a l l o y  model. assumes a monovacancy 
mechanism o f  d i f f u s i o n ,  w h i l e  tracer d i - f fus ion  resul.ts i n  pu re  vanadium 
sugges t  a n  additiona.1. c o n t r i b u t i o n  due t o  d i -vacancies .  

3 . 1 . 4  Anomnl.ous F a s t  D i f f u s i o n  P rocesses  ---- R .  A. M c K e e ,  P .  T. Car l son ,  
and L C Manley, Jr. 

The d i f f u s i o n  rates of nob le  m e t a l s  and Group 1 1 - B  e lements  i n  l e a d  
are h i g h e r ,  i n  some i n s t a n c e s  by si.x o r d e r s  of magnitude, than  t h e  
cor responding  s e l f - d i f f u s i o n  ra tes  f o r  l e a d .  Recent ly  atte.mpts have 
been made t o  e x p l a i n  t h i s  phenomenon in t e r m s  of the d i s s o c i a t i v e  
mechanism of d i f f u s i o n  i n  which a s u b s t i t u t i o n a l . l y  dissol.ved s o l u t e  atom 
is the rma l ly  a c t i v a t e d  i n t o  a n  i n t e r s t i t i a l  p o s i t i o n .  The degree  of 
coupl ing  between t h e  r e s u l t i n g  vacancy and t h e  i . n t e r s t i t i a l  and the  
energy of format ion  of the s u b s t i t u t i o n a l  vacancy are assumed t o  
i n f l u e n c e  t h e  subsequent d i f f u s i o n  rate. T h i s  same gene ra l  p rocess  o r  
some m o d i f i c a t i o n  of i t  may a l s o  e x p l a i n  t h e  anomalous d i f f u s i o n  behavior  
of i r o n  i n  carbon s tee ls  and may we1.l. i n f l u e n c e  d i f f u s i o n  through oxide 
(or  su1.f i d e )  scales formed on high-temperature a l l o y s .  

The mechanism of d i s s o c i a t i v e  d i f f u s i o n  is n e i t h e r  f u l l y  confirmed 
nor compl.etely unders tood ,  and w e  have i n i t i a t e d  a s tudy  of t'1:ie process  
i n  lead-cadmium a l l o y s .  A sa l t  b a t h  s u i t a b l e  f o r  tl11.e d i f f u s i o n  a n n e a l s  
i s  now i n  o p e r a t i o n ,  and s i n g l e  c r y s t a l s  of l e a d  and dilute Iead-cadmium 
a l l o y s  have been grown. D i f f u s i o n  measurements w:i.l.l  begin s h o r t l y .  I n  
a d d i t i o n  a p a p e r  cover ing  c e r t a i n  t h e o r e t i c a l  a s p e c t s  of t h e  d i s s o c i a t i v e  
d i f f u s i o n  mechanism h a s  been w r i t t e n ,  the a b s t r a c t  of which i s  g iven  
below I 

2Abstraclr of p a p e r  submitted f o r  p u b l i c a t i o n  i n  MetnZZurgkaZ 
il'rrznsactions . 
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3.1 .4 .1  S o l u t e  and Solvent  D i f fus ion  Eor an Alloy i n  D i s s o c i a t i v e  
Equi l ibr ium3 - R.  A .  M c K e e  

S o l u t e  and so lven t  d i f f u s i o n  have been analyzed wi th  t h e  p a i r  
a s s o c i a t i o n  theory  f o r  a d i l u t e  f c c  a l l o y  i n  which t h e  s o l u t e  i s  
p a r t i t i o n e d  between t h e  t h r e e  states of unassoc ia ted  s u b s t i t u t i o n a l  
s o l u t e  atoms, i n t e r s t i t i a l - v a c a n c y  c l o s e  p a i r s ,  and i s o l a t e d  i n t e r s t i t i a l  
s o l u t e  atoms. C o r r e l a t i o n  f a c t o r s  are i d e n t i f i e d  f o r  s o l u t e  and so lven t  
motion, and t h e  enhancement f a c t o r  f o r  so lven t  d i f f u s i o n  a t t r i b u t a b l e  
t o  solvent-vacancy exchanges i n  t h e  presence  of t he  i n t e r s t i t i a l  s o l u t e -  
vacancy d e f e c t  is  c a l c u l a t e d .  The r e s u l t s  of t h e  c a l c u l a t i o n  p resen t  a 
d i f f e r e n t  maximum enhancement r e l a t i o n s h i p  f o r  so lven t  d i f f u s i o n  from 
t h a t  of prev ious  t r ea tmen t s  of d i s s o c i a t i v e  d i f f u s i o n .  

3.1.5 Tr i t ium Di f fus ion  i n  Oxides - R .  A. Perkins  and R.  A .  Padge t t ,  J r .  

We are  s tudying  t h e  i n t e r a c t i o n  of t r i t i u m  wi th  d e f e c t s  i n  oxide  
l a t t i c e s  as t h e  t r i t i u m  d i f f u s e s  through t h e  oxide.  Th i s  p rocess  i s  
important  i n  t h e  containment of t r i t i u m  genera ted  i n  f u s i o n  r e a c t o r s ,  
and i t  i s  a l s o  r e l e v a n t  t o  the  g e n e r a l  problem of hydrogen embr i t t l ement  
of metals.  D i f fus ion  i n  r u t i l e  ( T i 0 2 )  is  being i n v e s t i g a t e d  f i r s t  because 
w l t h  T i 0 2  we  can s tudy  i n t e r a c t i o n s  of tritium wi th  e i t h e r  c a t i o n  i n t e r -  
s t i t i a l  d e f e c t s  o r  an ion  vacancies  simply by c o n t r o l l i n g  t h e  ambient 
oxygen p r e s s u r e .  During t h e  p a s t  year  w e  developed techniques  f o r  f i x i n g  
the  d e f e c t  s t r u c t u r e  of T i 0 2 ,  f o r  i n t roduc ing  t h e  t r i t i u m  i n t o  the  oxide ,  
and f o r  s e c t i o n i n g  t h e  specimens and coun-cing t h e i r  tritium con ten t .  
Pre l iminary  d i f  f u s i v i t y  measurements w e r e  made. 

3.1.6 Oxygen Di f fus ion  i n  Niobium and Niobium-Zirconium Al loys  - 
R.  A .  Perk ins  and R.  A. Padge t t ,  Jr.  

Th i s  p r o j e c t  i s  designed t o  s tudy  t h e  i n t e r a c t i o n s  of an  i n t e r s t i t i a l  
d i f f u s a n t  (oxygen) wi th  a s u b s t i t u t i o n a l  impur i ty  (zirconium) i n  an  
al l -oy.  The experimental  phase of t h e  work i s  complete.  The a d d i t i o n  of 
1 a t .  % Z r  t o  niobium reduced t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  oxygen by a 
f a c t o r  oE 4 r e l a t i v e  t o  i t s  v a l u e  i n  pure  niobium. However, t h e  p r i o r  
a d d i t i o n  of about  1 a t .  % 0 t o  pure niobium has no i n f l u e n c e  on t h e  
tracer d i f f u s i v i t y  of oxygen. The r e s u l t s  are being i n t e r p r e t e d  i n  
terms of t h e  c l u s t e r i n g  of oxygen about  t h e  zirconium atoms, and a paper 
desc r ib ing  t h e  work i s  i n  p repa ra t ion .  

3Abs t r ac t  oE paper submit ted f o r  p u b l i c a t i o n  i n  Physical Reuikw. 
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3.1.7 Older Programs - J. V. C a t h c a r t  

Several o l d e r  p r o j e c t s  involv ing  t h e  o x i d a t i o n  of uranium-base and 
r e f r a c t o r y  m e t a l  a l l o y s  and a s tudy  of t h e  morphology of t h e  oxide  scale 
formed on a zirconium-base a l l o y  (Zircaloy-4) have been completed o r  
are be ing  phased o u t .  The fo l lowing  are  summaries o r  a b s t r a c t s  of 
papers  d e s c r i b i n g  t h i s  r e s e a r c h .  

3 .1 .7 .1  I n t e r f a c e  S t a b i l i t y  During t h e  Oxidat ion of Binary Alloys'' -- 
G.  J .  Yurek' 

The s t a b i l i t y  of a p l a n a r  a l l o y - s c a l e  i n t e r f a c e  dur ing  t h e  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  of a homogeneous , single-phase b i n a r y  a l l o y  depends 
on both  t h e  thermodynamic and t r a n s p o r t  p r o p e r t i e s  of t h e  system under 
c o n s i d e r a t i o n .  A c r i t e r i o n  i s  presented  t h a t  can b e  employed t o  p r e d i c t  
t h e  s t a b i l i t y  of a p l a n a r  a l l o y - s c a l e  i n t e r f a c e  f o r  t h e  s p e c i f i e d  
r e a c t i o n  temperature ,  a l l o y  composition, and chemical p o t e n t i a l  of t h e  
o x i d a n t  when o n l y  one component of t h e  a l l o y  i s  oxid ized ,  an ion  d i f f u s i o n  
predominates i n  t h e  scale, and t h e  s o l u b i l i t y  of oxygen i n  t h e  a l l o y  i s  
e s s e n t i a l l y  zero .  A p l a n a r  a l l o y - s c a l e  i n t e r f a c e  (a s ingle-phase  s c a l e )  
i s  t h e  p r e f e r r e d  growth morphology i f  d i f f u s i o n  i n  t h e  oxide  phase i s  
t h e  r a t e - l i m i t i n g  s t e p  of t h e  o x i d a t i o n  r e a c t i o n .  A n  uneven a l l o y - s c a l e  
i n t e r f a c e  (a two-phase s c a l e )  i s  expected i f  d i f f u s i o n  i n  t h e  a l l o y  
phase i s  t h e  ra te -de termining  s t e p .  T h i s  s t a b i l i t y  c r i t e r i o n  i s  e q u i v a l e n t  
t o  t he  c r i t e r i o n  d e r i v e d  by Wagner f o r  t h e  case of predominant c a t i o n  
d i f f u s i o n  i n  t h e  scale. 

3.1.7.2 M i c r o s t r u c t u r e s  of t h e  Scales Formed on Zircaloy-4 i n  S t e a m  
a t  Elevated Temperatures6 - G. J .  Y ~ r e k , ~  J. V. C a t h c a r t ,  and 
R .  E. Pawel 

The Z r O 2  s c a l e s  formed on Zircaloy-4 PWR t u b e s  dur ing  c o r r o s i o n  i n  
steam i n  t h e  temperature  range  1000 t o  1300°C w e r e  found t o  c o n t a i n  a 
m e t a l l i c  phase t h a t  i s  r e l a t i v e l y  r i c h  i n  t i n  (F ig .  3 . 1 ) .  The p r e c i s e  
composition of t h e  metal l ic .  phase has  n o t  been determined. Most of t h e  
m e t n l l i ~ c  phase i s  l o c a t e d  i n  a l i n e  of m e t a l l i c  p a r t i c l e s ,  which is  
o r i e n t e d  p a r a l l e l  t o  t h e  a l l o y - s c a l e  i n t e r f a c e  and l o c a t e d  near t h e  c e n t e r  
of t h e  scale. The e x a c t  morphology of t h e  scale  on e i t h e r  s i d e  of t h e  
p a r t i c l e  l i n e  h a s  n o t  been i d e n t i f i e d .  The oxide  between t h e  m e t a l l i c  
p a r t i c l e s  and t h e  scale-steam i n t e r f a c e  c o n t a i n s  v e r y  l i t t l e  t i n ,  except  

A b s t r a c t  of ORNLA-5116 ( A p r i l  1976) .  4 

'P resent  a d d r e s s ,  Massachuset ts  I n s t i t u t e  of Technology, Cambridge. 

6 A b s t r a c t  of paper accepted  f o r  p u b l i c a t i o n  i n  Oxidution of Metals. 
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Fig .  3.1. Photomicrograph of a Cross  S e c t i o n  through a Zircaloy-4 
PWR Tube Oxidized f o r  201 sec a t  1303°C. 
of t h e  gray-colored ox ide  phase a re  t h e  t i n - r i c h  metal l ic  p a r t i c l e s .  
O r i g i n a l  magni f ica t ion :  2 0 0 0 ~ .  

The b r i g h t  s p o t s  n e a r  t h e  middle 

f o r  a narrow zone a d j a c e n t  t o  t h e  scale-steam i n t e r f a c e ,  which w a s  formed 
i n  t h e  beginning of t h e  r e a c t i o n .  
and t h e  a l l o y - s c a l e  i n t e r f a c e  appea r s  t o  c o n s i s t  of t h i n  columnar g r a i n s  
of Z r 0 2  w i th  a ve ry  f i n e  metal l ic  phase probably l o c a t e d  a t  t h e  Z r O e  
g r a i n  boundaries .  
c a t e s  t h a t  t h e  metall ic phase e x i s t s  i n  t h e  scales a t  t h e  r e a c t i o n  
temperature .  
l i q u i d  metallic phase would e x i s t  i n  t h e  oxide  dur ing  t h e  r e a c t i o n .  
Kinetic s t u d i e s  demonstrate  t h a t  t h e s e  par t ic les  move wi th  r e s p e c t  t o  
t h e  scale-steam i n t e r f a c e  toward t h e  c e n t e r  of t h e  a l l o y  du r ing  t h e  
cour se  of t h e  o x i d a t i o n  r e a c t i o n .  It appea r s  t h a t  t h e  presence  of t h e  
l i n e  of m e t a l l i c  par t ic les  could ,  under c e r t a i n  cond i t ions ,  markedly 
i n f l u e n c e  t h e  mechanical p r o p e r t i e s  of t h e  oxide  s c a l e s  formed on 
Zircaloy-4.  

The scale between t h e  m e t a l l i c  p a r t i c l e s  

The exper imenta l  evidence p r e s e n t l y  a v a i l a b l e  i n d i -  

I f  t h e  m e t a l l i c  p a r t i c l e s  w e r e  r i c h  enough i n  t i n ,  then  a 
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3.1.7.3 S p u t t e r  Sec t ion ing  of D i f fus ion  Specimens7 - R.  A.  Pe rk ins  and 
R. A.  Padge t t ,  Jr. 

The s e c t i o n i n g  of d i f f u s i o n  specimens wi th  sha l low tracer i s o t o p e  
p r o f i l e s  (1 t o  8 um) by rf s p u t t e r i n g  w a s  i n v e s t i g a t e d  t o  de te rmine  t h e  
r e l i a b i l i t y  of t h e  method f o r  d i f f u s i o n  measurements i n  a l l o y  systems. 
A comparison of t h e  r e s u l t s  f o r  5 1 C r  d i f f u s i o n  i n  Fe-17 w t  % Cr-12 w t  % N i  
ob ta ined  from specimens sec t ioned  by s p u t t e r i n g  and hand g r ind ing  
i n d i c a t e d  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  between t h e  two methods. 
The roughening of t h e  specimen s u r f a c e  du r ing  s p u t t e r i n g  d i d  n o t  a f f e c t  
t h e  volume d i f f u s i o n  measurements. The composition of t h e  material 
c o l l e c t e d  du r ing  s e c t i o n i n g  d i f f e r e d  s i g n i f i c a n t l y  from t h e  composi t ion 
of t h e  specimen b u t  w a s  c o n s t a n t  dur ing  t h e  s e c t i o n i n g  series.  Seve ra l  
s p u t t e r i n g  parameters  (power, c o l l e c t o r  temperature ,  gas  composi t ion,  
etc.) must be  s t a b i l i z e d  dur ing  t h e  s e c t i o n i n g  t o  o b t a i n  r e l i a b l e  r e s u l t s  
f o r  d i f f u s i o n  measurements such as those  made f o r  t h e  Fe-17 w t  % 
Cr-12 w t  % N i  a l l o y .  

3.1.7.4 Oxida t ion  of Ref rac to ry  Metal Al loys  - R. E. P a w e l  and 
J. J. Campbell 

During o x i d a t i o n  a t  650°C a Nb-10 w t  % Hf-1 w t  % T i  a l l o y  became 
h igh ly  e m b r i t t l e d  and spontaneously f r a c t u r e d  i n t o  i t s  i n d i v i d u a l  g r a i n s  
as a consequence of stresses genera ted  du r ing  ox ida t ion .  The r e s u l t i n g  
sudden exposure of f r e s h  metal s u r f a c e  caused e x t e n s i v e  specimen self-  
h e a t i n g  wi th  a n  accompanying d r a s t i c  i n c r e a s e  i n  o x i d a t i o n  ra te .  Th i s  
" i g n i t i o n "  phenomenon w a s  p rev ious ly  observed f o r  s e v e r a l  tantalum-base 
a l l o y s ,  and i t s  occurrence  w i t h  t h i s  niobium a l l o y  sugges t s  t h a t  such 
behavior  may b e  common i n  t h i s  class of r e f r a c t o r y  m e t a l  a l l o y s .  The 
r e a c t i o n  w a s  c h a r a c t e r i z e d  i n  terms of i t s  k i n e t i c s ,  stress gene ra t ion  
mechanisms, and g r a i n  boundary embr i t t l ement  e f f e c t s .  

3.1.7.5 Gas-Solid Reac t ions  f o r  BCC Al loys  - R. W. Carpenter  and 
C. T .  Liu 

The k i n e t i c s  of oxygen a b s o r p t i o n  a t  low p r e s s u r e  and e l e v a t e d  
temperature  w a s  i n v e s t i g a t e d '  f o r  a tantalum-base r e f r a c t o r y  a l l o y  
con ta in ing  8% W and 2% Hf. We found t h e  oxygen a b s o r p t i o n  r a t e  t o  be  
c o n t r o l l e d  by t h e  t r a n s p o r t  ra te  a c r o s s  t h e  gas-so l id  i n t e r f a c e .  The 
average  oxygen concen t r a t ion  i n  t h e  specimen i s  g iven  by: 

7Abs t r ac t  of paper accepted  f o r  p u b l i c a t i o n  i n  JownaZ of Vacuum 

'R. W. Carpenter  and C .  T .  Liu,  MetaZZ. Trans. A 6A: 2235 

Science and Techno logy. 

(December 1975). 
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where F o  i s  t h e  t ime- invar ian t  oxygen s u r f a c e  f l u x ,  t i s  t i m e ,  and Z is  
t h e  p la te - type  specimen ha l f - th i ckness .  The average  oxygen concen t r a t ion  
is  independent of t h e  oxygen 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  a l l o y .  However, 
t h e  oxygen concen t r a t ion  g r a d i e n t  i s  c o n t r o l l e d  by t h e  oxygen 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  temperature-pressure r eg ion  w e  i n v e s t i g a t e d .  The 
i n v e s t i g a t i o n  i s  being extend,ed t o  niobium-zirconium and vanadium- 
t i t an ium a l l o y s .  The r e s u l t s  can be  used t o  estimate t h e  rate of oxygen 
contaminat ion i n  t h e s e  a l l o y s  dur ing  high-temperature  i r r a d i a t i o n  i n  the  
high-vol tage e l e c t r o n  microscope. 

3.2 PHYSICAL PROPERTIES RESEARCH - D. L. McElroyg 

Th i s  e f f o r t  aims t o  o b t a i n  and ana lyze  a c c u r a t e  v a l u e s  of thermal  
conduc t iv i ty ,  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 expansion, and Seebeck c o e f f i c i e n t  f o r  a v a r i e t y  of s e l e c t e d  
s o l i d s  from 4 . 2  t o  2600 K. Understanding t h e  r e l a t i o n s  between t h e s e  
p r o p e r t i e s  can  provide  u s e f u l  i n s i g h t  about  s o l i d s  and can  o f t e n  provide  
informat ion  f o r  systems where exper imenta l  d a t a  do n o t  e x i s t .  

3 .2 .1  Transpor t  i n  Nonmetals 

3.2.1.1 Lattice Thermal Conduc t iv 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 ,  and F. J. Weaver 

W e  have measured t h e  thermal  conduc t iv i ty ,  A ,  of p o l y c r y s t a l l i n e  
C s C 1 ,  C s B r ,  and C s I  from 80 t o  400 K and A of s i n g l e - c r y s t a l  C s B r  from 
80 t o  300 K. A comparison of t h e  low-temperature r e s u l t s  on t h e  two 
bromides i n d i c a t e s  t h a t  phonon conduct ion i s  n o t  in f luenced  s i g n i f i c a n t l y  
by g r a i n  boundary s c a t t e r i n g  above 80 K. Therefore ,  our  high-temperature  
r e s u l t s  on t h e  p o l y c r y s t a l l i n e  sample are a t r u e  measure of phonon 
conduct ion where o t h e r  phonons a r e  t h e  dominant scatterers. The l a t t i c e  
thermal  r e s i s t a n c e s  ( X - l )  of C s B r ,  C s I ,  and C s C l  are roughly l i n e a r  w i t h  
T, w i th  a p o s i t i v e  d e v i a t i o n  above about  300 K f o r  t h e  bromide and i o d i d e  
and a n e g a t i v e  d e v i a t i o n  f o r  t h e  c h l o r i d e .  
good agreement wi th  t h e  p r e s e n t  C s I  r e s u l t s  below 250 K b u t  are  too  l o w  
above 250 K. 
c r y s t a l  specimens i n  t h e  prev ious  work. ’’ 

Previous  A’l d a t a ”  are i n  

Th i s  i s  probably caused by photon t r a n s p o r t  through s i n g l e -  

’Completed assignment t o  AERE, H a r w e l l ,  September 1975. 

OK. A. McCarthy and S. S. Ba l l a rd ,  J .  A p p z .  Phys.  31(8)  : ,1410 
(1960). 
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The exper imenta l  A-' v a l u e s  f o r  t h e  t h r e e  cesium compounds were 
compared t o  a t h e o r e t i c a l  equa t ion  f o r  three-phonon umklapp s c a t t e r i - n g  
processes ."  
ob ta ined  f o r  the CsI, whi-ch has  a m a s s  rati.0 o f  1.05. 
d e v i a t i o n  of t h e  exper imenta l  r e s u l - t s  above t h e  equa t ion  as  t h e  m a s s  

specimen of RbF, which has a m a s s  r a . t i o  of 4 . 5 ,  has  been prepared i n  a 
d r y  box. Measurements of A and t r a n s m i t t a n c e  i.n t h e  i n f r a r e d  a re  i n  
p rogres s .  

B e s t  agreement, which w a s  within.  a f a c t o r  of 2 ,  w a s  
The p o s i t i v e  

r a t i o  increases i s  s i m i l a r  t o  t h e  behavior  of rubidi-um h a l i d e s .  A 

3.2.1.2 E l e c t r i c a l  C o n d u c t i v i t i e s  of Some F e r r i t e  C r y s t a l s  - U .  Roy, 1 2  

W. E .  Brundage, l 2  R.  K .  W i l l i a m s ,  and F.  J. Weaver 

The e l e c t r i c a l  c o n d u c t i v i t i e s ,  0 ,  of f o u r  h igh-qual i ty '  
crysta1.s w e r e  d e t e r m h e d  between about  60 and 500 K.  
s t u d i e d  w e r e  nominally Lio.l2Nio.oiFe2.8704, Ni0.26Fe2.7404, 
Lio .08Nio .3~Fe2.5404,  and Mno.66Gao.28Fe2.0604, and t h e  0' v a l u e s  
v a r i e d  i n  t h e  o r d e r  g iven ,  w i t h  Mno.66Gao.28Fe2.0604 e x h i b i t i n g  t h e  
lowes t  c o n d u c t i v i t y .  None of t h e  measurements showed i n d i c a t i o n s  
of t h e  Verway t r a n s i t i o n ,  which occurs  a t  119  K i n  Pe,O,. The 
r e s u l t s  f o r  all of the c r y s t a l s  showed semiconducting behav io r  over 
t h i s  tempera ture  range ,  and t h e  a c t i v a t i o n  e n e r g i e s  f o r  conduction 
w e r e  a l l  about 0.06 eV. 

f e r r i t e  
The compositions 

3 .2 .2  P h y s i c a l  P r o p e r t i e s  of Metals 
I -_I__ __...__._ 

3 . 2 - 2 . 1  Ana lys i s  of Experimental  Data - D .  W.  Yarbrough14 and 
R. K. W i l l i a m s  

The methods t h a t  have been used15 t o  e x t r a c t  t h e  e l e c t r o n i c  (A,) 
and l a t t i c e  (A,) t hermal  c o n d u c t i v i t i e s  from exper imenta l  d a t a  are based 
on u n n e c e s s a r i l y  r e s t r i c t i v e  assumpt ions .  Improved models, based on 
more e a s i l y  defended assumptions,  have been developed du r ing  the p a s t  
yea r ,  and comparisons wi th  a v a i l a b l e  exper imenta l  d a t a  are now i n  progress .  

.--I_ 

l 1  J .  P. Moore, R. K .  W i l l i a m s ,  and K. S. Graves, Phys. Rev. B 
11(8) : 3107 (1975) e 

"Sol id  S t a t e  Div i s ion .  

13F. J. Bruni and W .  E .  Hrundage, J .  C r y s t .  Growbh 19: 5-10 (1973) .  

4Consul t a n t  , Tennessee Technologica l  U n i v e r s i t y  , Cookevi l le ,  

5R. K.  Williams and W. Fu lkerson ,  "Separa t ion  of t h e  E l e c t r o n i c  
and Lat t ice  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 i e s  of Metals and 
Al loys ,"  pp. 389-456 i n  Thema2 Conduct iv i ty,  ,D-ron. 8th Conf., ed.  by 
C .  Y. H o  and K. E.  Taylor ,  Plenum P r e s s ,  New York, 1969.  
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One of t h e  methods uses  a s e a r c h  r o u t i n e  t o  determine parameters  
The model €OK a curve  f i t  of experimental  thermal  c o n d u c t i v i t y  d a t a .  

s tud ied  inc ludes  a non l inea r  t e r m ,  ( A  f BT)-', f o r  hp. 
c a p a b i l i t y  has  been f u r t h e r  modified t o  inc lude  a t h e o r e t i c a l  expres s ion  
f o r  t h e  Lorenz func t ion ,  ' 
f r e e  e l e c t r o n  concen t r3 t ion ,  and the  c o n s t a n t s  i n  t h e  express ion  f o r  h 
a s  a d j u s t a b l e  parameters .  
Fey Ta ,  W, and Mo have been descr ibed  by u s e  of t h e  models. 

