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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 rog res s  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  h a s  diminished.  
i a l s  Sc ience ,  D iv i s ion  of Phys ica l  Research, is  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 rde r  t o  g i v e  a view of t h i s  program i n  t h e  
Metals and Ceramics Div is ion ,  a n  annual  r e p o r t  h a s  been prepared.  
It c o n s i s t s  of a b s t r a c t s  of papers  publ i shed  o r  presented  dur ing  t h e  
year  ending June  30, 1977, and summaries of work i n  p rogres s .  

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 o u t  i n  o rde r  t o  r e f l e c t  t h e  broadened respon- 
s i b i l i t i e s  of t h e  Div i s ion  of P h y s i c a l  Research t o  t h e  Energy Research 
and Development Adminis t ra t ion  compared w i t h  t h e  Atomic Energy Commission. 
During t h i s  r e p o r t i n g  pe r iod  our e f f o r t  supported f i s s i o n  ( 2 4 % ) ,  
f u s i o n  ( 2 4 % ) ,  o the r  nonnuclear  technologies  (28%), and m u l t i d i r e c t i o n a l  
base  r e s e a r c h  ( 2 4 % ) .  

A s p e c i a l  n o t e  i s  made t h a t  D. S.  B i l l i n g t o n ' s  r e t i r e m e n t  from 
fu l l - t ime  r e sea rch  co inc ides  w i t h  t h e  d a t e  of t h i s  r e p o r t .  
had a n  important  impact on t h e  materials sc i ence  community through 
h i s  r e s e a r c h  and h i s  s e r v i c e  as D i r e c t o r  of t h e  So l id  S t a t e  Div is ion .  
I w i l l  p a r t i c u l a r l y  m i s s  h i s  adv ice  and services f r e e l y  g iven  t h e s e  
y e a r s  as a member of t h i s  s e c t i o n .  

Following t h e  r e p o r t s  of our  t e c h n i c a l  p rog res s  i s  an appendix 
l i s t i n g  (1) assignments  of our s t a f f  i n  o t h e r  o rgan iza t ions ,  (2 )  gues t  
ass ignments  i n  our  s e c t i o n ,  ( 3 )  s t a f f  changes,  ( 4 )  j o i n t  appointments 
of our  s t a f f  w i t h  t h e  Un ive r s i ty  of Tennessee f o r  t h e  academic yea r  
1976-1977, (5) papers  presented  a t  t e c h n i c a l  meet ings,  and (6)  
pub l i ca t ions .  

However, work supported by t h e  Office of Mater- 

Doug has  

C.  J. McHargue 
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SUMMARY 

1. STRUCTURE OF MATERIALS 

1.1 Theoretical Research 

In the area of surface physics we developed a cluster technique 

This approach has been complemented by a 
that permits us to treat quite general surface complexes, particularly 
in the low coverage limit. 
new method for calculating the energy band structure of thin film 
systems. 
chemisorption limit for ordered overlayers. 
elucidated differences in si, p, and d bonding of oxygen on aluminum 
and copper surfaces. Factors effective in surface molecular bond 
breaking were studied for 0 2  dissociatively chemisorbed on aluminum. 

our Korringa-Kohn-Rostocker programs to treat hexagonal close-packed 
systems and applied these programs to a study of the Fermi surface 
of technetium. In collaboration with members of the theory group 
at the University of Bristol, England, we also developed methods 
that allow solution of the coherent potential approximation equations 
for a muffin-tin potential model of substitutional alloys. 
calculations on the binary systems Cu-Ni and Nb-Mo for various alloy 
compositions. 

In collaboration with an experimental group at the University of 
Birmingham, England, we measured angle-resolved photoemission spectra 
from a (100) surface of a single crystal Cu-23 at. % Ni alloy and 
have interpreted the results in terms of our calculations on this 
system. We have also been able to interpret results of soft x-ray 
emission experiments on a number of Cu-Ni alloys. 

determines the superconducting transition temperature, for the entire 
4d transition metal series. 
good, and t h e  results are amenable t o  a simple interpretation. We 
have also calculated the phonon linewidth due to electron-phonon 
coupling in niobium. The calculations show strong coupling arising 
from longitudinal phonons in the [110] direction. This strong coupling 
was subsequently verified experimentally by inelastic neutron scattering 
experiments performed at ORNL. 
reassessment of present theories of lattice dynamics for the transition 
metals and tunneling experiments on niobium. 