The a n a l y s i s  

t hus  providing a model w i th  Debye temperature ,  

Experimental  thermal c o n d u c t i v i t y  d a t a  f o r  
P 

17 3.2.2.2 I r o n  and D i l u t e  I r o n  Al loys  J .  W. Massey,17 T .  K. Holder ,  
D. 14. Yarbrough,14 R. K. W i l l i a m s ,  and J .  P. Moore 

In t h e  t r a n s i t i o n  metals and t h e i r  a l l o y s ,  t h e  t o t a l  thermal  

The l a t t i ce  o r  phonon c o n d u c t i v i t y ,  A p ,  a c t i n g  i n  
conduc t iv i ty ,  X, i s  no t  s o l e l y  due t o  t h e  c o n t r i b u t i o n  from t h e  conduct ion 
e l e c t r o n s ,  A,. 
paral le l  wi th  t h e  e l e c t r o n i c  c o n t r i b u t i o n ,  i s  Erequently s i g n i f i c a n t .  
The magnitudes of t h e s e  two components i n  i r o n  w e r e  s tud ied  exper imenta l ly .  
The method used invo lves  determining t h e  and e lectr ical  r e s i s i t i v i t y ,  
p, of several j u d i c i o u s l y  chosen a l l o y s  and computing t h e  magnitudes of 
X and X from t h e  p r o p e r t i e s  of pu re  i r o n  and t h e  a l l o y s .  l 5  The two 
most important  assumptions involved i n  t h e s e  c a l c u l a t i o n s  are (1) t h a t  
t h e  s o l u t e  e lements  do n o t  a l te r  h p  and (2) t h a t  t h e  s o l u t e  e lements  
do no t  s i g n i f i c a n t l y  change t h e  e l e c t r o n i c  p r o p e r t i e s  01 t h e  so lven t .  
The v a l i d i t y  of these assumptions w a s  t e s t e d  by making measurements on 
a series of a l l o y s  con ta in ing  I, 3 ,  and 5% C r ,  3% N i ,  and 1% N i  + 1% C r .  
Theory'' i n d i c a t e s  t h a t  n i c k e l  should have a l a r g e r  e f f e c t  than  chromium 
on A p t  and a l l  t h e  experimental  r e s u l t s  can be s u c c e s s f u l l y  i n t e r p r e t e d  
by us ing  t h e  theory  t o  account  f o r  t h i s  e f f e c t .  
t h e  r e s u l t s  i n d i c a t e  t h a t  Xp of i r o n  passes  through a broad maximum 
between 150 and 250 K ,  f a l l i n g  of f  a t  h igh  tempera tures  because of 
i nc reased  phonon-phonon s c a t t e r i n g .  
a t t r i b u t e d  t o  electron-phonon s c a t t e r i n g .  The magnitude and temperature  
dependence of t h e  de r ived  Xp v a l u e s  s e e m  t o  be reasonably  c o n s i s t e n t  w i th  
theory.  1 9 y 2 0  
t h e  e l e c t r o n i c  T.,orenz f u n c t i o n  (Xep/T) w a s  always less than  t h e  
Sommerfeld va lue ,  LO [ (7r2/3> 
about  0.9L0 a t  400 K. 

P e 

As shown i n  F ig .  3 .2 ,  

The dec rease  of A, below 350 K i s  

Over t h e  t e m p e r a t u r e  r ange  o f  t h e s e  measurements (90-400 K ) ,  

, b u t  t h e  exper imenta l  v a l u e s  reached 

.- 

I 6 A .  H. Wilson, The Theory of MetaZs, 2nd ed . ,  The Cambridge 
U n i v e r s i t y  P r e s s ,  1958. 

'Graduate S tudent ,  Tennessee Technological  Un ive r s i ty ,  Cookevi l le .  

"B. Abeles,  Phys .  R W .  131(5):  1906--11 (1963). 

19J. M. Ziman, Elect~ons and Pbmns, The Claredon P r e s s ,  Oxford, 

2oJ. P. Moore, R. K. W i l l i a m s ,  and R. S .  Graves, Phys. Rev. B 
1960, p .  321. 

U ( 8 )  : 3170-15 (197.5). 
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F i g .  3 .2 .  Derived Values of t h e  L a t t i c e  Thermal Res i s t ance  of T K O ~ .  
Dashed cu rves  show a t e n t a t i v c  s e p a r a t i o n  o f  t h e  t o t a l  i n t o  t w o  components. 

3 .2 .2 .3  Niobium -- J .  P .  Moore, F.  J. Weaver, and R .  S .  Gra.ves 

W e  have made thermal t r a n s p o r t  p r o p e r t y  rnea.surements on niobium a-nd 
Mb-5.05 a t . %  W as p a r t  o f  a g e n e r a l  s tudy  of the VB and VLB t r a n s i t i o n  
rneta1.s and t h e i r  a l l o y s .  A specimen o f  commercially p u r e  n-i.ohiurn 
(<0.2 a t . %  i m p u r i r i e s  i nc lud ing  gases) w a s  f a b r i c a t e d  f o r  high-temperature 
thermal c o n d u c t i v i t y  measurements, and a specimen from t1ri.s s t o c k  w a s  
used t o  o b t a i n  Seebeck c o e f f i c i e n t ,  S ,  and e l e c t r i c a l  r e s i s t i v i t y ,  p, 
d a t a  t o  1670 K.  
t h e  p of t h e  a l l o y e d  material a c t u a l l y  be ing  l o w e r  above 1100 K.  
of ni .obiim a l s o  n e a r l y  c o i n c i d e s  wi.t:h t h a t  of cantalum up t o  about  900 K, 
b u t  d e v i a t e s  negatri.ve1.y a t  h ighe r  tempera tures .  A n  approximation f o r  
the Hl.och-Gruneisen f u n c t i o n  f a i l s  t o  d e s c r i b e  the p o f  niobium by a s  
mu.ch as  15% i n  the  r ange  100 t o  1700 K .  
m d t e d  specimen of niobium hat; been ob ta ined  f o r  measurement of A, p, 
and S below 400 K .  

The p and S of niobium and Nbr5.05 a t . 4  W nea r ly  co inc ide ,  
The p 

A mul t ip l e -pass  electron-beam- 
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3 . 2 . 2 . 4  S p e c i f i c  H e a t  of Ac t in ides21  - D .  L. McElroy 

A low-temperature a d i a b a t i c  c a l o r i m e t e r  w a s  developed t o  measure 
s p e c i f i c  h e a t ,  CP, v a l u e s  from 10 t o  300 K and a p p l i e d  t o  amer.icium-241> 
t h r e e  plutonium c a r b i d e s  (PuC0.82, PuCo.90, PuC1.51) and Eu203 (monoclinic 
and c u b i c ) .  
es t imated  energy of 41 J/mole.  
C p  i s  desc r ibed  wi th  a r easonab le  e l e c t r o n i c  term and a s t r o n g l y  
temperature-dependent Debye .temperature. Self-damage energy s t o r a g e  i n  
americium near 10 K varies e x p o n e n t i a l l y  wi th  t i m e  and is  removed i n  
t h r e e  annea l ing  s t a g e s  cen te red  a t  80, 110, and I50 K. The C -5" v a l u e s  
f o r  PuCo.82 and PuCo.90 show anomalies below 150 K,  where neu t ron  
d i f f r a c t i o n  has  shown magnetic o rde r ing  t o  occur .  These Schottky 
t r a n s i t i o n s  change from be ing  noncoopera t ive  f o r  PuC0.82 t o  becoming 
coope ra t ive  f o r  PuC0.90. A C maximum w a s  noted near 160 K f o r  PuC1.51, 
even though neu t ron  d i f f r a c t i o n  r e s u l t s  do n o t  show a magnetic t r a n s i t i o n  
between 20 and 300 K. For E u 2 0 3 ,  C of t h e  monoclinic s t r u c t u r e  i s  P g r e a t e r  than Cp of t h e  cub ic  form and e x h i b i t s  a 2% anomaly near  260 K. 

The 741Am Cp r e s u l t s  show a t r a n s i t i o n  nea r  60 K w i th  a n  
Above 60 K the> t empera ture  dependence of 

P 

P 

3.2.3 Apparatus Development 

3.2.3.1 'Thermal Expansion Apparatus - T. G .  Godfrey and I). L .  McElroy 

Improvements w e r e  e f f e c t e d  i n  t h e  computer-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 .  By modifying t h e  micrometer c o n t r o l  
c i r c u i t r y ,  s t a b i l i z i n g  t h e  q u a r t z  push-rod t i p ,  and reducing  f r i c t i o n a l  
f o r c e s  on t h e  push rod ,  t h e  s t anda rd  d e v i a t i o n  i n  l e n g t h  d a t a  under 
c o n s t a n t  c o n d i t i o n s  w a s  reduced t o  1.5 X lo-* m .  Measurements on 
i r r a d i a t e d  HTGR f u e l  s t i c k s  i n d i c a t e  t h a t  i r r a d i a t i o n  reduces  t h e i r  
CTE, and t h i s  r e d u c t i o n  i s  p r o p o r t i o n a l  t o  t h e  volume f r a c t i o n  load ing  
of p a r t i c l - e s  and t h e  neu t ron  f l u e n c e .  

'Work jointly sponsored by ERDA, ORNL, and AERE, H a r w e l l .  Abs t rac ted  
from two papers:  D .  L. McElroy, 11. R .  Haines, R.O.A. H a l l ,  and J .  A. L e e ,  
"The S p e c i f i c  Heat of PuC1-, and Pu2C3 from 1.0 t o  300 K," pp. 267-76 i n  
Plutonium 1975 and Other Actinides (5 th  I n t e r n a t i o n a l  Conference, Proc.  
Baden-Baden, Sep t .  1-13, 1975),  ed.  by H. Blank and R.  Lindmer, North 
Holland, Amsterdam and Oxford, 1976. R . O . A .  H a l l ,  M. J. Mortimer, 
D .  I,. McElroy, W. Miiller, and J .  C .  S p i r l e t ,  "The S p e c i f i c  Heat of 
Americium-241Metal from 1 5  t o  300 K," pp. 139-46 i n  Transplutonium 1975 
(4 th  In t e rna t iona l .  Symposium, Baden-Baden, Sept .  13-17, 1975),  ed. by 

W .  M G l l e r  and R. Lindmer, North-Holland, Amsterdam and Oxford, 1976. 
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3 . 2 . 3 . 2  CODAS Development - T .  G. Godfrey and S .  H. J u r y 2 2  

The Computer Operated Data A c q u i s i t i o n  System, phase 111, i s  
involved i n  two experiments.  
a p p a r a t u s ,  23 which w a s  developed f o r  s t u d i e s  on t r a n s p o r t  p r o p e r t i e s  of 
r e l a t i v e l y  poor conductors .  The c a p a b i l i t y  of CODAS 111 t o  o b t a i n  d a t a  
r a p i d l y  has  been u s e f u l  t o  o x i d a t i o n  exper iments  on zirconium i n  t h e  
Sur face  Phenomena Labora tory ,  where h e a t i n g  and coo l ings  ra tes  of up LO 

several hundred degrees  p e r  second are employed. 
CODAS i n  making t h e s e  tempera ture  measurements b a s  allowed ra te  c o n s t a n t s  
t o  be c a l c u l a t e d  p r e c i s e l y  f o r  exper iments  of such s h o r t  d u r a t i o n  t h a t  
t h e  t i m e s  t o  h e a t  and cool  c o n t r i b u t e d  more than  50% t o  t h e  observed 
r e a c t i o n s .  

The f i r s t  of t h e s e  is  t h e  p l ane  probe 

The t iming accuracy of 

3 . 3  SUPERCONDUCTING MATERIALS C .  C .  Koch 

W e  s tudy  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 superconducting materials. 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 cu r ren t - ca r ry ing  capac i . ty  i n  a n  a p p l i e d  magnetic 
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, composition, 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 % 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 both.  Consequently, 
some of our 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 diagrams, t r ans fo rma t ion  k i n e t i c s  and products ,  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  superconducting a l l o y s  systems. W e  
c o r r e l a t e  c u r r e n t - c a r r y i n g  capaci-ty w i t h  t h e  "model" mic ros t ruc  t u r e s .  

T h i s  year  our former emphasis on f l u x  p inning  s t u d i e s  i s  be ing  
s h i f t e d  t o  work on advanced superconduct ing  materials. These a r e  t h e  
materials wi th  t h e  h i g h e s t  v a l u e s  of superconducting-normal. transition 
tempera ture ,  T p c ,  and upper c r i t i c a l  f i e l d ,  Hc,, . 

Our l a b o r a t o r y  h a s  f a c i l i t i e s  t o  measure most of t h e  superconducting 
proper t : ies  of i n t e r e s t ,  such as c r i t i c a l  c u r r e n t  d e n s i t y  ( J c ) ,  ac l o s s e s ,  
TC, and He2. 
can  s tudy  t h e  e f f e c t s  of mechanical stress on superconducting p r o p e r t i e s .  

We have c a r r i e d  on b a s i c  r e s e a r c h  i n  suppor 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  Superconducting 
Magnet Development Program, Thermonuclear D i v i s i o n ,  ORNL. 

W e  a l s o  measure low-temperature s p e c i f i c  h e a t  c a p a c i t y  and 

22Consu l t an t ,  Uni -vers i ty  of Tennessee,  Knoxvi l le ,  TN. 

23S. H. J u r y  and T.  G. Godfrey, A Xrans.ien.7: Method to Measure the 
Themu1 Co-duc t iu i t y  and ?'hemal Diffusiviky of Core Samples - The 
Plane Probe, ORNL/TM-4956 ( i n  p r e p a r a t i o n ) .  
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3.3.1 - The Infl_uence of Y-ttrium on the. Superconducting P r o p e r t i e s  -.___ of 
______. Nb-Ti Alloys" - C .  C .  Koch and J .  0. Scarbrough 

Composite conductors  based on superconduct ing all .oys of niobium 
wi th  t i tani .um are  t h e  p r e s e n t  cho ice  f o r  t h e  l a r g e  t o r o i d a l  magnets t o  
be  used f o r  p lasma containment i n  f u s i o n  experiments .  While s u b s t a n t i a l  
r e s e a r c h  has  been c a r r i e d  o u t  on t h e  r e l a t i o n s h i p  between m e t a l l u r g i c a l  
s t r u c t u r e  and superconduct ing p r o p e r t i e s  i n  niobium-titanium a l l o y s ,  a 
complete understanding of t h e  mechanisms f o r  op t imiz ing  f l u x o i d  pinning 
( i .e . ,  c r i t i c a l  c u r r e n t  d e n s i t y )  i s  s t i 1 . l  l ack ing .  I n  p a r t i c u l a r ,  t h e  
in f luence  of a l l o y i n g  o r  impur i ty  e lements  remains u n c l e a r .  Th i s  paper  
p r e s e n t s  t h e  r e s u l t s  of A s tudy  of t h e  i n f l u e n c e  of y t t r i u m  a d d i t i o n s  on 
t h e  me ta l lu rgy  and superconduct ing p r o p e r t i e s  of two niobium-titanium 
a l l o y s .  The a l l o y  Ti-38.2 a t .  X Nb (55 w t  % Nb) was chosen as a 
commercial composition t h a t  re l ies  mainly on d i s l o c a t i o n  c e l l  boundar ies  
f o r  f l u x  pinning.  We s e l e c t e d  Ti-25 a t .% Nb (39.3 w t  % Nb) as an  a l l o y  
i n  which second phase (w or  a )  p r e c i p i t a t i o n  i s  a major c o n t r i b u t o r  t o  
Eluxoid p inning .  We added 1 a t .  % Y t o  both  a l l o y s  and determined i t s  
in f luence  on t h e  k i n e t i c s  of p r e c i p i t a t i o n ,  d i s l o c a t i o n  s t r u c t u r e ,  and 
superconduct ing p r o p e r t i e s .  Yttr ium enhanced 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  cold-worked Ti-38.2 a t .  % Nb. Its presence  modified t h e  k i n e t i c s  
and morphology of w and a p r e c i p i t a t i o n  i n  Ti-25 a t .  % Nb, r e s u l t i n g  i n  
a degraded J ,  for t h e  longer  ag ing  t i m e s  a t  400°C. 

3.3.2 The Peak E f f e c t  i n  Superconducting Nb-Hf A l 1 0 y s ' ~  _- - C .  C .  Koch, 
A. nas Gupta, 4nIi-1,. M. Kroiger  

Dramatic "Peak e f f e c t s "  i n  c r i t i c a l  c u r r e n t  d e n s i t y  (J,) v e r s u s  
app l i ed  magnetic f i e l d  (a) have been p rev ious ly  observed i n  Nb-38 a t .% Hf 
a l l o y s  a f t e r  s o l u t i o n  annea l ing  and p r e c i p i t a t i o n .  The n a t u r e  of t h e s e  
peaks,  p rev ious ly  a t t r i b u t e d  t o  a "matching" between t h e  f l u x o i d  l a t t i c e  
and the  p r e c i p i t a t e  spacing,  has  been re-examined. Flux g r a d i e n t s  have 
been determined by a c  s u s c e p t i b i l i t y  methods. A marked inhomogeneity i n  
J ,  w a s  found a c r o s s  t h e  specimen d iameter ,  and t h i s  inhomogeneity v a r i e s  
w i th  f i e l d  and can  b e  c o r r e l a t e d  wi th  t h e  p o s i t i o n  of t h e  ''ValleysII and 
"peaks" i n  J v e r s u s  H .  The temperature  dependence has  a l s o  been measured 
t o  s e p a r a t e  %atching"  e f f e c t s  from more usua l  pinning behavior .  

dependence f o r  J ,  on the  low-field s i d e  of t h e  peak. 
being used t o  test t h e  a p p l i c a b i l i t y  of p r e s e n t  models f o r  f l u x  p inning .  

Resistive measurements o f  Jc have r evea led  a marked magnetic h i s t o r y  
The r e s u l t s  are 

24Abst rac ted  from paper presented  at t h e  M e t a l l u r g i c a l  Soc ie ty  of 

25Al,stracted from paper presented  a t  t h e  M e t a l l u r g i c a l  Soc ie ty  of 

AIME F a l l  Meeting, C inc inna t i ,  Ohio, Nov. 10-13, 1975. 

AIME Spring Meeting, L a s  Vegas, Nevada, Feb. 22-26, 1976.  
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3 . 3 . 3  Direct  Observat ion of t h e  Flux D i s t r i b u t i o n  i n  t h e  Mixe.d S t a t e  of 
V-Ga Alloys  Using a Scanning E l e c t r o n  Microscopez6 -- 0 .  S i a g h F  

~ - -  _. 

-. -_I___- 

A .  E. Curzon,L'  and C. C.  Koch 

The mixed s t a t e  i n  vanadium-gallium a l l o y s  w a s  d i r e c t l y  observed by 
u s e  of the Bit te r  p a t t e r n  technique  and a scanning e l e c t r o n  microscope. 
Some p a r r s  of the specimen showed a s i n g l e  f l u x o i d  state w i t h  a n  average  
f l u x o i d  spac ing  of about  760 A a t  6 kG. The f l u x  p a t t e r n s  were c e l l u l a r  
i n  t h e  high-defect-densi ty  r e g i o n s  of t h e  s u r f a c e .  S u r f a c e  v o i d s  and 
g r a j n  boundaries  w e r e  t h e  niajor f l u x  p inning  centres i n  t h e s e  samples. 

3 . 3  I 4 ?-ending of---Flux Lines  by Transp-or t C u r r e n t s  i n  Typs-11 Supeg-:. 
conductors  Measured by Neutron DiffracLion2'  - D .  M .  Kroeger and 
.J. Schel t e n z 9  

Neutron d i f f r a c t i o n  experiments  have been performed on t h r e e  Nb-13i: 
T a  specimens t o  o b t a i n  inforrriation about  the d i s t r i - b u t i o n  of t r a n s p o r t  
c u r r e n t s  i n  type-I1 superconductors .  For sample 1, which had t h e  lowest  
pinnlng s t r e n g t h ,  we concluded t h a t  most oE t h e  t r a n s p o r t  c u r r e n t  was 
c a r r i e d  i n  a r e g i o n  near  t h e  s u r f a c e .  However, i n  sample 2,  i n  which 
t h e  f l u x  p inning  was homogeneous as  i n d i c a t e d  by ac f l u x  penetrat:i.on 
measurements, and i n  samp1.e 3 ,  i n  which t h e  pinning s t r e n g t h  was h i g h e s t ,  
a t r a n s p o r t  c u r r e n t  w a s  c l e a r l y  c a r r i e d  in t h e  bulk,  and t h e  exper imenta l  
r e s u l t s  could be expla ined  by s p e c i f i c  p r e d i c t i o n s  of rhe c r i t i c a l  s t a t e  
model. 

3 .3 .5  Magnetic H i s t o r y  E f f e c t s  .I__-- tc  ac Magn%_t;?--xta 
Measurements on Typ-%-I1 - D .  M. Kroeger 

The v o l t a g e  induced i n  a pickup c o i l  wound on a s u p e r c o n d u c t h g  
niobium-tantalum specimen by a magneti-c f i e l d  N = fide -i- h ( t )  i n  some 
specimens depended s t r o n g l y  upon whether t h e  dc f i e l d  w a s  increased  o r  
decreased t o  t h e  v a l u e  d u r i n g  measurement. I n  such specimens t h e  induced 
wave form w a s  asymmetric about  V = 0 f o r  Hdc 5 1 / 2  €IC2. 
d i d  n o t  r e s u l t  from l a r g e  ac ampl i tudes  w i t h  consequent v a r i a t i o n  of 
J ,  o r  (dB/dN),,, over  the a.c f i e l d  cyc3.e. 

T h i s  asyimetry 

The magnetic h i s t o r y  dependcrice, 

I__ . .. 
26Abst rae ted  from J .  Ph3s. D: AppZ.  Phys.  9:  611-13 (1976). 

27Department oE Phys ics ,  Simon F r a s c r  U n i v e r s i t y ,  Hurnaby, B r i t i s h  

28Abst rac ted  from a paper  submit ted f o r  p u b l i c a t i o n .  

2 9  I n s t i  tut fiir Fes tksrper forschung der  Kernforschungsanlage,  
J i i l i c h ,  W. Germany. 

30Abst rac ted  from paper  presented  a t  American P h y s i c a l  S o c i e t y  1976 
March Meeting i n  A t l a n t a ,  Georgia.  Also i n  Buzz. Am. Phga. Soc. 21(3):  
289 (March 1976) .  

Columbia, Canada. 



50 

i n  l i g h t  of r e c e n t  neut ron  d i f f r a c t i o n  experiments ,  which i n d i c a t e  t h a t  
t h e  degree  O E  d i s o r d e r  o r  d e n s i t y  of d e f e c t s  i n  t he  f l u x  l i n e  l a t t i c e  
(FLL) a l s o  depends on magnetic h i s t o r y ,  sugges t s  t h a t  Jc i n c r e a s e s  wi th  
FLL d e f e c t  d e n s i t y .  
c o n s i s t e n t  w i th  t h i s  conclus ion .  Sur face  o x i d a t i o n  s i g n i f i c a n t l y  a l ters  
sample  behavior ,  i n d i c a t i n g  t h a t  t he  processes  of f l u x  e n t r y  and e x i t  
are  involved i n  producing t h e  magnetic h i s t o r y  dependence. 

The n a t u r e  of t h e  wave form asymmetry is  q u a l i t a t i v e l y  

3 . 3 . 6  --- T e n s i l e  P r o g e r t i e s  of Sugerconducting Composite Conduct_ors and 
Nb-Ti Al loys  a t  4 . 2  K" - D .  S. Easton and C .  C .  Koch 

Large superconduct ing magnets w i l l  be  used f o r  plasma coiif inement 
i n  nuc lear  f u s i o n  energy experiments .  The presence  of thermal ,  mechanical,  
and magnetic f o r c e s  i n  t h e s e  c o i l s  makes t h e  understanding of mechanical 
p r o p e r t i e s  of t h e  superconduct ing windings important .  T e n s i l e  tes ts  w e r e  
made a t  300, 7 7 ,  and 4.2  K on commercial niobium-titanium composites 
w i th  both  copper and copper-nickel  m a t r i c e s .  Tests w e r e  a l s o  conducted 
on niobium-titanium f i l a m e n t s  produced by chemical ly  removing t h e  ma t r ix  
of some composites as w e l l  as wi th  subs ized  t e n s i l e  samples of niobium- 
t i t an ium a l l o y s .  

A pseudoe la s t i c  s t r a i n  r eg ion  w a s  found i n  t h e  Nb-Ti/Cu(Cu-Ni) 
composites and i n  t h e  niobium-titanium a l l o y s  themselves.  The a n e l a s t i c  
behavior  observed i n  t h e  composi tes  i s  t y p i c a l  f o r  composites c o n s i s t i n g  
of s t rong  f i l a m e n t s  i n  a weak d u c t i l e  ma t r ix .  However, t h e  pseudo- 
e l a s t i c i t y  found i n  t h e  niobium-titanium i t s e l f  was t h e  f i r s t  obse rva t ion  
of t h i s  behavior  i n  these  a l l o y s .  P o s s i b l e  exp lana t ions  are t h e  format ion  
of a r e v e r s i b l e  s t ress - induced  m a r t c n s i t i c  t r ans fo rma t ion  and/or  twinning 
and de-twinning. The pseudoe la s t i c  s t r a i n  i s  accompanied by a u d i b l e  
"c l i cks"  upon both  stress Loading and unloading.  

s e r r a t e d  s t r e s s - s t r a i n  curves .  The y ie ld-e longat ion  s e r r a t i o n s  are 
appa ren t ly  t h e  major method of p l a s t i c  s t r a i n  i n  t h e  niobium-titanium a l l o y s  
a t  4.2 K. Both t h e  pseudoe la s t i c  phenomenon and t h e  s t r e s s - s t r a i n  
s e r r a t i o n s  can produce an  impor tan t  energy l o s s .  The well-known 
" t r a i n i n g "  e f f e c t  i n  l a r g e  superconduct ing magnets may be  r e l a t e d  t o  
t h e s e  mechanical e f f e c t s .  

The composite conductors  and t h e  niobium-titanium a l l o y s  exh ib i t ed  

3 . 3 . 7  Performance of Mul t i f  i l amentary  Nb3Sn Under Mechanical Load3 - 
D. S .  Easton and R.  E. Schwall ' j  

The c r i t i c a l  c u r r e n t  of commercial mu l t i f i l amen ta ry  Nb3Sn conductor 
w a s  measured under t h e  a p p l i c a t i o n  of u n i a x i a l  t e n s i o n  a t  4.2 K and 

31Abstracted from pp. 431.-44 i n  Shape Memory Effecis in AlZoys,  ed .  

3 %  Abs t rac ted  from a paper accepted  f o r  p u b l i c a t i o n  i n  Applied Physics 

by J. Perk ins ,  Plenum Pub l i sh ing  Corp., New York, 1975.  

Letters . 
3Thermonuclear D iv i s ion .  
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fol lowing bending a t  room temperature .  
observed under uniaxial .  loading .  
conductor manufactured by t h e  bronze d i f f u s i o n  technique  and f o r  c a b l e  
conductors  formed by t h e  t i n - d i p  technique.  

S i g n i f i c a n t  r e d u c t i o n s  i n  J ,  are  
R e s u l t s  a re  presented  f o r  a monol i th ic  

3.3.8 aermolnechanica l  Heat Generat ion -___..__ i n  Copper and a n  Nb-TI Super- 
conduct ing Composite32 - D. S. Easton,  D .  M. Kroeger, a i d  
A .  Moazed” 

Heat g e n e r a t i o n  v i a  t e n s i l e  stress i n  b o t h  pure copper and a super-  
conduct ing niobium-titanium composite w a s  s t u d i e d  a t  300 and 4.2 K. 
L inear  t h e n n o e l a s t i c  behavior  w a s  found a t  room temperature  b u t  n o t  a t  
4 . 2  K. 
energy losses  of 0 . 1  t o  0.2 MJ/m3. \ h e n  stress cyclkd under a d i a b a t i c  
c o n d i t i o n s ,  t h e  composite showed a temperature  i n c r e a s e  wi th  each c y c l e  
as a r e s u l t  of nonl inear  ( h y s t e r e t i c )  s t r e s s - s t r a i - n  behavior .  