In the area of defect migration in irradiated materials we have 
developed a generalized rate theory model of dislocation loop growth 
and void swelling in metals and alloys under irradiation. This model 
has been used to interpret some of the results of neutron and charged- 
particle damage experiments performed at ORNL. 

This new approach allows us to treat the high-coverage 
Studies with this method 

In the area of physics of transition metals and alloys we extended 

We performed 

We calculated the electron-phonon coupling parameter, which 

The agreement with experiment is quite 

Our calculations may necessitate a 
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1.2 X-Ray Diffraction Research 

An experiment in which inner-shell atomic x-ray spectra were 
excited by energy-tuned synchrotron radiation was performed in a 
search for superheavy elements. Though these elements were not found, 
detectability limits of about 5 X lo9 atoms of an element were demon- 
strated for target particles containing only lo1’ to 10l6 other atoms. 

grown and maintained in controlled chemical environments have indicated 
subtle structural changes associated with chemical interactions of the 
oxide with ambient laboratory atmospheres. In particular, a degrada- 
tion of symmetry from monoclinic to triclinic was suggested for crystals 
exposed to water. 

The differential equations governing interactions of incident 
and diffracted x-ray beams in imperfect crystals have, for the first 
time, been solved without approximations. The solution promises im- 
portant progress in our understanding of secondary extinction and in 
our ability to make meaningful corrections for this effect in diffracted 
intensity data sets. 

Applications of small-angle x-ray scattering to structural problems 
in a wide variety of materials have been extensively broadened and 
intensively sharpened by the 10-m scattering camera recently constructed 
in our laboratories. Important results for irradiated metals, coals 
and pyrocarbons, catalysts, polymers, and biological materials have been 
demonstrated; these advances suggest new experiments utilizing the unique 
capabilities of the instrument. 

Careful diffraction measurements on monoclinic europia crystals 

1.3 Fundamental Ceramics Studies 

The study of erosion of ceramics has continued, and to date samples 
of nine different ceramic compositions have been tested. We are 
analyzing the eroded samples by scanning and transmission electron 
microscopy. The application of metallurgical techniques to the 
anaiysis of coals has continued with the demonstration of a variety 
of such techniques to analyze coal constituents. Further data have 
been collected on the mineral contents and porosity of coals. Thermal 
conductivities of advanced nuclear fuels have been measured. The stabil- 
ity of selected transition metal tellurides was determined by vapor 
pressure measurements using the Knudsen effusion weight-loss technique. 

1.4. Preparation and Synthesis of High-Temperature 
and Special Service Materials 

Calculations to predict the oxygen partial pressure, P o z ,  required 
for equilibrium of the eutectic systems CrzO,-Cr and Cr203-Mo were 
extended to predict equilibrium Poz for off-eutectic compositions 
and superheated melts. Eutectic-like structures were observed 



for the new systems LaCrO3-W, LaCr03-Mo, LaCrO3-Cr, YCr03-W, YCrO3-Mo, 
and YCrOs-Cr. Since heat flow can partially unmix chemical components 
in a liquid phase (the Soret effect) and large thermal gradients are 
believed to exist at the solid-liquid interface of metal oxide-metal 
systems during internal zone growth, the eutectic constitutional super- 
cooling criterion of Mollard and Flemmings was rederived to include 
thermally induced mass flow. Directional solidification studies have 
been initiated for the ternary system W-C-Co and a number of other 
complex metal carbide and metal boride systems. 
studies of Si02 and CdS have continued. 
crystal fayalite, FenSiO4, has been accomplished. The effect of die- 
top geometry (planer, convex, or concave) on solidification interface 
shape and eutectic morphology was investigated for the edge-defined, 
film-fed growth of Mn2SiOb-MnO. 