A t  4.2  K, stress leve ls  of about  88 MPa and 0.1% s t r a i n  produced 

3 . 3 . 9  I n h o m o g e n e i t i e s  i n  Superconducting Niobium -_I___ Surfaces3  - 
A .  D a s  Gupta, W. Gey,36 J. G l b ~ - i t t e r , ~ ’ ’  H. K i i ~ f e r , ~ ~  and 
J. A. ~ a s a i t i s ~ ~  

Inhomogenei t ies  i n  superconduct ing niobium have c o n s i d e r a b l e  
i n f l u e n c e  on ac losses i n  c a b l e s ;  they  a l s o  g i v e  bad r f  r e s u l . t s .  
s t u d y  inhomogenei t ies  n e a r  niobium sur faces, t h e  magnetic induct-i-on 
p r o f i l e  B ( z )  and hence 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,(x) were determined 
as funct i .ons of d i s t a n c e  LC from t h e  s u r f a c e  i n  sampl-es t h a t  had been 
machined, annealed,  and chemica l ly  p o l i s h e d  o r  e l e c t r o p o l i s h e d  and 
anodized.  With i d e n t i c a l  samples t h e  magnet iza t ion  and 18-kHz p e n e t r a t i o n  
d e p t h s  w e r e  a l s o  measured as f u n c t i o n s  o f  dc magnetic f i e l d  a p p l i e d  
p a r a l l e l  t o  t h e  s u r f a c e .  These measurements on niobi-um samples, whi.ch 
w e r e  a l l  exposed t o  a i r ,  i n d i c a t e  t h a t  two superconduct ing phases  ex i s t  
near  t h e  s u r f a c e .  One of them has  a n  Hc7 much hi.gher (50%) and t h e  other 
somewhat h i g h e r  (10%) than  Hc2 i n  t h e  bufk.  I n  a d d i t i o n ,  s t r o n g  p inning  
e x i s t s  near  t h e  s u r f a c e ,  as evidenced by J ,  higher  rhan lo6 A/cm2. These 
e f f e c t s  w e r e  found, a l though t o  a somewhat lesser e x t e n t ,  even a f t e r  
ul. tra high-vacuum annea l ing .  The h i g h  Hc2 v a l u e s  and s t r o n g  pinning 
near  t h e  s u r f a c e ,  even above t h e  b u l k  H can be  expla ined  by t h e  presence 

T o  

of inhomogenei-ties t h e r e .  C 2 ’  

4 U n i v e r s i t y  of Tennc?ssee. 

35Abst rac ted  from a paper t o  b e  publ i shed  i n  Journat of Applied 
Physics . 

6 N o ~  a t  Technische Pliysik, U n i v e r s i t a t ,  33 ~ Braunschweig, Germany. 

7 Z n s t i t u t  fGr Expcr imente l le  Kernphysik, G e s e l l s c h a f t  f z r  
Kernforschung mbH, Kar l s ruhe ,  Germany. 

3 8 ~ o ~  a t  ~ i n c o ~ n  ~ a b o r a t o r y ,  Lexington, Mass. 



3.3.10 Work i n  P rogres s  - Advanced Supercond3cting Materials 

3.3.10.1 Superconduct iv i ty  i n  LiTi204 - A.  D a s  Gupta, U .  and 
C.  C.  Koch 

The compound LiTi201, w a s  synthes ized  from a n  equimolar mixture  of 
L i Z T i 2 0 S  and T i 2 0 3  powders. Specimens w e r e  prepared by f o u r  d i f f e r e n t  
techniques:  (1) cold-pressing and s i n t e r i n g ,  ( 2 )  ho t -press ing ,  ( 3 )  zone 
mel t ing ,  and ( 4 )  reac. t ion s i n t e r i n g  i n  swaged copper tubes  t o  produce 
s i n g l e  c o r e  and mul t i co re  conductors .  
d i f f r a c t i o n  s t u d i e s  w e r e  c a r r i e d  o u t  t o  c h a r a c t e r i z e  t h e  material .  The 
c r i t i c a l  t e m p e r a t u r e  T, ("11.4 K) as w e l l  as the t r a n s v e r s e  c r i t i ca l  
c u r r e n t  d e n s i t y  Jc and t h e  dc magnet iza t ion  -%, as f u n c t i o n s  of t he  
app l i ed  magnetic f i e l d  H ,  were measured up t o  7.0 T a t  4 . 2  K. The 
appren t  J,, obta ined  by d i v i d i n g  t h e  c r i t i c a l  c u r r e n t  by t h e  t o t a l  c r o s s  
sec t iona l .  area of t h e  specimen, depended upon t h e  d e n s i f i c a t i o n  of t h e  
material, t h e  c o n n e c t i v i t y  between t h e  par t ic les ,  and t h e  presence  i n  
t h e  material  of the  s p i n e l  phase,  which is  s table  below about  925°C. 

Op t i ca l  metal lography and x-ray 

3.3.10.2 Superconduct iv i ty  i n  PbMo6S8 - A .  Das Gupta, C. C .  Koch, and 
D .  M. Kroeger 

Work has  begun on t h e  material having the  h i g h e s t  known v a l u e s  f o r  
Powder samples have been prepared by r e a c t i n g  t h e  con- 

Samples f o r  superconduct ing p rope r ty  measurements are being 
wc,, pbMo~S8. 
s t i t u e n t s .  
made by s i n t e r i n g  of pressed  powders and by r f  s p u t t e r i n g .  
t h i s  work are an  unders tanding  of t h e  m e t a l l u r g i c a l  s t r u c t u r e  of t h e s e  
materials and t h e  p repa ra t ion  of t h e  material into a u s e f u l  form. 

The g o a l s  of 

3.3.10.3 Superconducting P r o p e r t i e s  of Sput ter-Deposi ted N b 3 A 1  and 
Nb3(A13Ge) - D. M. Kroeger and S. D. Dahlgren4' 

The coope ra t ive  e f f o r t  w i t h  S .  D. Dahlgren of Battelle Northwest 
Labora to r i e s  is  cont inuing  wi th  s t u d i e s  of Nb3A1 s p u t t e r  depos i ted  and 
hea t- trea ted  a t  v a r i o u s  times and temperatures  . 

3.3.10.4 M i c r o s t r u c t u r a l  S t u d i e s  of Hard Superconductors - C. C. Koch, 
D .  S .  Easton, A. D a s  Gupta, and R. Worshamh1 

A program has  been s t a r t e d  to use  t r ansmiss ion  e l e c t r o n  microscopy 
and x-ray d i f f r a c t i o n  t o  s tudy  t h e  m i c r o s t r u c t u r e ,  c r y s t a l  s t r u c t u r e ,  and 

-- _-_I_ 

3 9 S o l i d  S t a t e  Div is ion .  

I,'Battelle Northwest Labora to r i e s .  

41Phys ics  Div is ion .  



5 3  

p o s s i b l e  phase  t r a n s i t i o n s  i n  A-15 and other h igh- f ie ld  superconductors  
a t  l i q u i d  helium temperatures. The low-temperature e lec t ron  micxoscope 
developed by R. Worsham u t i l i z i n g  superconduct ing lenses w i l l  h e  used i n  
t h i s  study.  





4 .  RADIATION EFFECTS 

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

The Radia t ion  E f f e c t s  Program has  as i ts  goa l  t h e  unders tanding  of 
changes i n  t h e  p h y s i c a l  and mechanical p r o p e r t i e s  of  metals and a l l o y s  
caused by e leva ted- tempera ture  neut ron  i r r a d i a t i o n .  Emphasis i s  on 
e f f e c t s  of composition and m i c r o s t r u c t u r e  wi th  t h e  a i m  of u s i n g  t h e s e  
m e t a l l u r g i c a l  v a r i a b l e s  t o  minimize o r  c o n t r o l  t h e  damage. Although 
neut ron  i r r a d i a t i o n s  provide  t h e  u l t i m a t e  test of ou r  i d e a s ,  s imu la t ion  
techniques  t h a t  a l low a c c e l e r a t e d  t e s t i n g  and e v a l u a t i o n  of mechanisms 
are e x p l o i t e d .  

Work on t h i s  program complements t h e  r a d i a t i o n  e f f e c t s  a c t iv i t i e s  
i n  t h e  ORNL Sol id  S t a t e  D iv i s ion ,  which are d i r e c t e d  a t  d e s c r i b i n g  t h e  
primary product ion  of p o i n t  d e f e c t s .  E f f o r t  i n  t h e  Metals and Ceramics 
Div i s ion  is  concerned wi th  t h e  o r g a n i z a t i o n  of t h e s e  d e f e c t s  i n t o  more 
complex c o n f i g u r a t i o n s  and wi th  t h e  r e s u l t a n t  p r o p e r t i e s  of h e a v i l y  
damaged materials. This work a l s o  p a r a l l e l s  app l i ed  programs suppor ted  
i n  t h e  Metals and Ceramics Div i s ion  by t h e  Liquid Metal F a s t  Breeder 
and Fusion Reactor  Programs b u t  is aimed a t  uncovering mechanisms of 
damage by s tudy ing  s imple  or model systems. 
supported by t h e  Div i s ion  of P h y s i c a l  Research is desc r ibed .  Act ivi t ies  
i n  t h e  o t h e r  programs are summarized i n  t h e  progress  r e p o r t s  f o r  t hose  
programs. 

I n  t h i s  r e p o r t  on ly  work 

4 . 1  EXPERIMENTAL STUDIES AND EVATJJATIONS 

4.1.1 Neutron -- Experiments on .- Aluminum Al loys  - K. P a r r e l l  and J. T. Houston 

Some commercial aluminum a l l o y s  have good resistance t o  r a d i a t i o n -  
induced void  format ion  and a s s o c i a t e d  swe l l ing .  This  r e s i s t a n c e  has  
now been pursued t o  h igh  neut ron  exposures  i n  t h e  a l l o y s  1100 (99% A l ,  
ba l ance  l a r g e l y  i n s o l u b l e  S i  + Fe) ,  SO01 (99% Al, 1% i n s o l u b l e  N i ) ,  5052 
(2.5% Mg i n  s o l i d  s o l u t i o n )  and 6061 (1% Mg and 0.5% S i  as MgzSi pre- 
c i p i t a t e ) .  T e n s i l e  specimens of t h e s e  a l l o y s  have been i r r a d i a t e d  t o  
f a s t  neu t ron  f luences  up t o  1.8 X n/m2 (260 dpa) (dpa = d i sp lace -  
ments p e r  atom) and thermal  neut ron  f luences  up t o  3.0  X l o z 7  n/m2 a t  
328 K (0.35Tm) i n  t h e  High Flux I so tope  Reactor .  Comparison specimens 
of pure aluminum w e r e  i r r a d i a t e d  t o  40 dpa. Dens i ty  measurements, 
suppor ted  by t r ansmiss ion  e l e c t r o n  rnicroscopic examinat ion,  i n d i c a t e  
t h a t  €or a damage l e v e l  of about  40 dpa t h e  pure aluminum swel led  lo%,  
t h e  SO01 a l l o y  about  3%, t h e  1100 a l l o y  2%, and t h e  magnesium-containing 
a l l o y s  5052 and 6061 less than  0.3%. A t  200 dpa t h e  8001 a l l o y  d i s -  
p layed  12% swe l l ing ,  t h e  1100 a l l o y  lo%,  t h e  6061 a l l o y  1% and t h e  5052 
a l l o y  less than  0.5%. A t  t h i s  h igh  f luenee  about  5.5 w t  % of i n s o l u b l e  
s i l i con  i s  formed from t r ansmuta t ion  r e a c t i o n s  w i t h  thermal  neut rons .  
This  s i l i c o n  i s  less dense than  t h e  aluminum and i t  causes  about  1% 
swel l ing ,  except  i n  t h e  5052 a l l o y ,  where i t  reacts wi th  d i s so lved  Mg 
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t h e  

4.1 

t o  form MgnSi p r e c i p i t a t e  w i th  an e s t ima ted  n e t  change i n  d e n s i t y  of less 
than  1%. Thus i n  t h e  6061 and 5052 a l l o y s  t h e  measured s w e l l i n g  is  
l a r g e l y  a t t r i b u t a b l e  t o  transmutation-produced s i l i c o n ;  very  few c a v i t i e s  
are found i n  t h e s e  a l l o y s .  

T e n s i l e  tes ts  on t h e  a l l o y s  a t  323, 373,  and 4 2 3  K show cons ide rab le  
r a d i a t i o n  hardening  and loss i n  d u c t i l i t y .  Most of t h e  d u c t i l i t y  l o s s  
r e s u l t s  from l a r g e  r educ t ions  i n  uniform s t r a i n  brought  about  by the  
hardening.  Add i t iona l  embr i t t l ement  i nvo lv ing  p rema tu re  i n t e r g r a n u l a r  
s e p a r a t i o n  i.s ev iden t  i n  t h e  5052 a l l o y  a t  exposures  exceeding 20 dpa 
and i n  1100 a l l o y  a t  exposures  exceeding SO dpa. The 6061 a l l o y  r e t a i n s  
almost 10% e longa t ion  under a l l  test cond i t ions .  The r e l a t i v e l y  good 
mechanical performance of t h e  6061 a l l o y ,  coupled wi th  i t s  h igh  resist- 
ance t o  void  formation and t o  co r ros ion  i n  w a t e r ,  makes i t  a s u p e r i o r  
a l l o y  f o r  low-temperature l i gh t -wa te r  a p p l i c a t i o n s .  

p r e c i p i t a t e  s t r u c t u r e s  can provide  a means of minimizing void formation.  
Most aluminum a l l o y s  con ta in ,  i n  a d d i t i o n  t o  t h e i r  major a l l o y i n g  e lements ,  
many minor e lements  p r e s e n t  e i t h e r  as tramp i m p u r i t i e s  o r  as d e l i b e r a t e  
a d d i t i o n s  t o  c o n t r o l  g r a i n  growth o r  t o  s t a b i l i z e  p r e c i p i t a t e s .  Of t h e  
common e l e m e n t s  on ly  Mg, Zn, and, t o  a much lesser e x t e n t ,  Cu have any 
apprec iab le  s o l u b i l i t y  i n  aluminum a t  temperatures  below about 400 K. 
To i n v e s t i g a t e  t h e  r o l e  of a l l o y i n g  elements  i n  swe l l ing  we are s tudy ing  
m i c r o s t r u c t u r a l  changes i n  d i l u t e  (100 a t .  ppm l e v e l )  b i n a r y  a l l o y s  of 
Ag, Cu, Fe, Mg, Mn, N i ,  S i ,  Sn, and Zn i n  a h igh -pur i ty  aluminum base  
a f t e r  i r r a d i a t i o n  t o  2 dpa a t  O.35Trfl. Only Cu and Mn show a s i g n i f i c a n t  
suppress ion  of vo ids ;  a p r e c i p i t a t e  is  developed i n  t h e  Cu a l l o y  b u t  n o t  
i n  t h e  Mn a l l o y .  I n  t h e  case of Mg t h e r e  j s  a small suppres s ion  o f  s w e l l i n g  
a t  t h e  100 a t .  ppm l e v e l ,  cons ide rab le  suppres s ion  a t  t h e  1000 a t .  ppm 
level,  and complete suppress ion  a t  1-66 a t .  %, where a p r e c i p i t a t e  of 
Mg2Si i s  ev iden t .  Zinc has  l i t t l e  o r  no e f f e c t  on voids  a t  t h e  100-at.- 
ppm level, causes  only a s m a l l  suppress ion  a t  t h e  lOOO-at.-ppm l e v e l ,  
and s t i l l  permi ts  some voids  a t  t h e  1-at. % l e v e l  d e s p i t e  t h e  occurrence 
o f  e x t e n s i v e  p r e c i p i t a t i o n .  W e  are s t i l l  ana lyz ing  t h e  mic ros t ruc tu res  
i n  those  a l l o y s .  The d a t a  sugges t  t e n t a t i v e l y  t h a t  suppress ion  of vo id  
formation can b e  l i n k e d  t o  l a t t i c e  d i s t o r t i o n  caused by a l l o y i n g  elements .  
Of the elements  so f a r  i n v e s t i g a t e d  t h e  most e f f e c t i v e  ones - Cu, Mn, 
and Mg - are a l s o  known t o  cause l a r g e  changes i n  l a t t i c e  spac ing .  
Fu r the r  a l l o y s  are now be ing  prepared  from o t h e r  e lements  t h a t  d i s t o r t  

These obse rva t ions  demonstrate  t h a t  chemical composition and/or  

aluminum la t t ice .  

2 Direct Observat ion of Coated Voids' - K. Farrel l ,  D. N. Brask i ,  
and J. Bentley 

Okamoto and Wiedersich' have poin ted  o u t  t h a t  whereas equ i l ib r ium 
seg rega t ion  of  f o r e i g n  elements  w i l l  occur  a t  c r y s t a l l i n e  f r e e  s u r f a c e s  

.-_.I 

'Summary of a paper  submi t ted  to Scripta MetaZZuryicu. 

'P. R. Okamoto and H. I J ieders ich ,  "Segregat ion of Al loying  Elements 
t o  Free Surfaces  During I r r a d i a t i o n , "  J .  Nucl. Muter. 5 3 :  3 3 6 4 5  (1974).  
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t o  reduce the  s u r f a c e  f ree  energy,  an even g r e a t e r  degree  of nonequi l ibr ium 
s e g r e g a t i o n  may occur  i n  t h e  presence  of mobile p o i n t  d e f e c t s  c r e a t e d  
du r ing  p a r t i c l e  i r r a d i a t i o n .  The d r i f t  of  vacancies  and s e l f - i n t e r s t i a l s  
t o  t h e  f r e e  s u r f a c e  w i l l  sweep d i s so lved  i m p u r i t i e s  t o  t h e  s u r f a c e .  
t h e  u l t i m a t e ,  i r r ad ia t ion - induced  vo ids  should  become coa ted  with 
f o r e i g n  elements  o r  p l a t e d  wi th  p r e c i p i t a t e s .  Evidence i n  suppor t  of 
such s e g r e g a t i o n  has  been ob ta ined  i n d i r e c t l y  from s tudy  of coherency 
s t r a i n s  b e l i e v e d  t o  b e  a s s o c i a t e d  wi th  i m p u r i t i e s  around voids  or 
p r e c i p i t a t e s  on t h e  voids .  
s c o p i c  examinat ion of a p i e c e  of commercially pure aluminum i r r a d i a t e d  
t o  ve ry  h igh  exposures  ( f a s t  and thermal  f luences  > 1 X l o z 7  n / d )  w e  
unambiguously confirmed t h e  e x i s t e n c e  of coa ted  voids .  The voids  w e r e  
t y p i c a l l y  80 t o  90 nm diam, and they d i sp layed  obvious da rk  r i m s .  More 
d i r e c t  ev idence  of coa t ings  on t h e  vo ids  w a s  provided by t h e  fact t h a t  
nany of t h e  vo ids  w e r e  f r ee - s t and ing  on t h e  s u r f a c e s  of t h e  f o i l s ,  some 
of them r e t a i n e d  t h e i r  o r i g i n a l  shapes ,  and o t h e r s  had co l l apsed .  
f r e e s t a n d i n g  vo ids  can e x i s t  on ly  if they are conta ined  i n  an  envelope. 
of material of  d i f f e r e n t  composition thnn t h e  m a t r i x  and wi th  a g r e a t e r  
r e s i s t a n c e  t o  e l e c t r o p o l i s h i n g .  

F o i l s  were t i l t e d  t o  p r o j e c t  f r ee - s t and ing  vo ids  ove r  l a r g e  h o l e s  
i n  t h e  f o i l s ,  and t h e s e  voi.ds w e r e  analyzed in s f t u  wi th  a f i n e l y  focused 
e l e c t r o n  beam (%20 nm diam) us ing  energy-d ispers ive  x-ray a n a l y s i s  and 
micro-micro d i f f r a c t i o n .  Tne na jor  c o n s t i t u e n t  of t h e s e  vo ids  w a s  
i d e n t i f i e d  as s i l i c o n .  This s i l i c o n  i s  c r e a t e d  i n  t h e  aluminum by 
t r ansmuta t ion  by thermal  neut rons .  An es t ima ted  5 . 2  w t  Z S i  was c r e a t e d .  
S i l i c o n  i s  almost i n s o l u b l e  i n  aluminum a t  t h e  i r r a d i a t i o n  temperature  
of  328 K, and most of i t  appears  i n  t h e  m i c r o s t r u c t u r e  as a p r e c i p i t a t e  
of average p a r t i c l e  d iameter  30 t o  40 nm, t h e  ba lance  c l e a r l y  forming 
c o a t i n g s  around t h e  voids .  Such coa t ings  are impor tan t  because they  
might a f f e c t  t h e  growth k i n e t i c s  of vo ids  and hence may i n f l u e n c e  
rad ia t ion- induced  s w e l l i n g  (see Sec t .  4 .2 .1) .  

I n  

Recent ly  du r ing  t r ansmiss ion  e l e c t r o n  micro- 

These 

4.1.3 --- C o r r e l a t i o n  o f  Neutron- and Nickel-Ion Damage i n  Pure N i c k e l -  
N. H. Packan, J. 0 :  S t i e g l e r ,  K. Far re l l - - - -  

S ince  neut ron  damage experiments  i n  r e a c t o r s  are r a t h e r  s l o w  and 
expensive,  u se  of r ap id  techniques  t h a t  s i m u l a t e  displacement  damage 
has been i n c r e a s i n g .  Bombardments w i t h  high-energy e l e c t r o n s  and 
heavy i o n s  are now used e x t e n s i v e l y  t o  t h i s  end. A mczjor d i f f e r e n c e  
between such s imula t ions  and t h e  damage produced by neu t rons  l i e s  i n  
t h e  much h i g h e r  gene ra t ion  rates of p o i n t  d e f e c t s  i n  t h e  s i m u l a t i o n  
cases; consequent ly ,  t h e  r e s u l t i n g  m i c r o s t m c t u r e s  are d i f f e r e n t .  To 
o b t a i n  e q u i v a l e n t  m i c r o s t r u c t u r e s ,  which is  t h e  goa l  of s i m u l a t i o n ,  t h e  
h igh  vacancy gene ra t ion  ra te  i n  t h e  high-dose-rate  s imula t ions  must b e  
complemented by an enhanced vacancy d i f f u s i v i t y  t o  a l low a l i k e  p ropor t ion  
o f  d e f e c t s  t o  s u r v i v e  recombination and end up i n  c l u s t e r s .  Such a 
cond i t ion  can b e  obta ined  by conduct ing t h e  high-dose-rate  bombardment 
a t  a h i g h e r  tempera ture  than  t h e  lower dose - ra t e  neu t ron  i r r a d i a t i o n .  
The e x t e n t  of t h e  r equ i r ed  temperature  s h i f t  is p r e d i c t e d  t h e o r e t i c a l l y  
t o  b e  of t h e  o r d e r  of 150 t o  200 K ,  W e  have measured a s h i f t  of t h i s  
amount i n  pure n i c k e l .  
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R e c r y s t a l l i z e d  rods  of zone-ref ined n i c k e l  w e r e  i r r a d i a t e d  i n  t h e  
Oak Ridge Research Reactor  (ORR) a t  temperatures  i n  t h e  range 570 t o  
1170 K (300 t o  900°C) t o  develop voids .  The displacement  rate w a s  

mission e l e c t r o n  microscopic  examination o f  t h e  i r r a d i a t e d  rods revea led  
vo ids  formed i n  t h e  temperature  range 570 t o  780 K,  and t h e  degree  o f  
swe l l ing  w a s  measured as a f u n c t i o n  of i r r a d i a t i o n  temperature .  Void 
s imula t ion  experiments  w e r e  made i n  a h i g h e r  range of temperatures  011 
d i s k s  of t h e  same p u r i f i e d  n i c k e l  by bombarding wi th  a 4.0-MeV 5 a N i 2 +  
i on  beam i n  t h e  Oak Ridge Na t iona l  Laboratory 5.5-MV Van de  Graaff 
a c c e l e r a t o r .  The displacement  damage level w a s  a g a i n  1 dpa b u t  t h e  d is -  
placement rate w a s  about  3 x l o m 3  dpa/sec ,  almost 3000 t i m e s  f a s t e r  t han  
t h a t  i n  t h e  neu t ron - i r r ad ia t ed  material. The degree of s w e l l i n g  
ob ta ined  under t h e s e  cond i t ions  is compared wi th  t h e  neut ron  d a t a  i n  
Fig.  4.1. 

dpa/sec ,  and t h e  displacement  level w a s  approximately 1 dpa. Trans- 

0.2 

0.1 i 
0 - O R R  NEUTRON IRRADIATION 
A - 4  MeV NICKEL ION BOMBARDMENT 

f"\ f"\ ; / o'o,/A\ 

? I 4 - 1  500 A/'\ 600 , A\4 700 
300 4 00 

IRRADIATION TEMPERATURE, T ("C) 
Fig. 4 .1  Comparison of Swel l ing  as a Funct ion of Temperature f o r  

I r r a d i a t i o n  of High-Purity Nicke l  by Reactor  Neutrons and Nickel  Ions.  

The h i g h e r  ra te  o f  damage dur ing  ion bombardment has c l e a r l y  pushed 
t h e  s w e l l i n g  curve about  150 t o  200 K up t h e  tempera ture  scale. The 
gene ra l ly  h i g h e r  l e v e l  of  s w e l l i n g  i n  t h e  n e u t r o n - i r r a d i a t e d  material 
m y  b e  l a r g e l y  due t o  i t s  hel ium concen t r a t ion  of more than  20 a t .  ppm 
generated du r ing  i r r a d i a t i o n .  The ion-bombarded specimens conta ined  
no helium. It is  w e l l  known t h a t  hel ium enhances void formation and 
swe l l ing ,  e s p e c i a l l y  a t  t h e s e  low damage levels. Cons i s t en t  w i t h  t h i s  
v i e w ,  t h e  neu t ron - i r r ad ia t ed  materials conta ined  up t o  10 t i m e s  as many 
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voids  as t h e  ion-bombarded specimens. Future  ion  bombardments w i l l  b e  
conducted w i t h  s imultaneous he l ium implan ta t ion  t o  s i m u l a t e  more c l o s e l y  
t h e  neu t ron  case. 

4.1.4 Swell inp Res i s t ance  i n  a Type 316 S t a i n l e s s  S t e e l ’  -- E. A .  Kenik 

It has  been shown t h a t  s i l i c o n  and t i t a n i u m  a d d i t i o n s  are c r i t i ca l  

Extens ive  high-vol tage e l e c t r o n  microscopy and heavy- 
i n  t h e  h igh  s w e l l i n g  r e s i s t a n c e  of t h e  modif ied type  316 s t a i n l e s s  s t e e l  
des igna ted  LSlA. 
i o n  i r r a d i a t i o n s  are i n  p rogres s  t o  i n v e s t i g a t e  t h e  low swel. l ing behavior  
of LSlA relative t o  t h e  h igh  s w e l l i n g  of  G 7 ,  a s i m i l a r  t ype  316 s t a i n -  
less steel  con ta in ing  less s i l i c o n  and t i t a n i u m .  The e v o l u t i o n  of t h e  
e n t i r e  damage s t r u c t u r e ,  bo th  d i s l o c a t i o n s  and vo ids ,  has  been s t u d i e d  
t o  determine t h e  o r i g i n  of t h e  s w e l l i n g  r e s i s t a n c e  o f  L S l A .  The s t ep -  
h e i g h t  technique  w a s  employed for r a p i d  s w e l l i n g  measurements f o r  ion- 
i r r a d i a t e d  samples. A t  600 dpa, 67 e x h i b i t e d  a 1 . 0 2  prn s t e p  height.  
(%170% swe l l ing )  , whi.le L S l A  e x h i b i t e d  a s t e p  h e i g h t  of about  3 . 5  n m  
(<€I% s w e l l i n g ) .  Even a t  t h i s  exposure level, LSlA does n o t  e x h i b i t  vo id  
formation.  The observed s t e p  h e i g h t  i s  probably a s s o c i a t e d  wi th  t h e  
volume i n c r e a s e  a r i s i n g  from t h e  i n j e c t e d  n i c k e l  i o n s .  

As t h e  d i s l o c a t i o n  s u b s t r u c t u r e  is  a r equ i r ed  p recu r so r  of void 
format ion ,  t h e  e a r l y  s t a g e s  of damage i n  L S l A  and G 7  w e r e  s t u d i e d  f o r  
d i f f e r e n c e s  i n  t h e  e v o l u t i o n  of t h e  d i s l o c a t i o n  s u b s t r u c t u r e .  The 
f a u l t e d  d i s l o c a t i o n  loops  i n  LSlA appear  more s t a b l e  than  those  i n  G7,  
growing t o  l a r g e r  s i z e s  and no t  u n f a u l t i n g  as e a r l y .  T h i s  behavior  
de l ays  t h e  i n t e r a c t i o n  of t h e  f a u l t e d  loops  and t h e  format ion  of a 
d i s l o c a t i o n  network i n  LSlA. 

t h e  a c t i o n  of s i l i c o n  and/or  t i t an ium.  
of  t h e s e  elements  s e g r e g a t e s  t o  t h e  growing d i s l o c a t i o n  loops  and t h u s  
s t a b i l i z e s  them w a s  i n v e s t i g a t e d  w i t h  t h e  x-ray energy a n a l y s i s  
c a p a b i l i t y  of  t h e  JEOL 100-C: microscope. This  technique  a l lows  t h e  
e l emen ta l  a n a l y s i s  of 100-nm-diam areas o f  a t h i n  f o i l  by t h e  cha rac t e r -  
i s t i c  x-rays e x c i t e d  by t h e  e l e c t r o n  beam. The major d i f f e r e n c e  between 
t h e  d i s l o c a t i o n  loops  i n  LSlA and those  i n  6 7  i s  t h e  l a r g e  s i l i c o n  
s e g r e g a t i o n  t o  t h e  f a u l t e d  d i s l o c a t i o n  loops  i n  LSlA, which was es t ima ted  
a t  about  4.5 a t .  % S i .  

s t a b i l i z e  t h e s e  loops  i n  several ways. S i l i c o n  may reduce t h e  s t a c k i n g  
f a u l t  energy o r ,  as an  unders ized  atom, s i l i c o n  could reduce t h e  stress 
f i e l d  of  t h e  i n t e r s t i t i a l  loop .  The s i l i c o n  concen t r a t ed  a t  t h e  Frank 
d i s l o c a t i o n  might i n h i b i t  t h e  n u c l e a t i o n  of t h e  Shockley p a r t i a l  r e q u i r e d  
t o  u n f a u l t  t h e  d i s l o c a t i o n  loop. It a p p e a r s  t h a t  i n  LSlA t h e  growth 
rate of  d i s l o c a t i o n  loops dec reases  as t h e  s i z e  i n c r e a s e s .  The s i l i c o n  
seg rega ted  a t  t h e  Frank loops  could reduce t h e i r  a b i l i t y  t o  absorb s e l f -  
i n t e r s t i t i a l s  p r e f e r e n t i a l l y .  The s t a b i l i t y  of t h e  f a u l t e d  loops  and 
t h e  appa ren t  dec rease  i n  p r e f e r e n t i a l  abso rp t ion  a t  t h e  l a r g e r  f a u l t e d  
loops  r e s u l t  i n  cont inued loop  n u c l e a t i o n  and concur ren t ly  h i g h e r  
d i s l o c a t i o n  d e n s i t y .  However, as a h igh  d e n s i t y  of such s t a b i l i z e d  
loops  is  genera ted ,  t h e  number of excess vacancies  f r e e  for void  forma- 
t i o n  dec reases  as t h e  loops  become t h e  dominant s i n k  f o r  a l l  p o i n t  

The s t a b i l i t y  of t h e  : fau l ted  loops i n  LSlA must b e  a t t r i b u t e d  t o  
The p o s s i b i l i t y  t h a t  e i t h e r  

The s e g r e g a t i o n  of s i l i c o n  t o  t h e  d i s l o c a t i o n  loops i n  L S l A  cou ld  
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d e f e c t s .  A si.milar seg rega t ion  of s i l i c o n  t o  p e r f e c t  loops  and d i s l o c a t i o n  
segments could a l s o  reduce t h e  p r e f e r e n t i a l  a b s o r p t i o n  of i n t e r s t i t i t a l s  
a t  t h e s e  b i a s e d  s i n k s .  

4.1.5 Void Nuclea t ion  i n  Alloys - R. W. Carpenter  and J .  C .  Ogle 

The dependence of vo id  n u c l e a t i o n  on a l l o y  m i c r o s t r u c t u r e  i s  b e i n g  
examined i n  s e v e r a l  a l l o y  systems t h a t  undergo well-known s o l i d - s t a t e  
t r ans fo rma t ions .  The e f f e c t  has been examined i n  n e u t r o n - i r r a d i a t e d  
aluminumcopper  a l l o y s  and e l e c t r o n - i r r a d i a t e d  copper-cobalt  and 
copper - t i t an ium a l l o y s .  4 

The expe r imen ta l ly  determined s w e l l i n g  va lues  f o r  n e u t r o n - i r r a d i a t e d  
aluminum-copper a l l o y s  are given i n  Table 4.1.  The h e a t  t r ea tmen t s  

3R. W .  Carpenter  and J. C .  Ogle, "The E f f e c t  o f  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 Fas t  Neutron Damage i n  Aluiiiinum Copper Al loys ,"  
pp. 1 2 0 3 1 2  i n  Fundmental Aspects of Radiation Dwnage in P4etaZ.s (Proc. 
Tnt. Conf. Gat l inburg ,  Tenn. O c t .  6-10, 1975),  Vol. 2 ,  CONF-751006P2. 

Damage i n  FCC Alloys: Copper Al loys  w i t h  Random and Modulated Micro- 
s t r u c t u r e s , "  pp. 221-24 i n  Microscopic Btectronique & haute tension 2975 
(Proc. 4 t h  l n t .  Congress, Toulouse) ed. by B. J o u f f r e y  and P. Favord, 
Soc ig t6  Franqaise de Microscopie E lec t ron ique ,  P a r i s ,  1976. 

'R. W. Carpenter ,  "Efrfects of P r e c i p i t a t i o n  on E lec t ron  Displacement 

Table  4.1. Measured Neutron I r r a d i a t i o n  Induced Swel l ing  

~ 

a 
Heat Treatment 

- P r e i r r a d i a t i o n  Swel l ing  
T i m e  Temperature S t r u c t u r e  (%I 
(h r )  ("C) 

~ ~ 

A 1  0 

A1--3.8% CU 0 

A1-3.8% CU 1 

A1-3,8% CU 10 

A1-3.8% CU 50 

Al--I.7% CU 0 

A1-1.7% cu 1 

Al- l .7% CU 10  

Al-1.7% CU 10 

Sing]-e-phase a 

(XJ z 
169 GPZ 4- 8" 

200 8' 

200 0' 

GP Z 

169 GP + 0'' 

200 0' 

2 40 0' 

1 2 . 4  

0.07 

0.33 

0.54  

2.30 

1.13 

0.77 

0.68 

%omogenization followed by t h e  i n d i c a t e d  ag ing  t r ea tmen t .  
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w e r e  used t o  form a d e s i r e d  m i c r o s t r u c t u r e  b e f o r e  i r r a d i a t i - o n ;  i r r a d i a t i o n s  
were done i n  t h e  HFIR a t  328 K t o  about  3 X l o z 6  n/m2 (>0.1 MeV) .  A l l  
t h e  a l l o y s  swel led  less than  pure  aluminum. 
a r e g u l a r  i n c r e a s e  i n  s w e l l i n g  w i t h  p rogres s ion  toward t h e  e q u i l i b r i u m  
mic ros t ruc tu re .  
f o r  GIJ zones and sonewhat less for c o a r s e r  p r e c i p i t a t e s ,  a l though t h e  
magnitude of th.e s w e l l i n g  and t h e  d i f f e r e n c e  are no t  l a r g e .  

microscope t o  t o t a l  d i sp lacements  i n  t h e  ~ieighborhood of  40 dpa. The 
exper imenta l  obse rva t ions  f e l l .  n a t u r a l l y  i n t o  t h r e e  groups : 

coherent  zones d i f f e r e d  l i r t l e  in. r a d i a t i o n  response  from elemental. 
copper. I n i t i a l l y  f a u l t e d  loops  w e r e  observed,  fol lowed by coa lescence  
i n t o  a d i s l o c a t i o n  network and the. n u c l e a t i o n  and growth of vo ids .  J,oop 
and d i s l -oca t ion  m o b i l i t y  w a s  h igh  du r ing  i r r a d i a t i o n .  

2. Copper-cobalt a l l o y s  con ta in ing  i n i t i a l l y  incohe ren t  p r e c i p i t a t e  
p a r t i c l e s  d%d n o t  e x h i b i t  f a u l t e d  loop format ion  du r ing  the f i r s t  p a r t  
of the i r r a d i a t i o n .  D i s l o c a t i o n  mob i l i t y  w a s  low dur ing  the i r r a d i a t i o n ,  
a r e s u l t  o f  p inn ing  a t  t h e  p r e c i p i t a t e - m a t r i x  interfaces. Void nuclea- 
tion and growth d i d  u l t i .mate ly  occurp b u t  at an  apprec i ab ly  h i g h e r  dose 
than  i n  t h e  a l l o y s  nored i n  (1) above. Clear examples of void n u c l e a t i o n  
and growth a t  p r e c i p i t a t e  i n t e r f a c e s  w e r e  observed. 

Copper-ti tanium a l l o y s  were transformed t o  a modulated struet.ure 
by ag ing  a t  683 K b e f o r e  1-MeV e l e c t r o n  i r r a d i a t i o n  a t  573 K. The 
modulation wave l e n g t h  w a s  about  55 A a long  (100) . 
n u c l e a t e  voids  up t o  about  40 dpa. 
i n v e s t i g a t e d .  

are t h e  format ion  of a h igh  d e n s i t y  o f  coherent  zones,  fol lowed by 
coarsening  and Boss of coherency. I n  t h e  case of  aluminum-copper and 
copper- t i tanium a l l o y s  the coherency s t r a i n s  have te t rago-oal  symmetry; 
t h e  s t r a i n s  are s p h e r i c a l l y  symme.tric i n  copper-cobalt  a l l o y s .  The 
r e s u l t s  h d i c a t e  t h a t  i n  t h e s e  systems a h igh  concent ra t i .on  of coherent  
s t r a i n  c e n t e r s  is  necessa ry  b u t  no t  s u f f i c i e n t  f o r  suppres s ion  o f  void 
nuc lea t ion .  The obse rva t ions  of void n u c l e a t i o n  i n  che copper-cobal t  
a l l o y s  i n d i c a t e s  t h a t  t h e  s t r a i n  c e n t e r s  cannot b e  s p h e r i c a l l y  s y m e t r i c a l  
t o  suppres s  void  n u c l e a t i o n ;  they  must b e  a t  least t e t r a g o n a l .  'This 
re sea rch  is cont inuing .  

The A1--3.8% Cu a l l o y  shows 

The Al-1. 7% Cu all .oy showed t h e  reverse, a l a r g e r  swel.li.ng 

The copper a l l o y s  w e r e  i r r a d i a t e d  a t  573 K i.n the 1-MV e l e c t r o n  

1. Copper-cobalt a l l o y s  con ta in ing  no v i s i b l e  zones o r  q u i t e  sinall 

3. 

These alloys d i d  not: 
Higher exposures  have n o t  y e t  been 

The s t r u c t u r a l  changes t h a t  accompany p r e c i p i t a t i o n  i n  t h e s e  a l l o y s  

4.1.6 Effect of S t r u c t u r a l  Inhomogeneity on t h e  Swell ing of Nicke l  
~ Rinary Al loys  - E. A. Kenik 

-- 

The i n v e s t i g a t i o n  w a s  designed t o  i n c r e a s e  the unde.rstanding of 
t h e  i n t e r r e l a t i o n  of shor t - range  and long-range o r d e r ,  second-phase 
p r e c i p i t a t e s  and morphologies,  and a l l o y  thermal s t a b i l i t y  wi th  t h e  
s w e l l i n g  behavior  of four n icke l -base  a l l o y s  s y s t e m  - Ni-Mo * N i - A l ,  
Ni-V,  and Ni-Ti. These a l l o y  systems are t h e  pr:i.maq subsystems of 
most n icke l -base  p rec ip i t a t ion -ha rden ing  a l l o y s  be ing  cons idered  f o r  
advanced f u e l  c l add ing  systems.  In a d d i t i o n ,  t h e  e f f e c t s  of v a r i o u s  
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i r r a d i a t i n g  species, and of the  type ,  morphology, and k i n e t i c s  of t h e  
d i f f e r e n t  o rde r ing ,  p r e c i p i t a t i o n ,  and r e s o l u t i o n  r e a c t i o n s  may b e  s t u d i e d  
i n  t h e s e  fou r  systems. 

performed t o  supply a d a t a  base  f o r  comparison wi th  t h e  b i n a r y  a l l o y  
d a t a .  Both s tep-he ight  measurements of swe l l ing  and t r ansmiss ion  
e l e c t r o n  microscopic  (TEM) examination of t h e  damage m i c r o s t r u c t u r e s  
of t h e s e  specimens have been completed. A peak s w e l l i n g  tempera ture  
of about  950 K was determined wi th  a s t ep -he igh t  of about  180 i im (%30% 
swe l l ing )  a t  100 dpa. P o s s i b l e  reasons f o r  t h i s  unusua l ly  h igh  peak 
temperature  are be ing  i n v e s t i g a t e d .  

On t h e  b a s i s  of s tep-he ight  measurements t h e  d i l u t e  N i - V  and 
N i - T i  a l l o y s  e x h i b i t  s imilar tempera ture  regimes f o r  s w e l l i n g  t o  those  
of t h e  s i n g l e - c r y s t a l  n i c k e l .  However, t h e  degree  of s w e l l i n g  is  
reduced by a f a c t o r  of 2 t o  3 f o r  t h e  a l l o y s .  I n  t h e  two-phase N i - V  
and N i - T i  a l l o y s ,  t h e  l i m i t e d  s tep-he ight  d a t a  i n d i c a t e  t h a t  t h e  s w e l l i n g  
decreases  i n  t h e  N i - V  system b u t  i n c r e a s e s  i n  t h e  N i - T t  system. 

From both  pre l iminary  TEM i n v e s t i g a t i o n s  of t h e  damage s t r u c t u r e s  
i n  t h e  N i - V  and Ni -T i  a l l o y s  and r e c e n t  in format ion  i n  t h e  l i t e r a t u r e ,  
i t :  appears  t h a t  s tep-he ight  measurements may no t  b e  i d e a l l y  s u i t e d  f o r  
measurement of s w e l l i n g  i n  systems capable  of p r e c i p i t a t i o n  o r  o rde r ing  
dur ing  i r r a d i a t i o n .  Changes due t o  i r r a d i a t i o n  i n  t h e  dynamic s ta te  of 
t h e  mic ros t ruc tu res  may appear  as s t e p  h e i g h t s  or mask s t e p  h e i g h t s  
a s s o c i a t e d  wi th  swe l l ing .  “he p o s s i b i l i t y  of such behavior  r e q u i r e s  
TEM examination of t h e  damage s t r u c t u r e s  and comparison wi th  observed 
s tep-he ight  measurements i n  t h e s e  b i n a r y  n i c k e l  a l l o y s .  This  i s  i n  
progress .  

Heavy-ion (Ni) i r r a d i a t i o n s  of n i c k e l  s i n g l e - c r y s t a l  specimens w e r e  

4.1.7 Tracing t h e  Evolu t ion  of Bubbles i n  Helium-Injected Aluminum by 
Means of P o s i t r o n  Ann ih i l a t ion5  --- C. L. Snead, .Jr. , A .  N .  Goland, 
and F. W. Wiffen 

Pure aluminum w a s  i n j e c t e d  wi th  0.6 a t .  ppm H e .  P o s i t r o n  l i f e t i m e  
measurements w e r e  performed fo l lowing  i sochrona l  annea l ing  between 300 
and 873 K. Transmission e l e c t r o n  micrographs w e r e  t aken  a f t e r  s e v e r a l  
of t hese  annea ls .  The r e s u l t s  are c o n s i s t e n t  w i th  a model i n  which t h e  
i n j e c t e d  hel ium quickly  becomes s u b s t i t u t i o n a l .  This  s u b s t i t u t i o n a l  
hel ium i s  a t r a p p i n g  s i t e  f o r  p o s i t r o n s .  Monitoring t h e  concen t r a t ion  
and s i z e  of t h i s  t r a p p i n g  s i t e  through t h e  measurement of t h e  p o s i t r o n  
l i f e t i m e s  shows t h a t  migra t ion  of t h e  hel ium begins  a t  about  375 K and 
t h a t  hel ium c o n t i n u a l l y  agglomerates  up t o  about  525 K. 
temperature  t h e  i n c r e a s i n g  s i z e  of t h e  t r a p p i n g  s i t e  i n d i c a t e s  bubble 
growth. Bubble growth proceeds up t o  875 K,  b u t  whether  by cont inued 
arr ival  of hel ium at  n u c l e a t i o n  sites, bubble  mig ra t ion  and coa lescence ,  
or both  i s  i.ndeterminab1.e. The major s t a g e  of bubble  growth i s  between 
575 and 875 K. The e l e c t r o n  microscopy v e r i f i e d  t h e  presence  o f  bubbles  

Above t h i s  

5Summary of a paper  submit ted t o  JournaZ of NucZelxr MateSaZs. 

6Brookhaven Na t iona l  Laboratory.  
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i n  bo th  g r a i n  boundar ies  and ma t r ix  a f t e r  annea l ing  t o  900 K ,  b u t  c a v i t i e s  
were observed only  i n  g r a i n  boundar ies  on annea l ing  t o  575 K. Pos i t ron-  
l i f e t i m e  measurements are a u s e f u l  complement t o  e l e c t r o n  microscopy 
i n  t h e  s tudy  of bubbles  i n  metals, e s p e c i a l l y  i n  t h e  e a r l y  s t a g e s  of 
t h e  n u c l e a t i o n  and growth of small c a v i t i e s .  

4 . 1 . 8  Low-Activation Naterials for  Fusion Reac tors :  Radia t ion  Damage 
~ l _ l _ _ _ - - .  Considera t ions  i n  Aluminum Al loys '  - K. F a r r e l l  

Many aluminum a l l o y s  have l o w  r e s i d u a l  r a d i o a c t i v i t y  a f t e r  neut ron  
i r r a d i a t i o n .  They are a l s o  compatible  wi th  s o l i d  l i t h i u m  and l i t h i u m  
oxide  f o r  some concept iona l  f u s i o n  r e a c t o r  des igns  us ing  t h e  D-T 
r e a c t i o n .  But can they wi ths t and  neut ron  damage i n  a f i r s t - w a l l  environ- 
ment i n  a f u s i o n  r e a c t o r ?  This  q u e s t i o n  may b e  answered by cons ide r ing  
t h e  n a t u r e  of r a d i a t i o n  damage i n  aluminum. This  damage stems from two 
s o u r c e s ,  t h e  f i r s t  of which i s  displacement  of atoms from t h e i r  l a t t i ce  
sites by f a s t  neut rons  and t h e  aggrega t ion  of t h e  r e s u l t i n g  p o i n t  
d e f e c t s  (vacancies  and i n t e r s t i t i a l  atoms) i n t o  l a r g e r  s t r u c t u r a l  f laws  
such as d i s l o c a t i o n s  and vo ids .  This  displacement  damage r e s u l t s  i n  
s i g n i f i c a n t  hardening  of t h e  h o s t  material (and consequent l o s s  i n  
d u c t i l i t y )  and g ross  s w e l l i n g  from void  formation.  Such damage is  very  
s e n s i t i v e  t o  tempera ture  and can n o t  s u r v i v e  when t h e  i r r a d i a t i o n  
tempera ture  is  g r e a t e r  t han  about  0.51;, [%200°C ( 4 7 3  K) f o r  aluminum]. 
The second source  of  damage is  t ransmuta t ion  p roduc t s  p r i n c i p a l l y  
hydrogen and hel ium from (n,p) and (n,a) r e a c t i o n s  wi th  f a s t  neut rons  
and s i l i c o n  from an  (n,y) r e a c t i o n  wi th  thermal  neu t rons .  These 
f o r e i g n  elements  are e s s e n t i a l l y  i n s o l u b l e  i n  aluminum and are produced 
a t  a l l  i r r a d i a t i o n  tempera tures .  The rates of product ion  of t r ansmuta t ion  
p roduc t s  are f u n c t i o n s  of  t h e  neut ron  e n e r g i e s ;  i n  c u r r e n t  f i s s i o n  
r e a c t o r s  t h e  hydrogen and hel ium product ion  rates do n o t  exceed about  
1 2 0  and 20 a t .  ppm p e r  y e a r ,  r e s p e c t i v e l y ,  b u t  t h e  s i l i c o n  product ion  
rate can be  as h igh  as 1.5 a t .  % p e r  y e a r .  I n  a fus ion  r e a c t o r  f i r s t  
w a l l ,  where a much g r e a t e r  f r a c t i o n  of t h e  neu t rons  have e n e r g i e s  g r e a t e r  
t han  t h e  t h r e s h o l d  v a l u e s  f o r  ( n , p )  and ( Y Z , ~ )  r e a c t i o n s ,  t h e  corresponding 
annual  product ion  rates are es t ima ted  t o  be  about  1000 a t .  ppm H and 
450 a t .  ppm H e ;  p roduct ion  of s i l i c o n  w i l l  be  low compared w i t h  e x i s t i n g  
f i s s i o n  r e a c t o r s  i n  which aluminum a l l o y s  are now se rv ing .  Hydrogen can 
d i f f u s e  and escape  from aluminum, b u t  he l ium is r e l a t i v e l y  immobile and 
becomes t r apped ,  o f t e n  i n  gas bubbles  on g r a i n  boundar ies  where i t  
causes  gas bubble  s w e l l i n g  and premature i n t e r g r a n u l a r  f a i l u r e .  Experi-  
ments on i r r a d i a t e d  aluminum-l i thium a l l o y s  i n  which t h e  l i t h i u m  i s  
transmuted t o  t r i t i u m  and he l ium have e s t a b l i s h e d  t h a t  gas  l e v e l s  of 
1000 a t .  ppm o r  more can cause e x t e n s i v e  s w e l l i n g  and i n t e r g r a n u l a r  
f i s s u r i n g  a t  temperatures  above 373 K (lOO°C), even i n  t h e  absence of  
a p p l i e d  stress, t h e  e f f e c t s  becoming more pronounced w i t h  i n c r e a s i n g  
temperature .  S ince  a fus ion  r e a c t o r  f i r s t  w a l l  is  n o t  l i k e l y  t o  o p e r a t e  

7 S u ~ r y  of  a c o n t r i b u t i o n  t o  an E P R I  conference  on T>ow-Activation 
Materials f o r  Fusion Reac tors ,  San F ranc i sco ,  Feb. 19-20, 1976. To be  
publ i shed  i n  Conference proceedings.  
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below about 473 K (200'C) w e  conclude t h a t  s w e l l i n g  and very  low d u c t i l i t y  
a s s o c i a t e d  wi th  h igh  hel ium l e v e l s  w i l l  p rec lude  t h e  use  of aluminum and 
i t s  a l l o y s .  A l s o ,  a t  such temperatures  aluminum a l l o y s  have low flow 
stresses compared wi th  s t a i n l e s s  steels and r e f r a c t o r y  metals, and 
at  tempts t o  p u r i f y  aluminum a l l o y s  t o  reduce h i g h l y  r a d i o a c t i v e  elements  
may f u r t h e r  weaken t h e  a l l o y s ,  s i n c e  some r e s i d u a l  e lements  are needed 
t o  s t a b i l i z e  p r e c i p i t a t e s  and prevent  g r a i n  growth. Aluminum a l l o y s  
may f i n d  a p p l i c a t i o n  i n  f u s i o n  r e a c t o r s  i n  p o s i t i o n s  where t h e  neut ron  
spectrum i s  more therma3.ized and where t h e  o p e r a t i n g  temperatures  are 
below about 370 K (100'C). For such purposes  t h e  rad ia t ion- induced  
changes i n  mic ros t ruc tu res  and mechanical p r o p e r t i e s  of commercial 
aluminum a l l o y s  are reviewed. 

4.1.9 Simulat ion of Helium ---I___.__-- E f f e c t s :  I n t r o d u c t i o n  of Helium from Charged 
P a r t i c l e  Acce le ra to r s  and Alpha Par!icle Sources8 - K.  F a r r e l l  

The ques t ion  o f  s i m u l a t i n g  t h e  e f f e c t s  of  helium on e leva ted-  
temperature  d u c t i l i t y  of metals,  o therwise  known as hel ium embr i t t l ement ,  
is addressed i n  terms of  in t roduc ing  hel ium from charged p a r t i c l e  
a c c e l e r a t o r s  arid i s o t o p i c  a lpha  p a r t i c l e  sources .  These two implana t ion  
techniques are c u r r e n t l y  used as pre t r ea tmen t s  f o r  s t u d i e s  of d i sp l ace -  
ment damage s t r u c t u r e s ,  and t o  a smnl.1 e x t e n t  f o r  mechanical p rope r ty  
changes. Helium embr i t t l ement  is  a s s o c i a t e d  wi th  g r a i n  boundar ies ,  and 
s imula t ion  r e q u i r e s  t h a t  specimens b e  t h i c k  enough t o  e x h i b i t  b u l k ,  
p o l y c r y s t a l l i n e  mechanical behavior .  'The depth of p e n e t r a t i o n  of t h e  
a lpha  p a r t i c l e s  i s  a func t ion  of t h e  energy of t h e  i n c i d e n t  p a r t i c l e  and 
i n  t h e  case  of i s o t o p i c  a lpha  p a r t i c l e s ,  where t h e  i n i t i a l  energy i s  
usua l ly  only  5 o r  6 MeV,  t h e  p e n e t r a t i o n  is  q u i t e  sha l low,  of t h e  o r d e r  
of a few t e n s  of micrometers,  making t h i s  technique  s u i t a b l e  only  f o r  
s t u d i e s  of "skin" e f f e c t s .  With a c c e l e r a t e d  charged p a r t i c l e s  whose 
i n i t i a l  e n e r g i e s  may exceed 50 MeV,  t h e  depths  of  p e n e t r a t i o n  may approach 
1 mm, and t h i s  technique is  thus  more s u i t a b l e  f o r  s t u d i e s  of bu lk  
embr i t t l ement .  However, n e i t h e r  technique  on i t s  own i s  cons idered  
wholly s a t i s f a c t o r y ,  t h e  major o b j e c t i o n s  be ing  (1) f a i l u r e  t o  achieve  
a s u i t a b l e  d i s t r i b u t i o n  of  hel ium, (2)  poor c o n t r o l  of imp lan ta t ion  
temperature ,  (3 )  inadequate  ba lance  of displacement  damage s t r u c t u r e  
and hel ium l e v e l ,  and ( 4 )  cur t a i lmen t  of d i f f u s i o n  processes  t h a t  may 
be  important  t o  development of  hel ium embr i t t l ement .  Never the less  i t  
is f e l t  t h a t  t h e  techniques o f f e r  p o t e n t i a l  f o r  i s o l a t i n g  and i d e n t i f y i n g  
mechanis t ic  a s p e c t s  of embr i t t l ement .  

are d iscussed  wi th  p a r t i c u l a r  emphasis on means of  a t t a i n i n g  temperature  
c o n t r o l  and uniform hel ium d i s t r i b u t i o n .  The ORNL technique  wi th  t h e  
Oak Ridge Isochronous Cyclotrun using 50-MeV alpha p a r t i c l e s  is  descr ibed  
and t h e  pros  and cons are l i s t e d .  S i m i l a r  c o n s i d e r a t i o n s  are g iven  t o  

The advantages and d isadvantages  of implant ing  hel ium from a c c e l e r a t o r s  

'Summary oE a c o n t r i b u t i o n  t o  Task Group D of ASTM Subcommittee 
E10.08 "Procedures f o r  S imula t ing  Damage Produced i n  F i s s i o n  and Fusion 
Reactors ."  Presented  a t  ASTM Committee Meetings, St. Louis ,  Mo., 
May 3-6, 1976. 



imp lan ta t ion  from i s o t o p i c  a lpha  p a r t i c l e  sou rces ,  where t h e  prime l i . m i t a -  
t i o n  i s  t h e  sha l low depth of p e n e t r a t i o n  of t h e  helium. 
w i t h  2 4 ' r C m  sou rces  i s  d i scussed .  