Hydrothermal growth 
Czochralski growth of single- 

1.5 Stabilities of Microphases in High-Temperature Structural Materials 

Examination of type 316 stainless steel weld metal showed large 
variations in the amount of &ferrite within a weld zone, large varia- 
tions within a given heat of material, and large heat-to-heat variations. 
Aging of the weld caused M23C6 to precipitate around the ferrite, thus 
removing carbon from solution and causing more ferrite and martensite 
to form. 
x-ray fluorescence analysis of electron microscopy samples. Variations 
in Cr/Fe ratios were found in both the ferrite and sigma. 
on the activity of carbon in iron- and nickel-base alloys were started. 
The composition of the carbide phase precipitated in nickel-base alloys 
was determined as a function of the kind and amount of alloying elements. 

The transformation of ferrite to 0 phase was examined by 

Studies 

2. DEFORMATION AND MECHANICAL PROPERTIES 

2.1 Physical Metallurgy 

A metastable phase diagram was determined for near-monotectoid 
compositions of uranium-niobium binary alloys. Shape memory effects 
were identified, and the effect of tensile prestrain on thermally 
induced shape recovery was measured. The recrystallization behavior 
of a rolled (110) [liO] tantalum single crystal was characterized and 
the role of deformation bands and subgrain structure ascertained. 
The geometry of the zone of deformation in rolling was found to impor- 
tantly affect the formation of texture gradients in niobium. Residual 
resistivity ratio, (RRR), microhardness, and transmission electron 
microscopy (TEM) were used to follow the precipitation process in 
aluminum-gold alloys; relationships between hardness and RRR were 
established. 



2.2 Grain Boundary Segregat ion and Embrit t lement 

A t h e o r e t i c a l  model w a s  developed t o  treat  t h e  temperature  depen- 
dence of s o l u t e  seg rega t ion  t o  g r a i n  boundaries .  An experimental  
program was i n i t i a t e d  t o  s tudy t h e  mechanism of g r a i n  boundary e m b r i t t l e -  
ment by impuri ty  seg rega t ion  i n  Fe-3% S i  doped wi th  phosphorus. 

3 .  PHYSICAL PROPERTIES AND TRANSPORT PHENOMENA 

3.1 Mechanisms of Surface and S o l i d  State  React ions 

Apparatuses were b u i l t  and test  methods p e r f e c t e d  t o  s tudy t h e  
r e a c t i o n  k i n e t i c s  of iron-base a l l o y s  and t h e i r  components i n  s u l f u r  
and oxygen-sulfur environments a t  a c c u r a t e l y  measured s u l f u r  p r e s s u r e s  
and t o  c h a r a c t e r i z e  t h e  d e f e c t  s t r u c t u r e s  of t h e  r e a c t i o n  products  i n  
terms of magnetic,  e l e c t r i c a l ,  and H a l l - e f f e c t  measurements. An x-ray 
s tudy of vacancy o rde r ing  i n  FeS i s  a l s o  i n  p rogres s .  The chromia 
m a t r i x  of Cr203-W composites w a s  shown t o  be s t a b l e  i n  s u l f u r  a t  about 
0 . 1  P a ,  and MgO w a s  unat tacked a t  1000°C i n  s u l f u r  a t  about 0 .1  MPa 
(1 atm). W e  completed t h e o r e t i c a l  s t u d i e s  r e l a t i n g  t o  t h e  c o r r e l a t i o n  
of tracer d i f f u s i o n  f o r  both s o l u t e  and s o l v e n t  atoms i n  a l l o y s  f o r  
which i n t e r s t i t i a l - v a c a n c y  i n t e r a c t i o n s  are r e s p o n s i b l e  f o r  t h e  d i f f u -  
s i o n  process .  Vacancy c o r r e l a t i o n  i n  d i l u t e  a l l o y s  showed g e n e r a l  
a p p l i c a b i l i t y  t o  d i f f u s i o n  theory.  Two modes of d i f f u s i o n  of t r i t i u m  
i n  r u t i l e  were i d e n t i f i e d  on t h e  b a s i s  of d i r e c t  d i f f u s i o n  p r o f i l e  
measurements and i n f r a r e d  s p e c t r a l  s t u d i e s .  
f o r  oxygen i n  Nb-Zr a l l o y s  was determined i n  t h e  range 550 t o  l l O O ° C ,  
and t h e  binding entropy,  AS/k, of 0-Zr c l u s t e r s  w a s  found t o  be -3 .3 .  
Oxygen d i f f u s i o n  i n  a-zirconium and a-Zircaloy-4 w a s  measured a t  
1050, 1300, and 1 4 5 O O C .  To e v a l u a t e  t h e  binding energy of t i t an ium-  
vacancy complexes formed dur ing  t h e  d i f f u s i o n  of T i 4 +  i n  N i O ,  t h e  
t racer  d i f f u s i v i t y  of T i 4 +  w a s  measured from 1000 t o  13OOOC. 
t i o n s  of t h e  d i s s o c i a t i v e  mechanism of d i f f u s i o n  cen te red  on t h e  Pb-Cd 
system, where t h e  cadmium d i f f u s i o n  ra te  went through a minimum as 
a f u n c t i o n  of cadmium concen t r a t ion .  An i n v e s t i g a t i o n  of p o s s i b l e  
f a s t  d i f f u s i o n  phenomena i n  r e f r a c t o r y  metals began, and s h o r t - c i r c u i t  
d i f f u s i o n  p rocesses  were considered as a p o s s i b l e  cause of o the rwise  
anomalous d i f f u s i o n  behavior observed i n  several metals. 

The d i f f u s i o n  c o e f f i c i e n t  

I n v e s t i g a -  

3 . 2  Phys ica l  P r o p e r t i e s  Research 

The thermal conduc t iv i ty  of s i n g l e - c r y s t a l  and p o l y c r y s t a l l i n e  
specimens of C s I  and C s B r  r evea led  t h a t  impuri ty  d i f f e r e n c e s  and 
phonon s c a t t e r i n g  by g r a i n  boundaries and v o i d s  were n e g l i g i b l e .  
The l a t t i c e  thermal r e s i s t a n c e  of hot-pressed C r 2 O 3  decreased nea r  
t h e  N6el temperature .  
d u c t i o n  i s  q u i t e  important i n  chromium. 

Data on chromium a l l o y s  show t h a t  phonon con- 
Data on i r o n  a l l o y s  were 
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used to define the phonon thermal conductivity of pure iron and indicated 
that lattice strain scattering of phonons is only about 20% of that 
predicted by theory. A correlation describing the interaction of 
phonons with conduction electrons was developed and shows that electron- 
phonon scattering may be significant in some metals. The resistivity 
ratio of several superconducting niobium-base alloys was measured. 
Measurements of the Ettingshausen-Nernst Coefficient of Alumel showed 
some literature values to be in error by a factor of 1100. The thermal 
expansion coefficient of nickel was measured through its Curie tempera- 
ture, and the results correlate with scaling laws of critical phenomena. 

3 . 3  Superconducting Materials 

Fluxoid pinning by radiation-induced voids was studied experimen- 
tally, and the results were compared with expressions for void pinning 
by use of the statistical theory of Labusch. Lithium-titanite speci- 
mens were prepared by several methods and their superconducting proper- 
ties have been measured. Measurements indicate that significant heat 
is generated when a multifilamentary composite conductor is stressed 
in tension to levels expected in large, high-field magnets, and that 
the properties of the matrix material largely determine the size of 
the effect. Mechanical behavior and stress effects in high-field 
superconductors was reviewed, and the effects of stress on critical 
current density have been measured in several commercial conductors. 
We observed that a portion of the critical current degradation that 
occurs under stress is recovered upon relief of load in multifilamen- 
tary Nb3Sn conductors; study of this phenomenon is under way. A 
long-range study of flux pinning by crystal boundaries has begun with 
extensive measurements of the critical current in cylindrical bicrystals 
of niobium. 