ORNL exper ience  

4.2 THEORETICAL STUDIES 

4 . 2 . 1  E f f e c t  o f  a Surface  Layer on Void Nucleati-on - W .  G. Wol.ferg 
and L. K. Mansur 
__-- -.-.I__ __ 

S o l u t e  s e g r e g a t i o n  and gas adso rp t ion  a t  f r e e  s u r f a c e s  change t h e  
chcraical composi t ion of t h e  topmost l a y e r s  rei-ative t o  t h e  bu lk  compo- 
s i t i o n .  This f a c t  is  w e l l  known and o r i g i n a t e s  from thermodynamic 
requirements  t h a t  t h e  s u r f a c e  and t h e  layers benea th  i t  w i l l  b e  en r i ched  
by c o n s t i t u e n t s  s o  as t o  minimize t h e  surface f r e e  energy.  Under i r r a d i a -  
t i o n ,  f u r t h e r  s e g r e g a t i o n  of  s o l u t e s  may take p l a c e  by a draggi.ng 
mechanism i .nvolving s e l f - i n t e r s t i t i a l s  andlor vacancies .  
i.t i s  u n l i k e l y  t h a t  t h e  bu lk  compositi.on and bu lk  p r o p e r t i e s  w i l l -  b e  
homogeneous up t o  t h e  s u r f a c e  for any s o l i d  material con ta in ing  even 
small q u a n t i t i e s  of i m p u r i t i e s  and s o l u t e s .  

a l s o  changes the e l a s t i c  p r o p e r t i e s  of t h e  s u r f a c e  reg ion .  This  change 
a l ters  r a d i c a l l y  t h e  image i n t e r a c t i o n  o f  s e l f - i n t e r s t i t i a l s  w i th  voids .  
This i s  demonstrated by t h e  r e s u l t s  shown i n  Fig.  4.2 f o r  a void wi th  a 
s u r f a c e  l a y e r  whose t h i c k n e s s  is  one-tenth t h e  void r a d i u s .  The s h e a r  
n~odulus of t h e  b u l k  ma t r ix ,  pmp i s  assumed t o  change a b r u p t l y  a t  t h e  
i n t e r f a c e  t o  a value, us. If urn = us, t h e  image i n t e r a c t i o n  i s  a t t rac-  
t ive and r a p i d l y  i n c r e a s i n g  as t h e  void  is approached. This  case  
corresponds t o  voids  wi thou t  a s u r f a c e  l a y e r .  I f  ps d i f f e r s  from urn, 
kZie image i n t e r a c t i o n  becomes r e p u l s i v e  b e f o r e  or behind t h e  i n t e r f a c e ,  
depending on whether pTn us o r  ym us. Thus, i f  us f urn, t h e  image 
i n t e r a c t i o n  h t r o d u c e s  an  a c t i v a t i o n  b a r r i e r ,  which is  of the order of  
0 .1  e V  f o r  t h e  s e l f - i n t e r s t i t i a l s .  

I n  t h e  absence of t h i s  s u r f a c e  b a r r i e r ,  the a t t r a c t i v e  image 
i n t e r a c t i o n  causes  s m a l l  vo ids  t o  have such a l a r g e  p re fe rence  f o r  se l f -  
i n t e r s t i t i a l s  t h a t  vo id  n u c l e a t i o n  (but  no t  bubble  n u c l e a t i o n  ) becomes 
i . q o s s i b l e .  In Fig.  4 . 3 ,  t h e  f r e e  energy t o  form a c l u s t e r  w i th  N vacan- 
cies a t  T = 500°C is  shown as computed by the n u c l e a t i o n  theory  of  Katz,  
Wiedewsich, and R u s s e l l .  The n u c l e a t i o n  rates, c r i t i c a l  c l u s t e r  s i z e ,  and 
maximum n u c l e a t i o n  b a r r i e r  are given i n  Table  4.2  t o g e t h e r  w i th  o t h e r  p e r t i -  
nen t  parameters .  Curve A i n  Fig. 4 . 3  i s  ob ta ined  f o r  voids  wi th  no s u r f a c e  
b a r r i e r .  As seen  i n  Table 4 . 2  t h e  cor responding  n u c l e a t i o n  r a t e  i s  
van i sh ing ly  small. However, vo ids  wi th  a modest surfac.e b a r r i e r  of 
on ly  0 .01  e V  are n u c l e a t i n g  a t  a rate of 7.9 X vo ids  m-3 sec-l 
Thus, t h e  i n e v i t a b l e  conclus ion  is  t h a t  s u r f a c e  l a y e r s  m u s t  form f o r  vo id  

I n  any even t ,  

Apart from. lower ing  t h e  s u r f a c e  free energy,  s u r f a c e  s e g r e g a t i o n  

______- _..._._I 

'P resent  addres s  Department of Nuclear Engineer ing,  Un ive r s i ty  of 
Wisconsin,  Madison. 



66 

ORNL- DWG 76-2965 

I 

0 

- 1  

-2 
0.9 1.1 0.8 

' m l ' d  

Fig. 4 . 2 .  I n t e r a c t i o n  Energy of a Center  of D i l a t a t i o n  wi th  a 
Coated Void, Showing Defect w i t h i n  as Well as Outside t h e  Coating. 

ORNL - D W G  76-10833 

Fig.  4 . 3 .  Act iva t ion  Energy f o r  Void Nuclea t ion  w i t h  a Range 
of Elastic Energy Barriers. 
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Table 4 . 2 .  Paremeters  for Nuclea t ion  C a l c u l a t i o n s  

-___I l__._-l___ I_____. 

Parameters  Rela ted  t o  S p e c i f i c  Curves i n  Fig.  4 . 3 :  

Surface  Barrier C r i t i c a l  S i z e  Nuclea t ion  Rate 
(ev) (Number of Vacancies) (Voids m-3 sec - l )  

Curve 

I _I_-___ 

A none 900 1.49 x 10-9  

B 0.01 

C 0.05 

40 

20 

7.88 x 

1.24 x 

D 0.10 20 l . 4 2  x 10l6 
.- _- 

General  Paremeters  : 

Sur face  energy,  J/I? 0.8 

D i s l o c a t i o n  Bias Fac to r  1.5 

Flux a t  >0.1 MeV, n rn-* sec- '  

I r r a d i a t i o n  tempera ture ,  K 873 

1 X 1019 

Vacancy formation energy,  e V  1 .6  

Di s loca t ion  d e n s i t y ,  m'-* 

Vacancy migra t ion  energy,  e V  1 . 4  

1 x 1014 
--I 

n u c l e a t i o n  t o  b e  f e a s i b l e .  
by a l l o y  composi t ion and minor a d d i t i o n s  of a l l o y i n g  elements .  
p r e s e n t ,  i t  is  n o t  clear which impur i ty  e lements  s e g r e g a t e  a t  s u r f a c e s  
and which a l l o y i n g  elements  i n h i b i t  s eg rega t ion .  

Impuri ty  seg rega t ion  can be markedly a f f e c t e d  
A t  

4 .2 .2  The E f f e c t  of Stress-Induced Di f fus ion  on Void Nucleat ion" - 
W. G. Wolferg and M. H. Yo0 

I n t e r s t i t i a l s  and vacancies  i n t e r a c t  w i th  vo ids  through t h e  image 
f o r c e  as w e l l .  as f o r c e s  induced by t h e  s u r f a c e  stress and gas p r e s s u r e  
i n  t h e  void .  These f o r c e s  cause a d r i f t  of t h e  p o i n t  d e f e c t s  t o  the  
void  and thereby g i v e  rise t o  a b i a s .  The b i a s  of vo ids  i n c r e a s e s  wi th  
dec reas ing  void  r a d i u s .  Thus, it mainly i n f l u e n c e s  t h e  n u c l e a t i o n  of  
vo ids  r a t h e r  than  t h e i r  growth. 
i n t o  the n u c l e a t i o n  theory  developed by Katz ,  Wiedersich,  and R u s s e l l ,  
and s t u d i e d  t h e  e f f e c t  of s u r f a c e  energy,  s u r f a c e  stress, tempera ture ,  
d i s l o c a t i o n  bias, and gas p re s su re  on t h e  void n u c l e a t i o n .  We f i n d  

W e  have inco rpora t ed  t h i s  b i a s  of voids  

'Abstract  of pp. 45%-73 i n  Radiation Effects and Tz. i i%m Y 'ecknoZo~~ 
for? Fusion Reae8ors (Proc. I n t .  Conf. , Gat l inburg ,  Tenn., O c t .  1-3, 1975) 
Vol. IT, CONF-750989. A l s o  ORNL/TM-5398 (May 1976) .  
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t h a t  t h e  c r i t i c a l  void  s i z e  i s  t o  a l a r g e  e x t e n t  determined by t h e  
condi t ion  t h a t  t h e  i n t e r s t i t i a l  b i a s  of vo ids  i s  equa l  t o  t h e  b i a s  
of  d i s l o c a t i o n s .  Although t h e  h e i g h t  of t h e  a c t i v a t i o n  b a r r i e r  f o r  
n u c l e a t i o n  depends on t h e  b i a s  f a c t o r s  a l s o ,  i t  is  a f f e c t e d  more by 
s u r f a c e  energy,  temperature ,  and, above a l l ,  gas con ten t .  S ince  t h e  
b i a s  of d i s l o c a t i o n s  is  l a r g e s t  when produced by s m a l l  d i s l o c a t i o n  
loops ,  vo id  n u c l e a t i o n  depends c r i t i c a l l y  on t h e  e v o l u t i o n  of t h e  d is -  
l o c a t i o n  s t r u c t u r e .  To o b t a i n  n u c l e a t i o n  rates as observed exper imenta l ly  
one of o r  p r e f e r a b l y  a l l  t h e  fo l lowing  cond i t ions  must b e  m e t :  l a r g e  
d i s l o c a t i o n  b i a s ,  a r educ t ion  of t h e  s u r f a c e  energy through contaminat ion 
of t h e  void s u r f a c e ,  and a r educ t ion  of t h e  void  b i a s  through impur i ty  
seg rega t ion .  

4.2 .3  Some Aspects of  Void and Loop Nucleat ion and G r o w t i 1  i n  t& 
V i c i n i t y  of a F i n i t e  D i s loca t ion  Loop - W .  A. Coghlan 

The e x i s t e n c e  of a p r e f e r e n t i a l  a t t r a c t i o n  f o r  i n t e r s t i t i a l s  by 
d i s l o c a t i o n s  is  t h e  b a s i s  €o r  a l l  t h e  e x i s t i n g  models f o r  vo id  swe l l ing  
i n  i r r a d i a t e d  materials. This  p r e f e r e n t i a l  a t t r a c t i o n  r e s u l t s  from t h e  
s t r o n g  i n t e r a c t i o n  between t h e  elastic stress f i e l d  of  t h e  d i s l o c a t i o n  
and t h e  i n t e r s t i t i a l .  The d i f f u s i o n  s o l u t i o n  f o r  t h e s e  d e f e c t s  has  a 
very nonhomogeneous d i s t r i b u t i o n  o f  p o i n t  d e f e c t s  i n  t h e  v i c i n i t y  of 
t h e  loop ,  r e f l e c t i n g  t h e  complicated n a t u r e  of t h e  stress f i e l d  nea r  
t h e  loop. I n  p a r t i c u l a r ,  vacancies  are a t t r a c t e d  i n t o  t h e  r eg ion  i n s i d e  
an i n t e r s t i t i a l  loop,  wh i l e  i n t e r s t i t i a l s  are a t t r a c t e d  t o  t h e  o u t s i d e  
r eg ions .  If a small vacancy c l u s t e r  is  formed i n  t h e  r eg ion  o u t s i d e  
t h e  loop,  t h e  inc reased  concen t r a t ion  of i n t e r s t i t i a l s  w i l l  l e a d  t o  
a n n i h i l a t i o n  of t h e  c l u s t e r .  A l t e r n a t i v e l y  i f  a s m a l l  vacancy c l u s t e r  
is  formed above o r  below t h e  c e n t e r  of t h e  loop ,  t h e  absence of i n t e r -  
s t i t i a l s  and t h e  s u r p l u s  of vacancies  i n  t h i s  reg ion  w i l l  encourage 
growth of t h e  c l u s t e r .  

T h i s  tendency f o r  a n e u t r a l  vacancy c l u s t e r  t o  grow o r  an i n t e r -  
s t i t i a l  c l u s t e r  t o  s h r i n k  can b e  desc r ibed  q u a n t i t a t i v e l y  by use of a 
parameter  we c a l l  t h e  growth func t ion ,  Dflv - DIG',-. I n  i t ,  Dv and DI 
are t h e  d i f f u s i v i t i e s  O F  t h e  vacancy and i n t e r s t i t i a l ,  r e s p e c t i v e l y ,  
and Cy and CI are t h e i r  concen t r a t ions .  F igu re  4.4 is a number of 
contour  p l o t s  of t h i s  growth f u n c t i o n  i n  t h e  v i c i n i t y  of f a u l t e d  loops 
i n  aluminum. The top  row of  p l o t s  r e p r e s e n t s  a loop p laced  i n  a r eg ion  
i n  a c r y s t a l  where DvCv = DICI f a r  from t h e  loop. This  cond i t ion  r e s u l t s  
i n  very r a p i d  loop growth because of t h e  p r e f e r e n t i a l  a t t r a c t i o n  f o r  
i n t e r s t i t i a l s .  The lower row of p l o t s  desc r ibes  a loop  i n  a r eg ion  where 
t h e  o u t e r  concen t r a t ion  of i n t e r s t i t i a l s  i s  such t h a t  t h e  f l u x e s  of  
vacancies  and i n t e r s t i t i a l s  are t h e  s a m e  and t h e  loop w i l l  no t  grow. 
This cond i t ion  w i l l  always r e s u l t  i n  t h e  absence of o t h e r  d e f e c t  s i n k s .  

Ln a l l  t h e  cases c a l c u l a t e d ,  above t h e  p l ane  of an i n t e r s t i t i a l  
loop a reg ion  e x i s t s  where void n u c l e a t i o n  is  much more l i k e l y  because 
of t h e  enhanced growth func t ion .  Also, t h e  most l i k e l y  reg ion  f o r  
i n t e r s t i t i a l  c l u s t e r s  t o  form is  o u t s i d e  t h e  loop i n  t h e  loop p lane .  
Work i s  con t inu ing  t o  exp lo re  t h e  consequence of t h e s e  i d e a s  i n  t h e  
o v e r a l l  d e s c r i p t i o n  of d e f e c t  n u c l e a t i o n  and growth l e a d i n g  t o  void  
swe l l ing .  
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Fig.  4 . 4 .  Contours of t h e  Growth Funct ion f o r  I n t e r s t i t i a l  Loops 
i n  Aluminum, Inc lud ing  Both t h e  S i z e  and Modulus I n t e r a c t i o n .  Each 
Jnet va lue  shown i s  t h e  f l u x  of i n t e r s t i t i a l s  minus t h e  f l u x  of vacancies .  

4.2 .4  Evolu t ion  of Di s loca t ion  Densi ty  and Dose Exponents of Void 
Growth - L. K. Mansur 

-.-- 

The q u e s t i o n  of t h e  expected dose dependence of radiat ion-induced 
s w e l l i n g  i s  c u r r e n t l y  t h e  o b j e c t  of renewed i n t e r e s t .  
tinuum r e a c t i o n  rate theory  t o  evolve t h e  m i c r o s t r u c t u r e ,  p r e d i c t i o n s  
f o r  dose dependences can be I n  g e n e r a l  t h i s  i s  done 
numer ica l ly .  However, a n a l y t i c  p r e d i c t i o n s  can be  made f o r  c e r t a i n  

By use of a con- 

I1L. K. Mansur e t  a l . ,  "Void Coalescence and Growth i n  Metals under 
I r r a d i a t i o n , "  TuternutimaZ Cmfemnce an i7eJt?cats and Defect CLust-,ms 
in RCC MetaZs and !l'hm:r A22oy.s (held a t  Na t iona l  Bureau of S tandards ,  
Aug. 14-16, 19731, ~Vwlaar  MetaZZurgy V o l .  18, ed.  by R. J. Arsenault, 
EJational Bureau of S tandards ,  Gai thersburg ,  MD.,  1973.  

17L. K. Mansur e t  al., "Surface Reaction Ltmited Void Growth," 
pp.  272-89 i n  i?oprties of Bccxctor Stmc%uraZ A l l o y s  af~er. NGUtFGl.!. or 
P a r f i c l e  I~~rx&at,fon, ASII'M STP 570, American Soc ie ty  f o r  Test ing arid 
Materials, P h i l a d e l p h i a ,  19 75. 
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l i m i t i n g  cases .  
are o f t e n  observed exper imenta l ly .  These l i m i t i n g  equa t ions  a l s o  pro- 
v ide  a means t o  explore  t h e  i n f l u e n c e  of important  v a r i a b l e s .  

of l i m i t i n g  cond i t ions .  For s i m p l i c i t y ,  vo ids ,  d i s l o c a t i o n s ,  and mutual 
ann ih i . l a t ion  are cons idered  t h e  only  modes of p o i n t  d e f e c t  loss .  A s  
shown p rev ious ly ,  
t h e s e  modes and t h e  mechanism of p o i n t  d e f e c t  abso rp t ion  a t  voids  de t e r -  
mine t h e  dose dependence of  swe l l ing .  Thus, s e v e r a l  mechanisms of 
vo id  growth, dose dependences of d i s l o c a t i o n  d e n s i t y ,  and r e l a t i v e  
s t r e n g t h s  of s i n k s  versus  recombination are cons idered .  S p e c i f i c a l l y  
t h e  abso rp t ion  a t  voids  may b e  su r face - reac t ion  l i m i t e d  o r  d i f f u s i o n  
l i m i t e d  f o r  both vacancies  and i n t e r s t i t i a l s  o r  su r f ace - reac t ion  l i m i t e d  
f o r  i n t e r s t i t i a l s  wh i l e  d i f f u s i o n  l i m i t e d  f o r  vacancies .  The converse 
o f  course  r e s u l t s  i n  no void  growth. For t h e  d i s l o c a t i o n s  s e v e r a l  types  
o f  ana l -y t ic  behavior ,  each of which i s  an approxtmatf-on t o  a l a r g e  
c l a s s  of exper imenta l  obse rva t ions ,  are allowed: 
1. Dis loca t ion  loops growing wi th  loop n u c l e a t i o n  ceased -- o f t e n  

The cond i t ions  f o r  which l i m i t i n g  cases can b e  der ived  

We have developed a t a b l e  of dose dependences under a wide range 

t h e  dose dependence of  .the re la t ive s t r e n g t h  of 

observed a t  low doses:  

where 

a = l a t t i c e  parameter, 

R = atomic volume, 

N = number d e n s i t y  of  vo ids ,  

N = number d e n s i t y  of l oops ,  

r = average void r a d i u s ,  
V 

L = d i s l o c a t i o n  d e n s i t y ;  

V 

7, 

2. L is cons tan t  - o f t e n  observed a t  moderate t o  h igh  doses ;  

3 .  L = l/clt, 
where A i s  a cons t an t .  D i s loca t ions  a n n i h i l a t e  a t  a rate p r o p o r t i o n a l  
t o  t h e  square  of t h e i r  i n s t an taneous  d e n s i t y .  This i s  observed i n  s o f t  
materials a t  h i g h e r  doses .  

F i n a l l y ,  e i t h e r  s i n k s  o r  mutual r e c o d i i n a t i o n  may b e  t h e  dominant 
mode of  p o i n t  d e f e c t  l o s s ,  and f o r  e i t h e r  oE t h e s e  s i t u a t i o n s  e i t h e r  
s i n k  may be t h e  dominant absorber .  The p r e d i c t e d  dose dependences are 
given i n  Table 4 .3 .  

~ 

1 3 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  S t e e l s  and Pure Metals, " Tpans. 
Am. NucZ. SOC. 21: 1 6 H 4  (1975). 
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Table  4.3. Dose Exponents of Void Growth f o r  Limi t ing  Cases and 
D i f f e r e n t  Mechanisms of  Po in t  Defect  Absorpt ion a t  Void 

n 
Value of n in A V l V  a (dose) f o r  Each Model 

Dominant 
Sink 

Re  comb i n  a t  i o n  
Imp o r t an ce 

Cons t a n  t D i s l o c a t i o n  
D i s l o c a t i o n  
Loop Growth 

D i s l o c a t i o n  Mutual 
Ann ih i l a t ion  Densi ty  

Both Defec ts  D i f fus ion  Con t ro l l ed  

D i s l o c a t i o n  Minor 6 /7ayb 312' 3 

Void Minor 6 /sb 3 / 4 c  0 
Dis loca t ion  Dominant 3/2b 3/2b 312 

Void Dominant 2bYd l b  ,d  AVIValn (dose)d 

Both Defects  Sur face  Cont ro l led  

D i s l o c a t i o n  Minor 6/5a 3e 6 
D i s l o c a t i o n  Dominant 3 3 3 

Void Dominant 2 1 AVIValn (dose)  
Void Minor 617 3/5e 0 

I n t e r s t i t i t a l  Sur face  Con t ro l l ed ,  Vacancy Di f fus ion  Con t ro l l ed  

Di s loca t ion  Minor 617 312 3 
Di s loca t ion  Dominant 312 3/2 312 
Void Minor 61 7 315 0 
Void Dominant 2 1 AVI Valn (dose) 

%orked ou t  p rev ious ly  by A. D.  B r a i l s f o r d ,  MetaZZ. Tpans. A 7A: 

bWorked out p rev ious ly  by A.J .E .  Foreman, pp. 121-32 i n  Pwceedings 

333 (1976). 

of the B r i t i s h  Nuclear Energy Society Conference on Voids Formed by 
I r m d f a t i o n  of Reactor Mater?:nZs, he Ed at- Reading University,  March 24 
and 25, 1972, ed.  by S. I?. Pugh, N. H. Lo re t to ,  and D . I . R .  N o r r i s ,  
B r i t i s h  Nuclear  Energy Soc ie ty .  

Standard r e s u l t .  C 

dWorked out  p rev ious ly  by S .  B. F i s h e r  and K. R. Williams, Radiat .  

%orked ou t  p rev ious ly  by L. K .  Mansur, K. Farrell,  and J. 0. S t i e g l e r ,  

Eff. 1 4 :  165 (1972). 

Xrans. Am. Nucl. Soc. 21: 169 (1975). 

Seve ra l  obse rva t ions  can be based on t h i s  t a b l e :  

expected dose dependence of swe l l ing?"  A wide range of dose dependences 
is  p o s s i b l e .  The regime, which can b e  determined from measured d i s loca -  
t i o n  and void  parameters ,  determines t h e  p r e c i s e  va lue .  

1. This  t a b l e  provides  t h e  answer t o  t h e  ques t ion  "What is  t h e  
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2 .  I f  exper imenta l  measurements of  d i s l o c a t i o n  d e n s i t y  wi th  dose 
as w e l l  as void  s i z e  d i s t r i b u t i o n s  'ire a v a i l a b l e ,  t h e  mechanisms of 
vo id  growth can b e  e s t a b l i s h e d .  Thus, surface-reaction-limite(3 k i n e t i c s  
h a s  been deduced f o r  vo ids  i n  s t a i n l e s s  steels.11,12 

regimes w i l l  b e  t r a v e r s e d .  The usual  sequence expected i n  an annealed 
material i s  recombination dominant t o  recombinat ion minor, d i s l o c a t i o n s  
dominant t o  voids  dominant, and d i s l o c a t i o n  loop growth t o  d i s l o c a t i o n  
d e n s i t y  c o n s t a n t .  

3 .  During a s i n g l e  i r r a d i a t i o n  o f  long  enough d u r a t i o n ,  several  

4.2.5 Growth K i n e t i c s  of Frank LOOPS i n  Nickel  dur ing  E l e c t r o n  
I r r a d i a t i o n  - M. H .  Yo0 and J .  0. S t i e g l e r  

. ... - . ___... - _-_.-_I_ ~.~........._.I_ 

Nickel  f o i l ' s p e c i m e n s  of th ickness  0.44 urn prepared from zone- 
r e f i n e d  h igh  p u r i t y  grade w e r e  i r r a d i a ~ c x l  a t  temperature  72.5 K w i t h  
650-keV e l e c t r o n s  i n  a H i t a c h i  high-vol tage e l e c t r o n  mi-croscope. The 
formation of d e f e c t  c l u s t e r s  w a s  observed d u r i n g  i r r a d i a t i o n ,  and they  
w e r e  i den t l i f i ed  t o  be i n t e r s t i t i a l - t y p e  Frank l o o p s .  Thei r  number 
d e n s i t y  w a s  e s s e n t i a l l y  cons tan t  a t  s x ~ . o ~ ' / r n ~  dur ing  i r r a d i a t i o n ,  and 
t h e  average growth ra te  of the loops w a s  p r o p o r t i o n a l  t o  a smaller power 
of t h e  i r r a d i a t i o n  t i m e  than  u n i t y  (n  = 0.78)  under a c o n s t a n t  i r r a d i a -  
t i o n ,  which g i v e s  t h e  d e f e c t  g e n e r a t i o n  ra te  of  6.4  x l o w 5  dpa/sec.  