4 .  RADIATION EFFECTS 

The Radiation Effects Program is directed at understanding the 
effects of composition and microstructure on the structure and properties 
of materials irradiated at elevated temperatures. Activities supported 
by the Division of Physical Research complement and support work spon- 
sored by Breeder Reactor and Magnetic Fusion Energy programs by examin- 
ing relatively simple systems and by conducting studies aimed at identi- 
fying mechanisms that control damage. 

A survey of the effects of alloying elements on evolution of damage 
in aluminum showed that undersize solutes suppressed the development 
of both a dislocation structure and voids. 
correlated with partial diffusion coefficients.****Analytical electron 
microscopy studies of low-swelling stainless steel showed segregation 
of silicon to the interstitial dislocation loops. In addition, growth 
of the loops was retarded relative to those in a high swelling (low 
silicon) steel.****A new phase, not previously found in thermally treated 

Swelling could not be 
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specimens, w a s  discovered i n  a Ni-20 a t .  % Mo a l l o y  i r r a d i a t e d  wi th  
n i c k e l  i o n s  and e l e c t r o n s .  Order i n  t h i s  a l l o y  w a s  a f f e c t e d  by t h e  
type  of i r r a d i a t i o n ;  short-range o rde r  w a s  s t a b l e  under i o n  bombardment, 
but  long-range o rde r  w a s  s t a b l e  under e l e c t r o n  i r r a d i a t i o n .  The d i f f e r -  
ence w a s  a t t r i b u t e d  t o  t h e  mixing e f f e c t  of cascades produced by t h e  
i o n s  but  not  by t h e  e l e c t r o n s .  Voids were n o t  formed i n  t h i s  a l l o y  
a t  exposures up t o  100 displacements  p e r  atom (dpa);  o t h e r  n i c k e l -  
molybdenum a l l o y s  t h a t  showed no evidence of o rde r  e x h i b i t e d  s i g n i f i c a n t  
amounts of void swe l l ing  f o r  equ iva len t  i r r a d i a t i o n  exposures.****Analysis 
of helium p r o f i l e s  i n  metals produced by i n j e c t i o n  from a Cm oxide 
s u r f a c e  source showed depth d i s t r i b u t i o n s  i n  agreement wi th  theo ry .  

Work began on a gene ra l i zed  ra te  theo ry  model of void swe l l ing  
and d i s l o c a t i o n  loop growth t h a t  t a k e s  i n t o  account temporal and s p a t i a l  
e f f e c t s .  The l a t t e r  i s  p a r t i c u l a r l y  important f o r  e l e c t r o n  and ion  
bombardment work, where s u r f a c e  e f f e c t s  a l ter  d e f e c t  p r o f i l e s .  The 
model w a s  a p p l i e d  t o  t h e  growth of Frank loops i n  n i c k e l  by e l e c t r o n  
i r r a d i a t i o n  t o  g i v e  v a l u e s  f o r  t h e  vacancy mig ra t ion  energy and t h e  
p re fe rence  f a c t o r  of d i s l o c a t i o n s  f o r  interstitials.****Interstitials 
implanted du r ing  i o n  bombardment reduced s w e l l i n g ,  bu t  t h e  amount of 
r e d u c t i o n  depended on temperature  except when f i x e d  s i n k s  were t h e  
predominant a n n i h i l a t i o n  mechanism.****The s t a t u s  of t h e  theo ry  of void 
growth w a s  c r i t i c a l l y  a s ses sed ,  and i t e m s  were i d e n t i f i e d  where improve- 
ments are r e q u i r e d  t o  use low-dose neu t ron  d a t a  and high-dose p a r t i c l e  
d a t a  t o  estimate high-dose neutron behavior.****A s u r f a c e  c o a t i n g  t h a t  
changes e l a s t i c  p r o p e r t i e s  i n  t h e  v i c i n i t y  of a void inc reased  s i g n i f i -  
c a n t l y  t h e  rate of n u c l e a t i o n  of v o i d s .  
ar ise  from impuri ty  seg rega t ion  t o  void s u r f a c e s ,  may a l s o  i n f l u e n c e  
n u c l e a t i o n  rates through changes i n  t h e  s p e c i f i c  s u r f a c e  energy. 