Based on earlier ~ 0 r k ~ ~ ~ 9 ~ ~  (see al.so Sect .  4.2.2),  a model is  
developed f o r  t h e  growth k i -ne t i c s  of d i s l o c a t i o n  loops d u r i n g  i r r a d i a -  
t i o n .  A method of determining t h e  "s ink s t r e n g t h  parameter," 6 ,  from a 
given micrograph i s  in t roduced .  We f i n d  t h a t  €or  t h e  p r e s e n t  model t o  
p r e d i c t  the observed average loop growth rate,  i:he si.& s t r e n g t h  r a t i o ,  
B;/B, ( i - e . ,  t h e  r a t i o  o f  t h e  s i n k  s t r e n g t h  f o r  i n t e r s t i t i a l s  t o  t h a t  
f o r  v a c a n c i e s ) ,  must b e  an i n c r e a s i n g  f u n c t i o n  of t h e  average  s i n k  s i z e .  
This  i s  c o n t r a r y  t o  an e x p e c t a t i o n  bascxl on t h e  c a l c u l a t e d  r e s u l t s  of 
so-ca l led  "1)ias f a c t o r s ' '  of d i s l o c a t i o n  loops  5-1 Since  t h e  previous 
c a l c u l a t i o n s  were made f o r  t h e  case  of one s i n k  i n  an i n f i n i t e  medium, 
e f f e c t s  of s i n k  s i z e ,  geometry, and number d e n s i t y  on t h e  e f f e c t i v e  
c a p t u r e  r a d i u s  w i l l  b e  i n v e s t i g a t e d .  

1 4 M .  H. Yoo, W .  N. B u t l e r ,  and L .  K. Mansur, "Defect Annealing and 
C l u s t e r i n g  i n  t h e  Elas t ic  I n t e r a c t i o n  Force F l e l d , "  pp. 804-11 i n  
Fundamental Aspects of A'a&ation Damage in Metals (Proc.  I n t .  Conf. 
Gat l inburg ,  'Venn., Oct. 6 -10, 1975) V o l .  2 ,  CC'NP-751006F2. 

1 5 M .  H. Y o 0  and W. H .  B u t l e r ,  "Steady S ta te  D i f f u s i o n  of P o i n t  
1)efects i n  the  I n t e r a c t i o n  Force F i e l d , "  t o  b e  publ i shed  i n  Physico 
Sta tus  S o l i d i  ( b l .  

Defects  t o  S p h e r i c a l  Sinks,"  J .  A p p Z .  P h y s .  46: 547-57  (1975) .  

F i n i t e  D i s l o c a t i o n  Loops," ( t o  b e  p u b l i s h e d ) .  

1 6 W .  G .  Wolfer and 14. Ashkin, "Stress Induced Ili € f u s i o n  of  Poin t  

1 7 W a  A .  Coghlan and M. 11. Yoo, "The D i f f u s i o n  o€ P o i n t  Defects t o  
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When only  i n t e r s t i t i a l  loops are p r e s e n t ,  more vacanei.es than  
i n t e r s t i t i a l s  must be  l o s t  t o  t h e  f o i l  s u r f a c e s  f o r  t h e  loops  t o  grow. 
The model p r e d i c t s  t h a t  t h e  loop growth rate i n c r e a s e s  from z e r o  a t  t h e  
f o i l  s u r f a c e  t o  a maximum va lue  nea r  t h e  s u r f a c e  and d iminishes  t o  a 
s m a l l  va lue  a t  t h e  midthickness .  To t e s t  t h e  model. t h e  depth-dependent 
loop  s i z e s  a t  i n c r e a s i n g  e l e c t r o n  f luences  w i l l  be  determined 
s t e r e o s c o p i c a l l y .  

4.2.6 T r a n s i e n t  and Steady-State  Di f fus ion  So lu t ion  f o r  Poin t  D e f e c t s  
i n  a S t r e s s  F ie ld"  -- W. A .  Coghlan 

The exact s o l u t i o n  of t h e  three-dimensional  d i f f u s i o n  of  p o i n t  
d e f e c t s  i n  a stress f i e l d  is  important  i n  many areas of  materials science, 
i n c l u d i n g  phase t r ans fo rma t ions ,  r a d i a t i o n  damage, deformat ion ,  and 
f r a c t u r e .  A n a l y t i c a l  t r a n s i e n t  and s t e a d y - s t a t e  s o l u t i o n s  are i n t r a c t a b l e  
except  f o r  some very  s imple  cases. 
t o  s o l v e  t h i s  problem f o r  a l a r g e  v a r i e t y  of i n i t i a l  and boundary con- 
d i t i o n s .  A s t r a i g h t f o r w a r d  numerical  method us ing  a d i f f e r e n c e  equa t ion  
t o  r e p l a c e  t h e  governing d i f f e r e n t i a l  equa t ion  has  been developed t o  
s i m u l a t e  t h e  t r a n s i e n t  behavior  of t h e  p o i n t  d e f e c t  concen t r a t ion  f i e l d .  
The method a l l o w s  easy  d i s p l a y  of t h e  r e s u l t s  and s imple  mod i f i ca t ion  
t o  t i m e -  and posi t ion-dependent  boundary and i n i t i a l  cond i t ions .  It 
w a s  app l i ed  t o  f i n d  t h e  t i m e  dependence of  the vacancy concen t r a t ion  
p r o f i l e  and d e f e c t  c u r r e n t  t o  a 5b-radius  d i s l o c a t i o n  loop i n  quenched 
aluminum. The c a l c u l a t i o n  of t h e  i n t e r a c t i o n  between t h e  d e f e c t s  and 
the i n t e r n a l  stress g r a d i e n t  i nc ludes  both  t h e  s i z e  and modulus e f f e c t s  
of e las t ic  i n t e r a c t i o n .  

Computer s imula t ion  o f f e r s  a method 

4.2.7 Dif fus ion  of P o i n t  Defec ts  t o  a Toro ida l  Sink i n  a F i n i t e  Mediurn- 
W. A. Coghlan 

Di f fus ion  of d e f e c t s  t o  a t o r o i d a l  o r  disk-shaped sink i s  important  
f o r  many m e t a l l u r g i c a l  problems, i n c l u d i n g  d i s l o c a t i o n  loop  growth i n  
r a d i a t i o n  damage, disk-shaped p r e c i p i t a t e  growth, and annea l ing  of 
f a u l t e d  and u n f a u l t e d  vacancy loops. 
f o r  some t i m e  d e s c r i b e s  t h e  d e f e c t  f l u x  t o  such a s i n k  i n  an  i n f i n i t e  
medium. This s o l u t i o n  i s  inadequate  for many a p p l i c a t i o n s  because i n  
many p h y s i c a l  problems t h e  s i n k s  are much t o o  dense and t h e  d i f f u s i o n  
E ie lds  ove r l ap .  
o u t e r  s p h e r i c a l  s u r f a c e  a t  a cons t an t  concen t r a t ion  a t  a f i x e d  r ad ius  

An a n a l y t i c a l  s o l u t i o n  a ~ a i 1 a b I . e ' ~  

W e  have extended t h e  a n a l y t i c a l  s o l u t i o n  t o  i n c l u d e  an 

---___- --- 
"Abstract  of  pp. 166-76 i n  Py.oeeedings of Conferonce on Ci7upuL-m 

Shx la -b ion  f o r  MatericzZs Rppz -ka t ion  (Held A p r i l  19-21, 1976, Gai thersburg ,  
Maryland) Na t iona l  Bureau of S tandards ,  Gai thersburg ,  Md., 1976. 

Loops by Climb," P h i Z .  iVag. 13: 649-54 (1966). 
"D. N.  Seidman and R. 14. B a l l u f f i ,  "On t h e  Annealing of D i s l o c a t i o n  
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f r o m  t h e  sink and a l s o  have found a s imple empirical .  express ion  t h a t  
extends t h e  u s e f u l n e s s  of a s i m p l i f i e d  express ion  f o r  t h e  s o l u t i o n  over  
a wider  range of  geometric parameters .  

Segrega t ion  of s o l u t e  atoms t o  voids  and d i s l o c a t i o n  loops i n  
materials undergoing i r r a d i a t i o n  appears  t o  b e  a very  general .  phenomenon 
and is  thought t o  p l a y  a major r o l e  i n  c o n t r o l l i a g  t h e  s w e l l i n g  behavior  
of  t h e  low-seel.ling s t a i n l e s s  steels.  When t h i s  s e g r e g a t i o n  reaches  a 
h igh  enough level. n e a r  t h e s e  v o i d s  and loops ,  p r e c i p i t a t e  p a r t i c l e s  are  
o f t e n  found on t h e  s u r f a c e  o f  t h e  voids  and a long  t h e  d i s l o c a t i o n s .  
Some-times t h e  p r e c i p i t a t e  i s  found as contrinuous s h e e t s  on t h e  voids  
and sometimes as d i s c r e t e  p a r t i c l e s  near  t h e  voids .  S i m i l a r l y  the 
p r e c i p i t a t e  a long  d i s l o c a t i o n s  sometimes b r e a k s  up i n t o  a s t r i n g  of 
separate p a r t i c l e s .  

t h e s e  p r e c i p i t a t e s  based on s u r f a c e  energy c o n s i d e r a t i o n s  and have 
found t h a t  a t o r o i d a l  p r e c i p i t a t e  p a r t i d e  w i l l  decompose i n t o  a s t r i n g  
of  spheres  i f  the loop  diameter  is about  20 t i m e s  the minor diameter  
o f  t h e  t o r o i d .  Work is  c o n t i n u i n g  t o  c o n s i d e r  t h e  sta1,l.e morphology 
of precipi ta t1es  on o r  n e a r  vo id  s u r f a c e s  and a l s o  the  r o l e  t h a t  k i n e t i c  
phenomena p l a y  i n  developing t h e s e  morphologies i n  b o t h  v o i d s  and loops .  

We have begun a n  i n v e s t i g a t i o n  i n t o  t h e  s t a b l e  morp1iologi.e.s f o r  

4 . 2 . 9  D i s t r i b u t i o n s  of P o i n t  Defec ts  i n  Bounded .- .----__-.. Medi.a - Under I r r a d i a t i o n 2 '  - 
M. H. Yo0 and L. K.--gnsur  

The s t e a d y - s t a t e  d i f f u s i o n  p r o f i l e s  of vacancies  and i n t e r s t i t i a l s  
i n  a s e m i - i n f i n i t e  medium and i n  a f o i l  under i r r a d i a t i o n  a t  e l e v a t e d  
tempera tures  are c a l c u l a t e d  by s o l v i n g  tihe g e n e r a l  rate equat ions .  The 
c a l c u l a t i o n s  i n c l u d e  spa t i a l .  v a r i a t i o n  of  d e f e c t  product ion  and of  s i z e  
and number d i s t r i b u t i o n s  of i n t e r n a l  s i n k s ,  p r e f e r e n t i a l  a b s o r p t i o n  of  
p o h t  d e f e c t s  a t  h t e r n a l  s i n k s  thermal. e q u i l i b r i u m  vacancies ,  and t h e  
image i n t e r a c t i o n  of  p o i n t  d e f e c t s  wi.th f ree  s u r f a c e s .  

0.3Tm t o  0.51>,, (T, i s  t h e  a b s o l u t e  mel t ing  temperature)  d u r i n g  i r r a d i a -  
t:ion by heavy i o n s  i n  a n  a c c e l e r a t o r  and by  e l e c t r o n s  i n  a high-vol tage 
e l e c t r o n  microscope. Conclusions o f  t h e  p r e s e n t  c a l c u l a t i o n s  are a s  
fol-lows: (1) t h e  e f f e c t  of  t h e  image e1.asti.c i n t e r a c t i o n  of p o i n t  
d e f e c t s  wi th  a f ree  s u r f a c e  is  r e l a t i v e l y  unimportant a t  T 2 0.3T,,, 
( 2 )  t h e  peaks of f r e e  d e f e c t  c o n c e n t r a t i o n  p r o f i l e s  do not c o i n c i d e  w i t h  
t h a t  of t h e  i o n  energy d e p o s i t i o n  i n  a s e m i - i n f i n i t e  medium bombarded 
by s e l f - i o n s ,  ( 3 )  pronounced s p a t i a l  f l u c t u a t i o n s  of t h e  d e f e c t  d i f f u s i o n  

Numerical c a l c u l a t i o n s  are made f o r  n i c k e l  i n  t h e  temperature  range 

Summary of a t a l k  p r e s e n t e d  a t  105th ATME Annual Meeting, 2 0  

1 . a ~  Vegas,  Nev.: Feh. 22----26, 1976 ,  Abstract: publ.ished i n  J .  M Q ~ .  27: 
;..OO ( 1 0 7 5 )  , a l s o  accepted f o r  puhl . icat ion i n  rJuu-m,ixZ of Nuclear MateriaZs. 
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p r o f i l e s  may r e s u l t  d i r e c t l y  from t h e  nonuniform s i n k  s i z e  and number 
d i s t r i b u t i o n s ,  ( 4 )  t h e  a d d i t i o n a l  e f f e c t  of thermal  e q u i l i b r i u m  vacancies  
on t h e  d e f e c t  d i f f u s i o n  p r o f i l e s  is r e l a t i v e l y  important  a t  T 2 OJY,,, 
b u t  n o t  a t  T = 0.42T,,, and (5) t h e  e f f e c t  of b i a s e d  i n t e r n a l  s i n k s  on 
d e f e c t  d i f f u s i o n  p r o f i l e s  i s  t h e  most pronounced and impor tan t  one,  
e s p e c i a l l y  when d e f e c t s  are predominantly annealed by l o s s  t o  t h e  
i n t e r n a l  s i n k s .  

4.2.10. = U s e  of P r e s s u r i z e d  E c c e n t r i c  Tubes  t o  Study t h e  E f f e c t  of 
H y d r o s t a t i c  S t r e s s  on S w e l l i n g -  W .  G. Wolfer" and T. C. Reiley 

It has  r e c e n t l y  been pos tu la t$d22 that. t h e  r a t e  of s w e l l i n g  under 
ne.utron i r r a d i a t i o n  is  given by (AV/V)  = ( A V / V ) ,  (1 + PoH), where 
( A V / V ) o  i s  the  s t r e s s - f r e e  s w e l l i n g  rate, P i s  a cons t an t  and 
h y d r o s t a t i c  p re s su re .  This  stress dependence i s  also r e f l e c t e d  i n  t h e  
a s s o c i a t e d  expres s ion  f o r  t h e  rad ia t ion- induced  deformation rate: 

i s  t h e  

ij = 6ij(iV/V)/3 -+ 3SiCi[C f D ( a ' V / V > ] / 2  , 

where 6 i j  is t h e  Kronecker d e l t a ,  C and D are c o n s t a n t s ,  and Si- is  t h e  
d e v i a t o r i c  stress t e n s o r .  
e f f e c t  on s w e l l i n g ,  h a s  been d i f f i c u l t  t o  measure expe r imen ta l ly ,  even 
though i t  may b e  of fundamental  s i g n i f i c a n c e  i n  t h e  d e s c r i p t i o n  of 
r e a c t o r  materials. 

p r e s s u r i z e d  e c c e n t r i c  tube ;  t h a t  is ,  a tube  w i t h  i n n e r  and o u t e r  s u r f a c e s  
having  d i f f e r e n t  c e n t e r s  of r evo lu t ion .  As t h e  tube  is p r e s s u r i z e d  i t  
deforms e l a s t i c a l l y  w i t h  t h e  thin-wal led s i d e  convex. During t h e  
i r r a d i a t i o n  of t h i s  p r e s s u r i z e d  tube  i n  a f a s t -neu t ron  f l u x ,  stress- 
enhanced s w e l l i n g  l e a d s  t o  a f u r t h e r  i n c r e a s e  of t h e  cu rva tu re .  The 
cu rva tu re  K O  due t o  t h e  e l a s t i c  l d a d i n g  is g iven  by23,24 

The va lue  of P, t h e  c o e f f i c i e n t  of d e  stress 

A t echnique  o u t l i n e d  h e r e  a l lows  t h e  measurement of  P, us ing  a 

'Present  addres s  Department of Nuclear  Engineer ing,  U n i v e r s i t y  of 

27bJ. G. I Jo l fe r ,  M. Ashkin, and A. Rol tax ,  "Creep and Swell ing Defor- 

Wisconsin,  Madison. 

mation During Fast-Neutron I r r a d i a t i o n , "  pp. 2 3 3 5 8  i n  Prapsr t i&s  of 
Reactor S-t-ructmal A 2  Zoys A f t e r  Neutron or Paz+kZe T m a d i a t i u n ,  AS2W 
STP 570, American Soc ie ty  for Tes t ing  and Materials, P h i l a d e l p h i a ,  1975.  

2. Angew. Math. Meek. 17: 2 7 6 8 7  (1937). 

Ingeniur Arehiv. 19: 12-21 (1951). 

3E. Weinel, "tfber e i n i g e  ebene Randwertprobleme d e r  E l a s t i z i t s t s t h e o r i e , "  

24W. Wuest, "Theorie des  Hochdruckmessrohres m i t  Ausmi t t iger  Bohrung," 
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where p o  is the gas  p r e s s u r e ,  E t h e  Young's modulus, v t h e  P o i s s o n ' s  
r a t i o ,  rl t h e  o u t e r  r a d i u s  of t h e  tube ,  and K i s  a f u n c t i o n  of t h e  r a t i o  
p = T O / T ~  (where ro  i s  t h e  i n n e r  radius of t h e  tube)  and t h e  e c c e n t r i c i t y  
parameter  E = e / ( r l  - ro) (where e i s  the d i s t a n c e  between t h e  c e n t e r s  
of  t h e  two c y l i n d r i c a l  s u r f a c e s ) .  The f u n c t i o n  K ( p , & )  i s  shown i n  
F i g .  4 .5 .  M t e r  i r r a d i a t i o n  and d e p r e s s u r i z a t i o n ,  t h e  r e s i d u a l  c u r v a t u r e  
is  g iven25 by 

It appears  t h a t  t h e  r e s t d u a l  c u r v a t u r e  could b e  i n c r e a s e d  by i n c r e a s i n g  
t h e  p r e s s u r e  PO. However, a p r a c t i c a l  l i m i t  i s  d i c t a t e d  by t h e  y i e l d  
stress of the material  used. P l a s t i c  deformation dur ing  p r e s s u r i z a t i o n  
would n o t  d i r e c t l y  produce a c u r v a t u r e  ( i f  volume is  conserved dur ing  
p l a s t i c  deformation) b u t  i t  would i n t r o d u c e  nonuniform cold-.rrorking 
and l e a d  subsequent ly  t o  a nonuniform s t r e s s - f r e e  s w e l l i n g .  It should 
b e  noted  t h a t  under t h e s e  c o n d i t i o n s  cold-working would b e  l a r g e s t  i n  
t h e  t h i n n e s t  p o r t i o n  o f  t h e  tube ,  r c s u l t i n g  i n  a c u r v a t u r e  o p p o s i t e  
t h a t  produced b y  st ress-enhanced s w e l l i n g .  

__ ___ 

25W. 6 .  Wolfer and T. C .  Re i ley ,  paper  i n  p r e p a r a t i o n .  

001 0 0 2  0 0 5  01  0 2  0 5  I 

' + P  

Fig. 4 . 5 .  The F a c t o r  K ( ~ , E )  Versus 1 - p, where p = r o / i o i ,  f o r  
D i f f e r e n t  Values o f  E = e / ( i . I  -- 1.0). 
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The maximum hoop stress occurs on t h e  i n s i d e  a t  t h e  t h i n n e s t  p o s i t i o n  
of t h e  tube.  
and t h a t  t h e  stresses everywhere are below the y i e l d  p o i n t ,  t hen  

Assuming t h a t  y i e l d i n g  is  governed by t h e  ‘rresca cond i t ion ,  

where 

and F i s  a f u n c t i o n  af t h e  geometr ica l  parameters p and E on ly .  Hence, 
i n  terms of t h e  maximum stress, t h e  r e s i d u a l  cu rva tu re  is 

Y 

where 1?1 = K / F  is shown i n  Fig.  4 . 6 .  
E 0.5 and (rl --- ro) 5 0.4 T I .  

It is seen  t h a t  M is  maximized f o r  

n e  

0 I  

0 os 

4 

z 
0 OT 

0 O f  

0 0 0 5  

0 004 

0 001 1 I l i i l l I - l _ ,  
001 0 0 7  O C 5  0 !  0 2  0 5  f 

I F  

Fig. 4 . 6 .  The Fac to r  M(p,€)  = K(p,c)/F(p,€) Versus 1 -  p where 
P = p o / r 1 ,  for D i f f e r e n t  Values of E = e / ( r l  - PO). 
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It  is  convenient  t o  measure t h e  l a t e r a l  d e f l e c t i o n  of t h e  t ihe from 
t h e  s t r a i g h t  a x i s  r a t h e r  t:han measure t h e  c u r v a t u r e .  
d e f l e c t i o n  and L t h e  l e n g t h  of t h e  tube ,  then  

I f  6 denotes  t h e  

For given v a l u e s  of p and E, t h e  d e f l e c t i o n  p e r  u n i t  l e n g t h  i n c r e a s e s  
w i t h  t h e  r a t i o  of  l e n g t h  t o  diameter  of t h e  tube.  

type  316 s t a i n l e s s  s tee l ,  f o r  which stress-free s w e l l i n g  d a t a  are avail- 
a b l e .  These tubes  have a l e n g t h  of 47 mm, a diameter  of 5 . 8  mm, and 
geometr ic  parameters  1 - p = 0 .24  and E = 0.5. 
E B R - I 1  i n  t h e  coming y e a r .  (See Sect:. 4 . 3 . 4 ) .  

Tubes have been prepared  from a high-swell ing,  h igh-pur i ty  h e a t  of 

They w i l l  be  placed i n  

4 . 3  FACJ. LITY , EQUIPMENT, AND EXPERIPEWJ? DEVELOPMENT 

4 .3 .1  The Sirriulation of  Radiation-Enhanced Cre_eq_- T. C .  Re i ley ,  
R. J,. Auble,'6 and M. G .  

A t  p r e s e n t ,  our  unders tanding  of  t h e  enhancement o f  c reep  dur ing  
neut ron  i r r a d i a t i o n  i s  l i m i t e d .  So.mp_ of t h e s e  I - i m i t a t i o n s  s t e m  d i r e c t l y  
f r o m  t h e  d i f f i c u l t y  and expense i n  performing ins t rumented ,  i n - r e a c t o r  
c reep  experiments.  The Oak Ridge I r r a d i a t i o n  Creep F a c i l i t y  i s  b e i n g  
b u i l t  f o r  t h e  s i m u l a t i o n  of n e u t r o n - i r r a d i a t i o n  creep through t h e  use of  
l i g h t  i o n  beams ( e  60-MeV a lpha  p a r t i c l e s ) .  Prev ious  experiments  
by Harkness e t  a l . i ' ' k d  I-lendrick e t  a l .  2 9  have demonstrated t h e  
f e a s i b i l i t y  of t h i s  s i m u l a t i o n  technique.  This  approach al lows t h e  
r e l a t i v e l y  convenient  stiudy of  r e l a t i o n s h i p s  between s t r u c t u r e  and 
s t r a i n  raLe and t r a n s i e n t  behavior  necessary  t o  c o r r o b o r a t e  c u r r e n t  
t h e o r e t i c a l  t rea tments .  A l s o ,  t h e  Oak Ridge f a c i l i t y  is  t o  b e  used 
f o r  t e s t i n g  pure materials and developmental  a l l o y s ,  i n  addi ' t ion to 
r e a c t o r  candida te  a l l o y s .  

Experimental  techniques f o r  t h e  o p t i m i z a t i o n  o f  beam e x t r a c t i o n ,  
t h e  use of specimen thermocouples (0.02 rmn diam) , t h e  improvement of 
t h e  temperature  c o n t r o l  system, t h e  o p e r a t i o n  of s t r a i n  measuring d e v i c e s ,  
and t h e  monitor ing o f  beam c u r r e n t  w i t h  a Langmuir probe devi-ce w e r e  
s t u d i e d  i n  t h r e e  c y c l o t r o n  runs  dur ing  t h i s  per iod .  A l l  t h e s e  exper i -  
mental  f e a t u r e s  showed a c c e p t a b l e  behavior  under test c o n d i t i o n s  and 

26Phys ics  Div is ion .  

7Consul tant ,  U n i v e r s i t y  of Tennessee. 

2 8 S .  D. Harkness, F. L.  Yaggee, and F. V .  Wolf i ,  S i m % a t i o n  of 
Tn-Reactor Creep of T y p e  30G' Stainless S t e e l ,  ANL-7883 (March 1972).  

2 9 P .  L. Hendrick e t  al., "Simulation of  I r rad ia t ion- Induced  Creep 
i n  Nickel,' '  J .  Nuc%. Mater. 59: 229 (1976).  
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are b e i n g  inco rpora t ed  i n t o  t h e  appa ra tus .  The f a b r i c a t i o n  of  t h e  
appara tus  i s  n e a r l y  f i n i s h e d ,  w i th  t h e  f i r s t  i r r a d i a t i o n  c reep  exper i -  
ment planned toward t h e  end of  ca l enda r  y e a r  1976.  The d a t a  hand l ing  
system has  been designed and i s  compatible  wi th  t h e  CAMAC system be ing  
implemented a t  ORIC.  Specimens have been prepared  f o r  t e s t i n g  (and 
f o r  p r e i r r a d i a t i o n  i n  EBR-11) from t h e  fo l lowing  1 2  materials: N i ,  Nb, 
Nb-1% Z r ;  20%-cold-worked type  316 s t a i n l e s s  steel;  a "high-purity ' '  
h igh-swel l ing  type  316 s t a i n l e s s  steel;  two developmental  low-swelling 
a l l o y s ,  D9 and D 1 1 ;  Nimonic PE16; Incone l  706; a n icke l -base  a l l o y  M813; 
~ i r c a l o y - 2 ;  Zircaloy-4.  

4 . 3 . 2  The Oak Ridge CN Van de Graaff F a c i l i t y  f o r  Heavy Ion Radia t ion  
__ Damage S t u d i e s 3 '  - M. B.  L e w i s ,  F. K. McGowan,L6 C .  H. Johnson, 
and M. J. Sa l tmarsh26 

2 6  
. 