The heavy-ion bombardment f a c i l i t y  w a s  upgraded du r ing  t h e  yea r  
by adding a second beam l i n e  connected t o  a 0.4-MeV Van de Graa f f .  
This  pe rmi t s  simultaneous bombardment w i t h  4-MeV heavy i o n s  t o  create 
displacement damage and 0.2 t o  0.4-MeV a lpha  pa r t i c l e s  t o  s i m u l a t e  
helium product ion t h a t  occurs  during neu t ron  i r r a d i a t i o n  by (n ,a)  
r e a c t i o n s .  Development of a n u c l e a r  mic roana lys i s  c a p a b i l i t y  as p a r t  
of t h e  f a c i l i t y  began. 
o p e r a t i o n  and improved d i a g n o s t i c  c a p a b i l i t i e s  w a s  i n s t a l l e d ,  and t h e  
vacuum system w a s  improved. Experiments t o  s tudy e f f e c t s  of He-to-dpa 
r a t i o  and t o  examine t h e  i n f l u e n c e  of method of helium i n j e c t i o n  on 
void formation were undertaken.****The f a c i l i t y  f o r  s imula t ing  neu t ron  
i r r a d i a t i o n  c reep  w a s  completed and performed s a t i s f a c t o r i l y .  P r e c i s i o n  
measurements demonstrated t h a t  bu lk  creep p r o p e r t i e s  can be d u p l i c a t e d  
i n  vacuum o r  helium i n  specimens on ly  25 v m  thick.****A sys t ema t i c  inves- 
t i g a t i o n  was completed t o  d e f i n e  t h e  optimum o p e r a t i n g  modes i n  an 
a n a l y t i c a l  e l e c t r o n  microscope. 
ing energy-dispers ive x-ray ana lyses  i n  t h e  a n a l y t i c a l  e l e c t r o n  micro- 
scope.****The a d d i t i o n  of cryopumps t o  t h e  vacuum s y s t e n  i n  high-vol tage 
e l e c t r o n  microscope achieved a vacuum of 11 PPa (8 X lo-* t o r r )  i n  t h e  
specimen chamber. A s ide -en t ry  specimen s t a g e  w a s  added t o  t h e  micro- 
scope du r ing  t h e  yea r .  Seve ra l  coope ra t ive  s t u d i e s  wi th  u n i v e r s i t i e s  
and o t h e r  r e s e a r c h  o rgan iza t ions  are l i s t e d .  

2 4 4  

Such c o a t i n g s ,  which could 

A new damage chamber t h a t  pe rmi t s  more e f f i c i e n t  

Procedures were developed f o r  perforln- 



1. STRUCTURE OF MATERIALS 

1.1 THEORETICAL RESEARCH - J. S. Faulkner 

The Theory group is primarily concerned with four major areas 
of research. These are: (1) electronic structure of metal surfaces 
and metal-adsorbate bonding; ( 2 )  electronic structure of transition 
metals and alloys; (3 )  electron-phonon interaction, superconductivity, 
and transport in transition metals; and ( 4 )  migration of radiation- 
induced defects in metals. In addition, members of the Theory Group 
are available to other groups in the Division and Laboratory for 
informal consultation and collaboration on theoretical and experimental 
problems of mutual interest. 

1.1.1 Bonding Properties of Stepped Transition Metal Surfaces' - 
G. S. Painter, R. 0. Jones,' and P. J. Jennings3 

Electronic structures for small metallic clusters are analyzed 
to determine (1) how electrons are distributed spatially and energeti- 
cally in small crystallites and at surfaces, ( 2 )  how electrons respond 
to surface disorder (kinks, steps, reduced coordination number), and 
( 3 )  how electronic characteristics are related to chemically active 
surface sites. 