The OWL CN Van de Graaff has  been f i t t e d  wi th  a model 918 Danfysik 
heavy-ion source  f o r  product ion  of &MeV n i c k e l  i ons .  
N i C 1 2  gas by r e a c t i n g  C C l 4  w i th  powdered n i c k e l .  The d i s s o c i a t i o n  i n t o  
N i +  i o n s  occurs  by an  e l e c t r o n  c u r r e n t  conta ined  i n  a magnetic f i e l d .  
The i o n s  are e x t r a c t e d  from a 1 mm2 a p e r t u r e ,  and t h e  N i +  i o n s  are then  
s e p a r a t e d  from o t h e r  i o n s  by a Wein v e l o c i t y  f i l t e r .  A f t e r  a c c e l e r a t i o n ,  
t h e  charge s t a t e  of t h e  N i "  i o n s  is  inc reased  by passage through low- 
p r e s s u r e  argon gas .  These i o n s  are then  energy and charge s t a t e  analyzed 
by a 90" bending magnet. By d i f f e r e n t  ad jus tments  of t h e  v e l o c i t y  f i l t e r  
and bending magnet, w e  l ea rned  t h a t  o t h e r  u s e f u l  i on  s p e c i e s  such as 
Cl', O', and Cf could  be  e x t r a c t e d  wi thout  f u r t h e r  mod i f i ca t ions  of t h e  
i o n  source .  

s t a t i c  l e n s . 3 1  This  l e n s  r a d i a l l y  d e f l e c t s  t h e  Gaussian t a i l  r eg ion  of 
t h e  beam i n t o  i t s  more c e n t r a l  p o r t i o n ,  which i s  unchanged by t h e  l e n s '  
f i e l d - f r e e  c e n t e r .  The c r o s s - s e c t i o n a l  diameter  of t h e  beam is  reduced 
t o  about  15 mm, wh i l e  t h e  c r o s s - s e c t i o n a l  area is made uniform i n  
i n t e n s i t y .  

upstream from t h e  t a r g e t .  
b e f o r e  and a f t e r  t h e  s p e c i a l  l e n s  wi th  Physicon model MS-10 vane 
p r o f i l o m e t e r s .  
by a Northern MS-570 s i g n a l  averager .  
beams of 5 8 N i  i o n s  uniformly sp read  over  a square  cen t ime te r  area have 
been measured a t  t h e  t a r g e t  s i te .  

The source  produces 

The beam is  then  focused uniquely by an e s p e c i a l l y  designed e l e c t r o -  

The beam is then  co l l ima ted  by a squa re  a p e r t u r e  of  100 mu2 j u s t  
The p r o f i l e  of  t h e  beam is  monitored both  

During a run t h e  p r o f i l e  d a t a  are recorded and averaged 
Using t h e s e  methods, 1- and 2-VA 

30Summary of pp. 15-40 i n  Proc. Symp. Eqe&mentaI Methods for 
Charged-Particle I rradia t ions  (Gat l inburg ,  Tenn., Sept .  30, 1975) ,  
CONF-750947. 

31C. H. Johnson, "A Ring Lens f o r  Focusing Ion  B e a m s  t o  Uniform 
Dens i t i e s , "  NucZ. Instrum. Methods 127:  163-71 (1975). 



4 .3 .3  - ExJeriments w i t h  t h e  ORNL Heavy-Ion Bombardment F a c i l i t y  -- 
N .  H.  Packan, M. B. L e w i s ,  P. V. McGowan, and G. F. 

During ca lendar  y e a r  1975, t h e  5-MV Ion Bombardment F a c i l i t y  
funct ioned e f f i c i e n t l y ,  y i e l d i n g  i n  136 s e p a r a t e  bombardment runs  a 
t o t a l  of 10,367 dpa i n  359 h r  i > f  beam on t a r g e t  .-.- an average danlage 
product ion ra te  of  29 dpa /hr .  
beam of 4.O-MeV 5 8 N i 2 1 -  i o n s ,  d i r e c t e d  upon e i t h e r  a n  a r r a y  of f o u r  
d i s k  specimens d e s t i n e d  For t ransmiss ion  e l e c t r o n  microscopy OK else a 
s tacked  series of  up t o  15 specimens whose re la t ive  s w e I l i n g  behavior  
was t o  b e  a s s e s s e d  by s tep-he ight  measurements. Doses p e r  run ranged 
from t h e  very Low 0 .2  t o  1 dpa range up t o  350 dpa; a bombardment t o  
600 dpa was c a r r i e d  o u t  i n  e a r l y  1976. Bombardment temperatures  ranged 
from room temperature  t o  700°C. Exper-ihents supported by t h e  Div is ion  
of  Physical. Research used 60% of t h e  t o t a l  beam t i m e ,  w h i l e  a l l o y  
development work (Div is ion  of Reactor Development and Demonstration) 
accounted f o r  27% and o u t s i d e  u s e r s ,  13%. The l a s t  ca tegory ,  i n  c a l e n d a r  
y e a r  1975, coiiiprised fi.ve 250-dpa bombardments f o r  a group from the  
Westinghouse Advanced Reactors  D i v i s i o n  and f i v e  room-temperature 
i . r r a d i a t i o n s  for  J. Naraynn of t h e  OKNL S o l i d  S ta te  Div is ion .  

One of t h e  materials s c i e n c e  experiments was a series of 1-dpa 
bombardments on pure  n i c k e l ,  performed t o  e s t a b l i s h  a c o r r e l a t i o n  w i t h  
neut ron  i r r a d i - a t i o n ;  t:he r e s u l t s  are d iscussed  in S e c t .  4 .1 .3 .  Another 
experiment r e c e n t l y  undertaken is  an i n v e s t i g a t i o n  of t h e  e f f e c t s ,  i f  
any, of oxyge'n on void  formation i n  one high-swell ing and one swel l ing-  
r e s i s t a n t  s t a i n l e s s  s teel .  The method t o  produce oxygen ( o r  carbon) 
beams employs a n  argon gas s t r i p p e r  a l r e a d y  used t o  extract  n i c k e l  i o n s .  
Carbon d ioxide  is  fed  d i r e c t l y  i n t o  t h e  arc  chani1:)er of  t h e  Van de Graaff 
ion  source .  
These i o n s  are then  d i s s o c i a t e d  by the  s t r i p p e r  i n t o  c 
and energy---analyzed w i t h  t h e  90" bending magnet. 
d i s s o c i a t e d  i o n s  i s  W / 2 8  where M i s  the  C o r  0 mass and V i s  t h e  Van de 
Graaff po ten t i . a l .  The range of  t h e s e  i o n s  o v e r l a p s  t h e  range of 4 M e V  
N i ,  s o  t h a t  0 and C can b e  implanted be.Core a n i c k e l  i r r a d i a t i o n .  

The 5--MV Ion Bombardment F a c i l i t y  i s  scheduled t o  undergo a 
number of s ign i f i can t :  modi f ica t ions  I n  t h e  coming months. A new, mul t ip le -  
furnace  specimen chamber has  been f a b r i c a t e d  and t e s t e d ;  i t  w i l l  b e  
i n s t a l l e d  as soon as t h e  c u r r e n t  series of bombardments i s  concluded. 
Besides  p e r m i t t i n g  up t o  s i x  runs t o  b e  made b e f o r e  we have t o  break  
vacuum, t h e  new chamber w i l l  p rovide  much improved knowledge O F  t h e  
temperature  of  every specimen, u s i n g  both  thermocouples and a n  i n f r a r e d  
pyrometer. Most of the beam l i n e  w i . 1 1  b e  rep laced  by l a r g e r  diameter  
s t a i n l e s s  s t ee l  p i p i n g  having only ultrahigh-vacuum j o i n t s .  E x i s t i n g  
d i f f u s i o n  pumps on t h e  beam l i n e  as w e l l  as t h e  i o n  pump on t h e  damage 
chainber are t o  b e  rep laced  by cryopurnps, s o  t h a t  b e t t e r  vacuum through- 
o u t  t h e  system may b e  maintained.  

performing s imultaneous i n j e c t i o n  of hel ium t o g e t h e r  w i t h  heavy-ion 
bombardment should b e  real.i.zed. h 0.4-MV Van de Graaff has been acqui red  
and i n s t a l l e d .  In t h e  next  few months, an i o n  o p t i c s  system will. b e  con- 
s t r u c t e d .  It w i l l  main ta in  a uniform hel ium beam over  t h e  a r r a y  of 

All experiments w e r e  conducted w i t h  a 

The most p l . e n t i f u 1  GOf i o n s  are a c c e l e r a t e d  t o  1.1-4 NeV. 

o+, 02+, ... + 2 i -  c 
'The energy of t h e  

FinaI.I.y, b e f o r e  the end o f  c a l e n d a r  y e a r  1976 t h e  c a p a b i l i t y  f o r  
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specimens wh i l e  a t  t h e  s a m e  t i m e  c y c l i c a l l y  va ry ing  t h e  v o l t a g e  by about 
a f a c t o r  of 2 t o  d i s t r i b u t e  t h e  hel ium throughout  t h e  damage volume of 
a specimen. The hel ium i n j e c t i o n  rate dur ing  a t y p i c a l  severa l -hour  
ion  bombardment should b e  a d j u s t a b l e  over  a range of  perhaps 3 t o  
10,000 ppm, t o  a l low t h e  s imula t ion  of  high-helium-generat.ion cond i t ions  
such as t h e  f u s i o n  r e a c t o r  environment as w e l l  as t h e  s lower  gene ra t ion  
a p p r o p r i a t e  f o r  LMFBR s imula t ion .  

4.3.4 EBR-I1  Row 7 I r r a d i a t i o n  Experiment -- M. L. Grossbeck 

This  experiment is  a j o i n t  e f f o r t  between programs a t  O N R L ,  HEDI,, 
Battelle P a c i f i c  Northwest Labora to r i e s ,  t h e  Un ive r s i ty  o f  C i n c i n n a t i ,  
LASL, and Cornel1 Un ive r s i ty .  The work is sponsored by ERDA Div i s ions  
of Reactor  Development and Demonstration, Magnetic Fusion Energy, and 
P h y s i c a l  Research. The DPR-sponsored s tudy  c o n s i s t s  of a series of 
experiments  designed t o  provide  informat ion  on t h e  mechanisms of i r r a d i a -  
t i o n  c reep ,  i r r ad ia t ion - induced  p r e c i p i t a t i o n ,  s e g r e g a t i o n  of s o l u t e  
e lements ,  f r a c t u r e  mechanisms i n  i r r a d i a t e d  materials, and t h e  efEect 
of stress on swe l l ing .  

subassembly. Three capsu le s  w i l l  be  f i l l e d  wi th  sodium and s e a l e d  b u t  
w i l l  b e  i n  thermal  c o n t a c t  w i th  t h e  r e a c t o r  coolant: and w i l l ,  t h e r e f o r e ,  
o p e r a t e  a t  tempera tures  between 650 and 675 K. Three capsu le s  w i l l  b e  
hea t -p ipe  tempera ture  c o n t r o l l e d  and w i l l  be  p laced  d i r e c t l y  above and 
welded t o  t h r e e  gas-gap-control led capsu le s .  The h e a t  p i p e s  have been 
designed by LASL personnel  and are p r e s e n t l y  used by several EBR-I1 
exper imenters  (LASL, NRL,  and HEDL); t hus  f e a s i b i l i t y  of t h e i r  u se  has 
been demonstrated.  The temperature  c o n t r o l  c a p a b i l i t y  of a h e a t  p i p e  
is shown i n  F ig .  4.7.  The h e a t  p i p e  capsules  w i l l  o p e r a t e  a t  850, 900, 
and 975 K. The gas-gap capsu le s  have a specimen chamber surrounded by 
a gap c o n t a i n i n g  low-pressure iner t  gas t o  conduct h e a t  t o  t h e  r e a c t o r  
coo lan t .  The f e a s i b i l i t y  of  t h e  gas-gap concept  h a s  been demonstrated 
i n  several EBR-I1 experiments  (e .g . ,  X-034, X-035, IC-100, and X-100A). 
Two of t h e  capsu le s  are designed t o  o p e r a t e  a t  800 K, t h e  remaining 
one a t  850 K. 

induced swe l l ing .  
s i x  capsu le s  o p e r a t i n g  above r e a c t o r  coo lan t  tempera ture  w i l l  c o n t a i n  
h igh-pur i ty  z i rconium f o i l  as a g e t t e r  f o r  oxygen. 

P l ans  are f o r  i n c l u s i o n  of t h e  capsu le s  i n  a modif ied W I A  sub- 
assembly f o r  i r r a d i a t i o n  i n  t h e  7N4 p o s i t i o n  of EBR-11. I r r a d i a t i o n  
of approximately 18 months is  planned t o  g ive  a neu t ron  f l u e n c e  on t h e  
r e a c t o r  midplane of about  4 x n/m2 (>0 .1  PleV). Adequate neut ron  
f l u e n c e  dos imeters  and tempera ture  monitors  have been inc luded  i n  t h e  
experiment .  

Nine capsu le s  w i l l  b e  p laced  w i t h i n  a s t anda rd  hexagonal  EBR-I1 

Specimens w i l l  b e  p o s i t i o n e d  i n  racks  w i t h  p r o v i s i o n  f o r  i r r a d i a t i o n -  
S ince  r e f r a c t o r y  metals w i l l  b e  inc luded ,  each of t h e  
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F ig .  4 . 7 .  Performance Curves f o r  Heat Pipes .  

4 . 3 . 4 . 1  Prec ip i t I a t ion  of S o l u t e  Elements l h r i n g  I r r a d i a t i o n  - 
J. M. Leitrnaker and D.  N .  Brask i  

Swell ing r e s i s t a n c e  of many s o l i d - s o l u t i o n  (and p o s s i b l y  p r e c i p i t a -  
t i o n  hardened) a l l o y s  i s  imparted by s o l u t e  e lements .  Many of t h e  
elements  known t o  b e  important: are very  reactive (e .g . ,  T i ,  C ,  S i ) ,  and 
t h e  d i s t r i b u t i o n  of t h e s e  elements  between t h e  matrix and second phases  
wi1.I. change wi th  t i m e  and may deperid on f l u e n c e .  P a r t i t i o n i n g  of ele- 
ments between t h e  m a t r i x  and second-phase p r e c i p i t a t e s  w i l l  b e  examined 
by i r r a d i a t i n g  smal.1. s l u g s  of t h e  a l l o y s  of i n t e r e s t .  Following 
i r r a d i a t i o n ,  p r e c i p i t a t e s  w i . 1 1  b e  e x t r a c t e d ,  and t h e  amount and com- 
p o s i t i o n  of second phases  and t h e  compositi.on of t h e  matrix w i l l  b e  
determined. R e s u l t s  w i l l  be  compared wi th  thermal  c o n c r o l  samples.  
The experiments w i l l  g i v e  q u a n t i t a t i v e  informat ion  on p r e c i p i t a t i o n  
k i n e t i c s  and p r e c i - p i t a t e  composition. This  in format ion  w i l l  b e  of 
s ign l .  Eicant va lue  i n  understanding s w e l l i n g  behavior  d u r i n g  neut ron  
i r r a d i a t i o n .  Alloys t o  b e  considered are  v a r i a t i o n s  of t y p e  316 s t a i n -  
less s teel  w i t h  a d d i t i o n s  of t i t a n i u m  and s i l i c o n .  Spec-imens w i l l  b e  
i r r a d i a t e d  a t  a l l  f i v e  temperatures  i n  b o t h  hi-gh- and low-flux p o s i t i o n s .  

4 . 3 . 4 . 2  I r r a d i a t i o n  Creep Simulat ion - 11. C .  Rei ley  

An appara tus  h a s  been designed and i.s b e i n g  c o n s t r u c t e d  t o  i n v e s t i -  
g a t e  i r r a d i a t i o n  c reep  phenomena by i r r a d i a t i n g  samples w i t h  high- 
energy a l p h a  p a r t i c l e s  (60 MeV) produced by Oak Ridge Isochronous 
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Cyclotron (ORIC). 
behavior ,  samples of  developmental  s t a i n l e s s  steel  a l l o y s ,  n i c k e l ,  niobium, 
Zircaloy-2,  Zircaloy-4,  and n icke l -base  a l l o y s  w i l l  b e  neu t ron  i r r a d i a t e d  
b e f o r e  t e s t i n g  i n  t h e  s imula t ion  experiments .  

t h a t  would occur  upon t e s t i n g  u n i r r a d i a t e d  material. E igh t  specimens 
w i l l  be  i r r a d i a t e d  i n  a swel l ing-dr iven  h o l d e r  u s ing  a h igh-swel l ing  
type  316 s t a i n l e s s  steel. This  w i l l  remove s t r u c t u r a l  t r a n s i e n t s  
a s s o c i a t e d  wi th  stress. 

To examine t h e  e f f e c t  of  accumulated f l u e n c e  on c reep  

P r e i r r a d i a t i o n  is  necessary  t o  avoid  t h e  m i c r o s t r u c t u r a l  t r a n s i e n t s  

4.3.4.3 Segrega t ion  of S o l u t e  Elements t o  Grain Boundaries - 
R. E. Clausing and C.  L. White 

I r r ad ia t ion - induced  s e g r e g a t i o n  of s o l u t e  e lements  is  now an experi- 
menta l ly  and t h e o r e t i c a l l y  e s t a b l i s h e d  phenomenon. Segrega t ion  t o  g r a i n  
boundar ies  could be  p l ay ing  an impor tan t  r o l e  i n  t h e  observed gra in-  
boundary embr i t t l ement  of a u s t e n i t i c  s t a i n l e s s  steels. This  phenomenon 
could a l s o  be  important  i n  o t h e r  a l l o y  systems t h a t  might b e  used i n  
advanced LMFBR f u e l  systems and f u s i o n  r e a c t o r  f i r s t  w a l l s .  I r r a d i a t i o n -  
induced s e g r e g a t i o n  can b e  e f f e c t i v e l y  s t u d i e d  by Auger spec t roscopy.  
Samples are f r a c t u r e d  in situ i n  a modified Auger spec t romete r ,  and t h e  
f r a c t u r e  s u r f a c e  i s  analyzed t o  d e t e c t  s eg rega t ion .  

4.3.4.4 C o r r e l a t i o n  of Neutron Damage wi th  Ion  Damage - N .  H. Packan 

Previous  experiments  have s t u d i e d  t h e  e f f e c t s  of i o n  bombardment 
as w e l l  as low-fluence neut ron  i r r a d i a t i o n .  The purpose of t h i s  
i r r a d i a t i o n  is  t o  ex tend  t h e  e x i s t i n g  c o r r e l a t i o n  d a t a  t o  a h i g h e r  
damage level.  

t u r e s .  S e t s  of specimens w i l l  b e  p l aced  a t  t h e  top  and a t  t h e  bottom 
of  t h e  capsu le s  i n  thermal  c o n t a c t  w i th  r e a c t o r  coo lan t  i n  o r d e r  t o  
achieve  an  a d d i t i o n a l  i r r a d i a t i o n  temperature .  Five d i s k s  of each set 
are t o  be  zone-ref ined n i c k e l ;  t h e  remaining w i l l  b e  P7 (h igh-pur i ty  
type  316 s t a i n l e s s  s t e e l ) .  A l l  specimens w i l l  b e  f u l l y  annealed.  

t r ansmiss ion  e l e c t r o n  microscopy. 

Eight  specimen d i s k s  are t o  b e  i r r a d i a t e d  a t  each of s i x  tempera- 

Upon completion of  i r r a d i a t i o n ,  t h e  specimens w i l l  b e  th inned  f o r  

4.3.4.5 Swell ing i n  Neutron I r r a d i a t e d  Pure Binary and Ternary Al loys  - 
L. K. Mansur 

The v a r i a t i o n  i n  rad ia t ion- induced  m i c r o s t r u c t u r a l  response  wi th  
changes i n  composition w i l l  b e  i n v e s t i g a t e d  i n  t h e  Fe-Ni-Cr t e r n a r y  
system. Recent experiments  a t  h igh  dose under ion  bombardment have 
produced extreme v a r i a t i o n s  i n  s w e l l i n g  wi th  changes i n  composition. 
The p r e s e n t  experiments  w i l l  determine t h e  p o s s i b l e  c o r r e l a t i o n  of t hese  
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r e s u l t s  w i th  those  obta ined  under neut ron  i r r a d i a t i o n .  I n  a d d i t i o n ,  
paramet r ic  va lues  of q u a n t i t i e s  t o  b e  used i.n t h e o r e t i c a l  p r e d i c t i o n s  
of high-dose neut ron  i r r a d i a t i o n  behavior  w i l l  b e  determined.  

4.3.4.6 E f f e c t  of S t r e s s  on Swell ing - W .  G. W ~ l f e r ~ ~  and T. C .  Re i ley  

The o b j e c t i v e  of t h i s  tes t  is  t o  d e t e c t  a p o s s i b l e  eEfect of stress 
on swe l l ing  o r  whether volume is n o t  conserved i n  i r r a d i a t i o n  c reep .  
P res su r i zed  e c c e n t r i c  tubes  made of t ype  316 s t a i n l e s s  s tee l  w i l l  b e  
i r r a d i a t e d  a t  800 and 850 K. I f  e i t h e r  e f f e c t  e x i s t s ,  t h e  p r e s s u r i z e d  
e c c e n t r i c  tubes  w i l l  become ben t  du r ing  t h e  i r r a d i a t i o n .  The accuracy 
wi th  which a small cu rva tu re  of the  ben t  tube  can b e  measured a l lows  
a d e f e c t i o n  of t h e  p o s s i b l e  e f f e c t  even i f  i t  c o n t r i b u t e s  only about 
10% t:o t h e  t o t a l  s t ress - induced  deformation ( i . e . ,  deformation exc luding  
s t r e s s - f r e e  s w e l l i n g ) .  i n  t h e  absence of any stress e f f e c t ,  t h e  tube 
w i l l  remain s t r a i g h t  a f t e r  d e p r e s s u r i z a t i o n .  

4.3.4.7 Neutroii-Induced Defect  C h a r a c t e r i z a t i o n  of Seve ra l  BCC Metals 
and Alloys - J. Moteff,  

This  experiment has  t h e  fo l lowing  o b j e c t i v e s :  (1) comparison of 
i r r ad ia t ion - induced  d e f e c t s  i n  molybdenum wi Lh t h r e e  d i f f e r e n t  l e v e l s  
of i n t e r s t i t i a l  i m p u r i t i e s  atid ( 2 )  c o r r e l a t i o n  of d e f e c t  c h a r a c t e r i s t i c s  
formed a t  h igh  f luence  ( 4  x n/m2) wi th  those  of samples p rev ious ly  
i r r a d i a t e d  a t  l o w  f luence  (1 x n / m 2  i n  EBR-I1  Kow 7) as w e l l  as 
wi th  ion-bombardment specimens. C h a r a c t e r i z a t i o n  w i l l  be made wi th  TEM 
obse rva t ions  + 

i on  bombardment by B. A .  Loomis (ANL) and neu t ron - i r r ad ia t ed  material 
will a l s o  be  studi-ed wi th  t r ansmiss ion  microscopy. 

Niobium and N k I %  Z r  w i th  va r ious  oxygen con ten t s  i r r a d i a t e d  by 

4.3.4.8 Atom-Probe, Field-Ion Microscope I n v e s t i g a t i o n  of Radia t ion  
Damage i n  Refrac tory  Metal Alloys - TI. N .  Seidrnan,34 

The atom-probe can examine the  m i c r o s t r u c t u r a l  f e a t u r e s  and de te r -  
mine t h e  chemical composition of a specimen on an atomic scale and w i l l  
be  used t o  s tudy  t h e  gene ra l  area of t he  i n t e r a c t i o n  of poi-nt d e f e c t s  
w i th  i m p u r i t i e s .  

2Present  address  Department of Nuclear Engineer ing,  Un ive r s i ty  

3 ~ n i v e r s i t y  of C inc inna t i .  

of Wisconsin, Madison. 

4Corne l l  I Jn ivers i ty .  
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The goals  of t h e  experiments  i nvo lv ing  materials scheduled f o r  
i r r a d i a t i o n  are: 
1. To e l u c i d a t e  t h e  e f f e c t  of t i t an ium,  zirconium, and rhenium on void  

format ion  i n  molybdenum-base a l l o y s .  In  p a r t i c u l a r  i t  is  planned 
t o  determine i f  r a d i a t i o n  induces seg rega t ion  o f  any of t h e s e  
elements  t o  voids .  

S p e c i f i c a l l y  i t  is planned t o  determine t h e  d e n s i t y ,  p a r t i c a l  s i z e ,  
morphology, and chemical composition of t h e  rad ia t ion- induced  pre- 
c i p i t a t e s  i n  a series of tungsten-rhenium a l l o y s .  

s w e l l i n g  i n  iron-based a l l o y s  due to t h e  a d d i t i o n  of s i l i c o n .  Among 
t h e  numerous p o s s i b l e  e f f e c t s  i nvo lv ing  t h e  s i l i c o n ,  changes i n  the 
s p a t i a l  d i s t r i b u t i o n  of  t h e  s i l i c o n  and t r a p p i n g  of gaseous i m p u r i t i e s  
a t  t h e  s i l i c o n  w i l l  be  s t u d i e d .  

4 .  To determine how w e l l  e l e c t r o n  and i o n  i r r a d i a t i o n s  s i m u l a t e  fas t  
neut ron  damage by comparing t h e  r e s u l t s  ob ta ined  on t h e  specimens 
i r r a d i a t e d  i n  EBR-11 wi th  e l e c t r o n  and i o n - i r r a d i a t e d  speclmens.  

2. To i n v e s t i g a t e  t h e  format ion  of rad ia t ion- induced  phase changes. 

3 .  To determine t h e  mechanism r e s p o n s i b l e  f o r  t h e  suppres s ion  of 

4.3.4.9 S t a t u s  of  Experiment 

The des ign  of t h e  experiment has been completed. A l l  c apsu le  p a r t s  
and specimen r acks  have been f a b r i c a t e d  except  an o u t e r  housing tube ,  
which i s  now be ing  machined. The haza rds  a n a l y s i s  i s  now completed. 
The experiment -is expected t o  b e  shipped t o  EBR-TI i n  September. 

4.3.5 A n a l y t i c a l  E lec t ron  Microscopy - R. W. Carpenter  

The a p p l i c a t i o n  of a n a l y t i c a l  e l e c t r o n  microscopy t o  phase t r ans -  
format ions  and r a d i a t i o n  damage i n  s o l i d s  i s  p r e s e n t l y  b e i n g  i n v e s t i g a t e d  
w i t h  a JEOL-LOO C t r ansmiss ion  e l e c t r o n  microscope equipped t o  o p e r a t e  
i n  t h e  fo l lowing  modes: 
1 .  Scanning t r ansmiss ion  e l e c t r o n  imaging (STEM), f o r  examinat ion of 

t h e  i n t e r n a l  d e f e c t  s t r u c t u r e  i n  e l e c t r o n  t r a n s p a r e n t  specimens; 
2. scanning  e l e c t r o n  microscopy us ing  secondary e l e c t r o n  images (SEMI, 

f o r  examinat ion of  t h e  s u r f a c e  topography of v a r i o u s  specimens; 
3,  t r ansmiss ion  e l e c t r o n  microscopy (TEM) , t h e  imaging mode f a m i l i a r  

t o  a l l  e l e c t r o n  mic roscop i s t s ;  
4 .  t h e  fo l lowing  d i f f r a c t i o n  modes: 

a. convergent beam d i f f r a c t i o n  (static o r  dynamic), 
b .  micro-micro-diffract ion,  
c. Grigson d i f f r a c t i o n ,  
d. s e l e c t e d  area d i f f r a c t i o n ,  
e. smll angle. d i f f r a c t i o n ;  

3 5  

35C.W.B. Grigson and P. I. T i l l e r ,  “On Scanning E lec t ron  D i f f r a c t i o n ,  
TI,” Z i z t .  J .  E’Zect~on. 24 :  101-38 (1968).  
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5. energy-d ispers ive  x-ray chemical a n a l y s i s  f o r  elements h e a v i e r  thare 
.s o d iuni . 