1.1.2 Surface Studies of Chemisorptive Bonding4 - G. S. Painter 

A primary objective of surface studies of chemisorbed species 
is to obtain an understanding of the bonding mechanism between sub- 
strate and adsorbate. With this basic knowledge, one can approach 
problems that deal with chemisorption and molecular dissociation 
and with the influence of substrate characteristics on these processes. 
Some first-principles linear variational calculations.in cluster and 
thin film energy band models are summarized. These provide some 
insight into the nature of adsorbate-substrate bonding. Progress 
toward calculating dissociation energies for molecular adsorbates 
will be reported. 

--I 

'Abstract of pp. 136-49 in The EZectron Factor i n  CataZysis on 
Metals, Nat. Bur. Stand. Spec. PubZ. 4 7 5 ,  U.S. National Bureau of 
Standards, Washington, D.C., 1977. 

21nstitut fir Festkorperf orschung, Kernf orschungsanlage, Jclich, 
West Germany. 

School of Physical Sciences, Murdoch University, Murdoch, Australia. 

4Abstract of paper presented at the Spring Meeting of the American 
Physical Society, San Diego, Calif., Mar. 21-24, 1977. 
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1 .1 .3  The Theory of Surfaces:  The S t a t e  of t h e  A r t 5  - G. S. P a i n t e r  

Recent advances i n  e l e c t r o n i c  s t r u c t u r e  theory are providing a 
d e t a i l e d  fundamental understanding of atomic phenomena a t  s u r f a c e s .  
These developments are reviewed and t h e i r  connect ions wi th  b a s i c  
s u r f a c e  experiments and app l i ed  materials s c i e n c e  problems are 
d i scussed .  

1 . 1 . 4  T h e o r e t i c a l  S t u d i e 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 Su r faces6  - G. S .  P a i n t e r  

T h e o r e t i c a l  models and techniques f o r  t h e  d e s c r i p t i o n  of t h e  
e l e c t r o n i c  s t r u c t u r e  and a s s o c i a t e d  p r o p e r t i e s  of atom c o n f i g u r a t i o n s  
r e p r e s e n t a t i v e  of t h e  s u r f a c e  and chemisorbed s p e c i e s  are  d i scussed .  
An important o b j e c t i v e  of t h e s e  s t u d i e s  i s  t o  re la te  c a l c u l a t e d  l o c a l  
d e n s i t i e s  of states t o  s u r f a c e  probe experiments,  t o  extend our  under- 
s t and ing  of bonding mechanisms i n  chemisorpt ion,  and t o  e s t a b l i s h  how 
p r o p e r t i e s  depend on s u r f a c e  atom coord ina t ion .  A u n i t i n g  of s o l i d  
s ta te  and molecular t h e o r e t i c a l  concepts  t o  s tudy s u r f a c e  i n t e r a c t i o n s  
i s  a p r i n c i p a l  c o n s i d e r a t i o n  i n  t h i s  work. 

1 .1 .5  Local D e n s i t i e s  of S t a t e s  and Bonding P r o p e r t i e s  of 3d T r a n s i t i o n  
Metal C lus t e r s ’  - P .  J.  J e n n i n g s Y 3  G. S. P a i n t e r ,  and R.  0. Jones2 

E l e c t r o n i c  s t r u c t u r e s  have been c a l c u l a t e d  f o r  13-atom c l u s t e r s  
of 3d t r a n s i t i o n  metal atoms. The c l u s t e r  geometry has  f e a t u r e s  of 
both stepped and f l a t  s u r f a c e s  and t h e  r e s u l t s  demonstrate c e r t a i n  
t r e n d s  t h a t  p a r a l l e l  t hose  of t h e  bulk: (1) d-bands are broader and 
d - o r b i t a l s  more extended f o r  l i g h t e r  elements,  (2)  states nea r  t h e  
top  of t h e  band are anti-bonding and more c o n t r a c t e d  than t h e  bonding 
states nea r  t h e  bottom of t h e  band, (3) g r o s s  f e a t u r e s  of t h e  d e n s i t i e s  
of s ta tes  of c l u s t e r s  and bulk are  similar.  However, c l u s t e r  energy 
d i s t r i b u t i o n s  are more complex because of t h e  lower symmetry a t  t h e  
s u r f a c e ,  and edge and corner  atoms show pronounced charge r e d i s t r i b u t i o n s  
as a r e s u l t  of i n t e r a c t i o n s  among neighboring d - o r b i t a l s .  Some conse- 
quences of t h e  r e s u l t s  are d i scussed ,  and t h e  scattered-wave c l u s t e r  
technique f o r  chemisorption s t u d i e s  i s  as ses sed .  