Other imaging modes are a l s o  p o s s i b l e .  Some very  i n t e r e s t i n g  r e s u l t s  
have been ob ta ined  so f a r .  The STEM imaging mode can be  used t o  measure 
t h e  r e l a t i v e  i n t e n s i t y  d i s t r i b u t i o n  a c r o s s  f e a t u r e s  i n  t h e  image 
d i r e c t l y  from t h e  p h o t o m u l t i p l i e r  t ube  ou tpu t .  This w i l l  b e  u s e f u l  f o r  
comparing ca lcu l .a ted  c o n t r a s t  p r o f i l e s  w i th  a c t u a l  images; an  example 
i s  s t a c k i n g  f a u l t  f r i -nges ,  o r  f r i n g e s  a s s o c i a t e d  wi th  p r e c i p i t a t e  
p a r t i c l e s .  The Grigson c o i l s ,  l o c a t e d  s l i g h t l y  below t h e  p r o j e c t o r  
lens, have enabled t h e  e l e c t r o n i c  measurement of i n t e n s i t y  d i s t r i b u t i o n  
i n  d i f f r a c t i o n  p a t t e r n s .  The ou tpu t  from t h e s e  measurements is  similar 
t o  t h a t  from an x-ray d i f f r a c t o m e t e r ,  obvious ly  much more convenient fo-r 
measurement of i n t e n s i t y  than t h e  usua l  photographic record:ing method. 
P re l imina ry  r e s u l t s  i n d i c a t e  t h a t  t h e  Grigson technique  can a l s o  be  
used t o  measure 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  TEM images electronical.1.y 
r a t h e r  than  r e l y i n g  on dens i tometer  traces from photographic  p l a t e s .  

The small-angle s c a t t e r i n g  c a p a b i l i t y  is very  l a r g e .  Four teen  
o r d e r s  of Bragg d i f f r a c t i o n  have been recorded from a s imple  m g n i f i c a -  
t i o n  c a l i b r a t i o n  g r i d  having  an  e f f e c t i v e  l a t t i c e  c o n s t a n t  o f  4630 A 
us ing  nominal camera l e n g t h s  of 50 and 70 m a t  120 keV. I n  p r i n c i p l e  
t h e  Grigson c o i l s  can b e  used t o  i n c r e a s e  t h i s  camera l e n g t h  by a f a c t o r  
of  up t o  3 x l o 5 ;  t h e  system l i m i t  then  becomes t h e  s igna l - to-noise  
r a t io  i n  t h e  photomul- t ip l ie r -ampl i f ie r  d e t e c t o r  system. Tn i s  c a p a b i l i t y  
w i l l  be a p p l i e d  t o  the  s tudy  of d i f f r a c t i o n  e f f e c t s  from o rde red  l o o p  
c l u s t e r  a r r a y s  and void  a r r a y s  i.n i r r a d i a t e d  meta ls .  

The energy d i s p e r s i v e  x-ray chemical a n a l y s i s  system has  been 
succ.essfu1l.y a p p l i e d  t o  q u a l i t a t i v e  a n a l y s i s  of rad ia t ion- induced  
s o l u t e  s e g r e g a t i o n .  It  has  been e s t a b l i s h e d  t h a t  transmutation-produced 
s i l i c o n  mig ra t e s  t o  0’ p r e c i p i t a t e  p a r t i c l e  i n t e r f a c e s  i n  t h e  aluminum- 
copper a l l o y s  (Sec t .  4 .1 .5) .  Other r e s u l t s  p e r t a i n i n g  t o  s t e e l s  are 
desc r ibed  elsewhere i n  t h i s  r e p o r t .  During t h e  next  y e a r  methods f o r  
adap t ing  t h i s  system t o  q u a n t i t a t i v e  a n a l y s i s  w i l l  be  i n v e s t i g a t e d .  

4.3.6 High-Voltage E lec t ron  M i c r o s c z -  1.1 R. W .  Carpenter  

During FY 1976 t h e  f e a s i b i l i t y  of conve r t ing  t h e  HVEM to s ide -  
e n t r y  c o n f i g u r a t i o n ,  s o  t h a t  gas-so l id  r e a c t i o n  c e l l s  and in situ 
deformation s t a g e s  can be  used i n  the  microscope, w a s  i n v e s t i g a t e d .  
The convers ion  is  f e a s i b l e ,  and t h e  necessa ry  components have been 
ordered  
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24th Annual Denver X-Ray Conference,  Denver, Colorado, August 6-8, 1975 

C.  J. Sparks,  Jr.,* "Quan t i t a t ive  X-Ray Fluorescence Analys is  Using 
Fundamental Parameters ' '  ( i n v i t e d  paper) 

Annual Meeting of t h e  E lec t ron  Microscopy Soc ie ty  of America, L a s  Vegas, 
Nevada, August 11-15, 1975 

D.  N. Braski" and G .  A. Po t te - r ,  " Je t -Pol i sh ing  I r id ium f o r  TEN" 

*Speaker. 
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I V  HVEM Conference, Tou louse ,  France,  September 1-4, 1975 

K. W. Carpenter ,*  " E f f e c t s  of P r e c i p i t a L i o n  on E l e c t r o n  Displacement 
i n  FCC Alloys:  
Micros t ruc tures"  

Copper Al loys  w i t h  Random and Modulated 

conference  on  I n  S i t u  Composites-11. L a k e v i l l e ,  Connect icut ,  September 2-5, 
1975 

J .  D .  Holder& and G .  W .  C lark ,  " 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 Melt ing of Cr203-Mo Composites" 

EMAG 75: Development i n  E l e c t r o n  Microscopy and Analys is ,  U n i v e r s i t y  of  
B r i s t o l ,  B r i s t o l ,  UK, September 8-11, 1975 

R .  W .  Carpenter ,*  "Observations of Huang S c a t t e r i n g  i n  BCC Alloys"  

United S t a t e r J a p a n  Seminar on Radiation-Produced Defec ts  and Uef e c t  
C l u s t e r s  and t h e i r  E f f e c t s  on Metals, Ames ,  Towa, September 28-30, 1975 

K. %arrel . l ,* "Some E f f e c t s  of Gases i n  Neutron I r r a d i a t e d  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  E f f e c t s  and T r i t i u m  Technology f o r  
Fusion Reac tors ,  Gat l inburg ,  Tennessee,  October 1--3, 1975 

W .  G .  Wolfer+c and M. H .  Yoo, "St ress -Ass is ted  Void and Bubble Growth 
i n  CTR F i r s t  Wall Materials" 

K .  F a r r e l l "  and J .  T .  Houston, "Combined E f f e c t s  of Displacement 
Damage and High G a s  Content i n  Aluminum" 

I n t e r n a t i o n a l  Conference on Fundamental Aspects  of Radiat-i-on Damage,in 
Metal-s, Gat l inhurg ,  Tennessee,  October 5-12, 1975 

R.  W .  Carpenter* and J .  C. Ogle, "The E f f e c t  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 
A 1  l o  y s 'I  

3. 0. S t i e g l e r , *  "Elevated Temperature F r a c t u r e  of Neutron I r r a d i a t e d  
Metals'' 

W. G .  Wolfer,* "Segregat ion of Vacancies and I n t c 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 "  

M.  H. Yoo,* W. H.  B u t l e r ,  and L .  K .  Mansur, "Defect Annealing and 
C l u s t e r i n g  i n  t h e  E l a s t i c  I n t e r a c t i o n  Force F i e l d "  

1975 SSKP Users Group Meeting, S t a n f o r d ,  C a l i f o r n i a ,  October 22-24, 1975 

C. J .  Sparks,  J r .  and J .  8 .  Hast ings,"  "X-Ray Monochromator Design 
f o r  Synchrotron Radiati.oii" 

Seminar a t  Naval Research Laboratory,  Washington, D .  C . ,  October 29, 1975 

C .  C .  Koch,* "Research on Superconducting Materials i n  t h e  Metals 
and Ceramics Div is ion ,  Oak Ridge Nat iona l  Laboratory' '  

ASM Chapter ,  L o u i s v i l l e ,  Kentucky, November 7 ,  1975 

John D .  Bolder,-/( "Eutect:ic S o l i d i f i c a t i o n "  
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RSM Materials Science Seminar, C i n c i n n a t i ,  Ohio, November 9-10, 1975 

E. E. Bloom,* " I r r a d i a t i o n  S t rengthening  and Embrit t lement" 

ASM Educators  Sess ion  on Materials Sc iences ,  C i n c i n n a t i ,  Ohio, November 10- 
12 ,  1975 

C . J. McHargue, >k "The New Graduate a t  a N a t  t o n a l  Laboratory" 

TMS-AIME F a l l  Meeting, C i n c i n n a t i ,  Ohio, November 10-13, 1975 

R.  W.  Carpenter* and J .  C .  Ogle, "The E f f e c t  of 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 Displacement Damage i n  hl-3.8% Cu Al loys"  

W. A. Coghlan,* N.  E. Packan, and M. J. Sal tmarsh,  "A Method €or  
Doping I r r a d i a t i o n  Samples w i t h  H e  Using Cm244' t  

C .  C. Koch* and J .  0. Scarbrough, "The In f luence  of Y t t r i u m  on the  
Superconducting P r o p e r t i e s  of Nb-Ti Alloys"  

C.  L .  White,* L. Heather ly ,  and R .  E. Claus ing ,  "Solu te  Segrega t ion  
t o  Grain Boundaries i n  Ir-0.3% W" 

1975 Sou theas t e rn  Regional  Meeting of t h e  American Phys ica l  Soc ie ty ,  
Auburn, Alabama, November 13-15, 1975 

W. H. B u t l e r , *  J. S. FauLkner, and J. J .  Olson, "Calcula t ion  of t he  
Superconducting T r a n s i t i o n  Temperature of t h e  BCC T r a n s i t i o n  Metals" 

S i x t h  Symposium on Engineer ing Problems of Fusion Research,  San Diego, 
C a l i f o r n i a ,  November 18-21, 1975 

D .  S. Easton,* R. E. Schwall ,  and W. A .  F i e t z ,  "Degradation of 
Mul t i f i l amen t  Nb3Sn Superconductor by T e n s i l e  S t r a i n "  

US-UK F a s t  Reactor  Exchange Meeting, Oak Ridge Na t iona l  Labora tory ,  
November 1975 

L. K. Mansur,* "Void Growth and Coalescence i n  I r r a d i a t e d  Metals" 

Seminar, Vanderb i l t  Un ive r s i ty ,  Department of Materials Science and 
M e t a l l u r g i c a l  Engineer ing,  Nashv i l l e ,  Tennessee,  December 2 ,  1975 

R.  W. Carpenter,'k "Oxygen Absorpt ion i n  a Typica l  V- IV BCC So l id  
S o l u t i o n  Alloy:  Ta-8W-ZHf, K i n e t i c s ,  Morphology, and Mechanical 
Proper  t ies" 

Midwinter S o l i d  S t a t e  Research Conference,  Laguna Beach, C a l i f o r n i a ,  
January 12-16, 1976 

C .  J. Sparks,  Jr.,* " I n e l a s t i c  (Raman) Resonances S c a t t e r i n g  of 
X Rays" 



92 

i n t e r n a t i o n a l  Symposium on Atomic, Molecular ,  and S o l i d  S ta te  Theory, 
Saii ibel  I s l a n d ,  F l o r i d a ,  January  18-24, 1976 

J .  S .  Faulkner ,k  "The Theory of E x c i t a t i o n s  i n  Disordered Sol ids"  
( i n v i t e d  paper)  

American Crys ta l lography Assoc ia t ion  Winter Meeting, Clemson, South 
Caro l ina ,  January 1 9 - 2 3 ,  1976 

R.  W. Elendricks, Jx "A lO-Meter Small-Ang1.e X-Ray S c a t t e r i n g  
Spectrometer U t i l i z i n g  a Two-Dimensional 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  Counter" 

R.  W. Hendricks ,* "Crys ta l lographic  A p p l i c a t i o n s  of  One- and Two- 
I) imen s i o n a l  Po s i t  ion- S ens  i t ive Pro por t i o  na 1 Counter s " 

Con-Eerence on Low A c t i v a t i o n  Materials i n  Cont ro l led  Thermonuclear 
Reac tors ,  San Franc isco ,  C a l i f o r n i a ,  February 19-20, 1976 

K. F a r r e l l ,  * "Bulk Radia t ion  Damage i n  Aluminum Alloys" ( i n v i t e d  
paper)  

AIME Annual Meeting, L a s  Vegas, Nevada, February 22-26, 1976 

K.  E .  Clausing,  C.  L. White,* L.  Heather ly ,  and D. N .  Brask i ,  
" I n t e r g r a n u l a r  %mbri t t lement  02 Has.telloy N by TelI.urium" 

W. A .  Coghlan,:c "Some Aspects  of Void and Loop Nuclea t ion  and 
Growth i n  t h e  V i c i n i t y  of a F i n i t e  D i s l o c a t i o n  Loop" 

D.  S .  Easton,* "The E f f e c t  on Cr i t i ca l  Current  of T e n s i l e  Stress  
In Nb3Sn and Nb-Ti Superconducti.ng Composites" 

A. D a s  Gupta,* W. Gey, J. H a l b r i t t e r ,  X. Kcpfer, and J .  A. Yasai t is ,  
"-Lnhomogenei t ies  i n  Superconducting Niobium Surfaces ' '  

C .  C.Koch,* A. D a s  Gupta, and D .  M .  Kroeger, "The Peak E f f e c t  i n  
Superconducting Nb-Hf Alloys" 

L .  K. Mansurk and W. G .  Wolfer,  "The I n t e r a c t i o n  of P o i n t  Defec ts  
w i t h  Coated S p h e r i c a l  Surfaces"  

Roy A. Vandermeer," "The Phase Transformation C h a r a c t e r i s t i c s  of a 
Uranium + 1 4  a t .  % Niobium Alloy" 

C.  L.  White?: and D.  F.  S t e i n ,  "A P a r a l l e l  Tangent Cons t ruc t ion  f o r  
S o l u t e  Segrega t ion  t o  Gra in  Boundaries" 

M. H.  Yoo* and L .  K. Mansur, " D i s t r i b u t i o n  of P o i n t  Defec ts  i n  
Bounded Medi.a Under I r r a d i a t i o n "  

Seminar a t  Argonne N a t i o n a l  Laboratory,  Argonne, IJ.l.inois, March 3 ,  1976 

W. G. IJolfer ,*  "Effec t  of Surface  Composition on Void Nuclea t ion  
and Growth" 

1976 March 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 ,  Georgia,  
March 2 F A p r i l  1, 1 9 7 6  

W .  H .  B u t l e r , *  "Superconduct ivi ty  i n  t h e  T r a n s i t i o n  Metals" 
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J. S. Faulkner ,*  "A Band Theory C a l c u l a t i o n  of t h e  Fermi Surface of 
Technicium" 

D .  G .  H a l l *  and J. S. Faulkner ,  "Exact S p e c t r a l  Densi ty  Funct ion 
E o r  a One-Dimensional Model of an Amorphous Sol id"  

D .  M. Kroeger,* "1-iagnetic H i s to ry  E f f e c t s  and Waveform Asymmetry i n  
ac Magnet iza t ion  Measurements on Type-I1 Superconductors" 

G. S. P a i n t e r %  and J. Harris,  "A Su r face  Molecu1.e Study of 0 
Chemisorption on A l l '  

Seminar, Department of  P fe t a l lu rg ica l  Engineer ing,  O h i o  S t a t e  Un ive r s i ty ,  
Columbus, Ohio, A p r i l  2 ,  1976 

R .  A. Vandermeer,* "'Shape Memory E f f e c t s  i n  Uranium Alloys" 

Thi rd  N B S - M A  Workshop, V a i l ,  Colorado, A p r i l  5-7, 1976 

D. S. Easton,* "Stress E f f e c t s  on Mechanical and Superconducting 
P r o p e r t i e s  of Commercial Conductors a t  4.2K" 

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 ,  A p r i l  9 ,  1976 

W. G. Wolfer, * "Mechanisms of Radiation-Induced Creep" 

Department of Phys ics ,  Ohio S t a t e  U n i v e r s i t y ,  Columbus, Ohio, A p r i l  15, 
1976 

G .  S. P a i n t e r , "  "Mul t ip l e -Sca t t e r ing  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  and Bonding P r o p e r t i e s  of T r a n s i t i o n  Metal Surfaces ' '  

Conference on Computer S imula t ion  f o r  Materials Appl ica t ion ,  G a i t h e r s b u r g ,  
Maryland, A p r i l  19-21, 1976 

W. A .  Coghlan," "Trans ien t  and Steady S t a t e  Di f fus ion  So lu t ion  f o r  
P o i n t  Defec ts  i n  a Stress  Fie ld ' '  

J o i n t  Meeting, Tampa Chapters  of American Soc ie ty  f o r  Metals and American 
Soc ie ty  f o r  Mechanical Engineers ,  Tampa, F l o r i d a ,  A p r i l  22 ,  1976 

C.  J.  McHargue," "Engineering Requirements f o r  Fusion Reactors"  

American Phys ica l  Soc ie ty  Meeting, Washington, D .  C . ,  A p r i l  26-29, 1976 

V .  W. Lindberg,* J. D.  McGervey, and R. W. Hendricks,  t t P o s i t r o n  
L i fe t imes  i n  Annealed , Neutron-I r rad ia ted  Aluminum" 

Second Rochester  Conference on d- and f-Band Superconductors ,  Rochester ,  
New York, Apr i l  3O-May 1, 1976 

W. H. But le r*  and P. B. Al len ,  "Gap Anisotropy and Tc Enhancement: 
General  Theory, and C a l c u l a t i o n s  f o r  Nb, Using Fermi Surface  
Harmonics" 

78th Annual Meeting and Expos i t ion  of the Nuclear D iv i s ion  of t h e  American 
C e r a m i c  Soc ie ty ,  C i n c i n n a t i ,  Ohio, May 1-6, 1976 

C. S. Yust,  V. J. Tennery,* H. P.  Krautwasser,  and R. L. Bca t ty ,  
" S t r u c t u r a l  C h a r a c t e r i z a t i o n  of HTGR Pyrocarbon Fue l  P a r t i c l e  
Coatings" 
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C.  S.  Yust* and V .  J .  'Tennery, " O p t i c a l  and E l e c t r o n  Microscopy of 
Vapor Deposited S i l i c o n  Carbide" 

ASTM Nat iona l  Meeting, S t ,  L o u i s ,  Missour i ,  May 2, 19'76 

E .  A. Kenik* and 1,. K. Mansur, "Var ia t ion  i n  M i c r o s t r u c t u r e  of I ron-  
Nickel.-Chromium Al.1.oys Under 1rradi .a t ion" 

Pre l iminary  D r a f t  f o r  Discuss ion  by AS'l'M Subcommittee E10.08 (Procedures 
f o r  Simulat ing Damage Produced i n  F i s s i o n  and Fusion Reactors)  S t .  Louis ,  
Missouri ,  May 4--6, 1976 

K .  F a r r e l 1 , k  "Task Group D, 'Procedures  f o r  t h e  Simulat ion of Helium 
E f f e c t s , '  S e c t i o n  4 - " I n t r o d u c t i o n  of H e l i u m  from Charged P a r t i c l e  
A c c e l e r a t o r s  and Alpha Sources" 

Workshop on C o r r e l a t i o n  o.E Neutron and Charged Pa r t i c l e  Damage, Oak Ridge 
Nat iona l  Laboratory,  May 8 ,  1976 

L .  K .  Mansur,fc "Void Growth Kine t i c s ' '  

Conference on Neutron S c a t t e r i n g ,  Gat l inburg ,  Tennessee,  June 6-3.0, 1976 

D .  G .  H a l l l t  and J .  S.  Faulkner ,  " S p e c t r a l  Dens i ty  Funct ions  f o r  
Amo r p h o  lis So 1 i d  sl' 

J .  Schel.tenfc and D .  M. Kroeger,  " D i s t r i b u t i o n  o f  Transpor t  Curren ts  
i n  Type I1 Superconductors I n v e s t i g a t e d  by Neutron S m a l l  Angle 
S c a t t e r -i.ng" 

1976 Annual Meeting of the American Nuclear S o c i e t y ,  'Toronto, O n t a r i o ,  
Canada, June 13-18, 1976 

A .  A. Solomon,* C .  S .  Yust, and N .  13. Packan, "Trans ien t  D e t o m a t i o n  
of Oxide Fuels ' '  

"Carbon 76" I n t e r n a t i o n a l  Carbon Conference, Baden-Eaden, West Germany, 
June 28-Ju1.y 2, 1976 

P .  Krautwasser,  H.  Nickel,;? and C .  S .  Yust,  " Inf luence  of Heat 
Treatments on t h e  M i c r o s t r u c t u r e  of Pyrocarl~on Coatings" 

P. Krautwasser,  H. Nicke l ,*  and C .  S.  Yust,  " Inf luence  of Annealing 
on t h e  M i c r o s t r u c t u r e  of Pyrocarbon Coatings" 

I n v i t e d  J..eciure a t  Nat iona l  Academy of Sc iences  - S o l i d  S ta te  Sc iences  
Committee Forum on Major F a c i l i t i e s  and Equipment f o r  Materials Research, 
Argonne N a t i o n a l  Laboratory,  June 30-July 1, 1976 

R .  W. Carpenter, '? "High Voltage E l e c t r o n  Microscopy: Current  
S ta te  of Research and Future  Prospec ts"  
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6. PUBLICATIONS - Compiled by Judy Young 

E. E. Bloom, .J. 0. S t i e g l e r ,  A. F. Rowcliff ,  and J. M. Le i tnake r ,  
"Aus ten i t i c  S t a i n l e s s  S t e e l s  w i th  Improved Res is tance  t o  Radiat ion-  
Induced Swell ing,"  Ser. MetaZl. l O ( 4 )  : 3 0 3 4 8  (Apr i l  1976) .  

E. E .  Bloom, K. F a r r e l l ,  J. 0. S t i e g l e r ,  and M. H. Yoo, "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  , ' I  pp. 330-50 i n  
C o m u l t c x n t  S~mpositon on t h e  Physics  of 1~nxi ia t . l :on  Produced Voids,  
HameZZ, 2974, ed.  by R. S.  Nelson, H.  M. S t a t i o n a r y  O f f i c e ,  
London, 19 75. 

"Mechanical and Phys ica l  P r o p e r t i e s  of 2 1 / 4  C r - 1  No S t e e l  i n  Support  
of CRBRP S t e a m  Generator  D e s i g n , "  PJuci?. Techno?. 2 8 ( 3 )  : 490-505 
(March 1976) .  

Vanadium-Titanium S o l i d  S o l u t i o n s  a t  1350°C," Metall. Tmns. 7A(2) : 
199-208 (February 1976). 

R. W. Carpenter ,  "Ef fec t s  of P r e c i p i t a t i o n  on E lec t ron  Displacement 
Damage i n  f c c  Alloys:  Copper Al loys  wi th  Random and Modulated Micro- 
s t r u c t u r e s , "  pp. 221-24 i n  Microscopic &Zeetron&pe 6 haute tension 1375 
(Proc.  4th I n t .  Congress, Toulouse) ed.  by B. J o u f f r e y  and P. Favord, 
Socie"t6 F ransa i se  de Microscopie E lec t ron ique ,  Pa r i s ,  1976. 

hoso rp t ion  i n  a Ta-8 W-2 Hf Alloy: 
Metall. Tpans. 6A(12) : 2235-41 (December 1975).  

i n  Physical MetaZZuryy of Uranium AZZoys (Proc.  3rd Army Materials 
Technol. Conf.) ed .  by J. J .  Burke, D. A .  Col l ing ,  A .  E. Gorum, and 
J. Greenspan, Brook H i l l  Pub l i sh ing  Company, Chestnut H i l l ,  
Massachuset ts ,  1976. 

J. V. Ca thca r t ,  "Mechanisms of S t r e s s  Generat ion and Relaxa t ion  
During t h e  Oxidat ion of U Alloys ,"  pp. 114-32 i n  Stress Ef fec ts  rxnd 
-the Ox~dai?~on of iVc?t;ai?s, ed.  by J. V. Cathca r t ,  The M e t a l l u r g i c a l  Soc ie ty  
of AIME, New York, 1975. 

N i l ; ~ v %  for  Advanced Reactor Fuel, O m - 5 0 5 1  (November 1975).  

F r a c t u r e  Sur faces  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 , "  pp.  491-505 
in &ain Bomdar ie s  in Pflginesring Materials, ed.  by J. L .  Walter, 
J .  H. Westbrook, and D. A .  Woodford, C l a i t o r ' s  Pub l i sh ing  Div is ion ,  
Baton Rouge, 1975. 

Po in t  Defec ts  i n  a S t r e s s  F i e l d , "  pp. 166-76 i n  ,9.oc. Conf. Computer 
Sirnu.kat&m. for Ma-S;er<aLs AppZication, ed .  by R. J. Arsenaul t ,  
J. I. Beeler, Jr., and J. A. Simmons, Gai thersburg ,  Maryland, 1976. 

C .  R.  Brinkman, R. K. W i l l i a m s ,  R. L.  Klueh, and T .  L.  Hebble, 

P.  T. Carlson,  " I n t e r d i f f u s i o n  and I n t r i n s i c  Diffusion i n  Binary 

R. W. Carpenter  and C .  T .  M u ,  "Surface React ion Con t ro l l ed  Oxygen 
K i n e t i c s  and Concent ra t ion  Gradien ts , "  

J. V. Ca thca r t ,  "Gaseous Oxidat ion of  Uranium A l l o y s , "  pp. 775-4313 

J i  Young Chang, Hot Pressing Study on Mixed Uranium-Plutonium 

R. E. Claus ing  and E. E .  Bloom, "Auger E lec t ron  Spectroscopy of 

W .  A. CoghLan, "Trans ien t  and Steady S t a t e  D i f fus ion  So lu t ion  f o r  
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J. G. Cook, J .  P .  Moore, T. Matsumura, and M. P ,  Van d e r  Meer, The 
ThermaZ and Electrical Conductivity of Alwnzhzrm, ORNL-5079 (SeptemSer 3-975). 

A. E.  Curzon and C .  C.  Koch, "Direct Observat ion of  t h e  Flux 
D i s t r i b u t i o n  i n  t h e  Mixed S t a t e  of  V-Ga Al loys  Using a Scanning Elec t ron  
Microscope," J .  Phys. D. : AppZ .  Phys.  9 ( 4 ) :  611-13 (March 1.9761. 

J .  0 .  Kolb Industria2 Thermal I m u l a t i o n  - Ai? Assessment-, OKNL/TM--5283 
(March 1976). 

R. G. Donnel ly ,  V .  J. Teiinery, D. T,. McElroy, T.  G. Godfrey, and 

I), S .  Easton and C. C.  Koch, "Tens i le  P r o p e r t i e s  of Super-conducting 
Composite Conductors and %-Ti A l l o y s  a t  4.2 K,"  pp. 431-44 i n  S?zape 
Mernoq E f f ec t s  i n  AlZ.oys, ed.  by J. P e r k i n s ,  Plenum, N e w  York, 1976. 

Damage and High Gas Content in Alzuuirzm,  ORNL/'TM-5395 (May 1976) .  

6061.-T6 Aluminum Hi-gh Flux Iso tope  Reactor Hydraul ic  Tube ,I1 pp-  311----25 
i n  Properties of Reactor Structural Alloys A f t e r  Neutron or Part ic le  
Irrcdiat ion,  Am. Soc. T e s t .  Mater. Spec. li'ech. PubZ. 570, American 
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