5Abstract  of paper presented a t  t h e  DPR Surface Science Workshop, 

6Abs t r ac t  of paper p re sen ted  t o  in-house Surface Science and 

7Abs t r ac t  of Surf. Sei. 60: 225-71 (1976). 

Mar. 16-18, 1977, Berkeley, C a l i f .  

Heterogeneous C a t a l y s i s  Seminar, Oak Ridge, Nov. 8-9, 1976. 



3 

1.1.6 Bonding of Oxygen on Aluminum: Relation Between Energy Band 
and Cluster Modelse - G. S. Painter 

A study of some factors that influence the position and shape of 
resonance bands for adsorbates on surfaces is presented with particu- 
lar emphasis upon the case of oxygen chemisorption on aluminum. A 
twofold approach has been taken to determine the relative roles of 
local and delocalszed electron effects: the energy band structure for 
a thin film geometry is correlated with eigenvalue spectra from a 
"surface molecule'' cluster model. Oxygen resonance features are found 
to originate from a bond mechanism involving orbitals directed parallel 
to the surface plane, such that the local bonding surface molecule 
model provides a reasonable description of the resonance position. 
Delocalization of the substrate electrons in the plane provides a 
bulklike background against which the localized resonance is observed. 
The bond mode provides an interprecation of how the theoretical results 
are related to experimental data for systems that depart from the 
ideal structures assumed in the models. 

1.1.7 Angle-Resolved Photoemission from a (001) Surface of Single- 
Crysta1.C~-23 at. % Ni Random Substitutional Alloy9 - 
B. L. Gyorffy,lo G. M. Stocks, W. E. Temmerman,lo R. Jordan," 
D. R. Lloyd,lz C. M. Quinn," and N. V. Richardson12 

We have studied the angular distribution of photoemitted electrons 
from a (001) surface of single-crystal Cu-23 at. % Ni random substitu- 
tional alloy. 
interpreted these in terms of calculations based on the Coherent 
Potential Approximation for nonoverlapping muffin-tin potentials 
(KKR-CPA) . 

A number of alloying effects were observed. We have 

1.1.8 The Coherent Potential Approximation f o r  Nonoverlapping Muffin- 
Tin Potentials: Paramagnetic NiCCul--(? (ref. 13)  - G. M. Stocks, 
B. L. Gyorffy,lo E. S. Guiliano,io and R. Ruggeri14 

We present a method for solving the CPA equations for a random 
substitutional alloy crystal potential, which consists of nonoverlapping 

Abstract of paper submitted to Physical RevierJ. 8 

'Abstract of paper submitted t o  PhysicaZ R e v i m  Letters.  
'OH. H. Wills Physics Laboratory, University of Bristol, U.K. 

"Center for material Science, University of Birmingham, U.K. 

12Department of Chemistry, University of Birmingham, U.K. 

13Abstract of paper to be published in Journal of Physics F. 
141nstituto di Fisica della Universit; di Messina and Gruppo 

Nazionale Struttura della Materia, Messina, Italy. 
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”muffin-tin” p o t e n t i a l  w e l l s .  
paramagnetic nickel-copper a l l o y s .  

A s  an example w e  cons ide r  t h e  case of 

1 .1 .9  Angle-Resolved Photoemission Spec t r a  from a Disordered Cu-Ni 
Alloy‘ - D .  R. Lloyd,l2 C. M. Quinn,l2 N .  V. Richardson, l2  
R. Jo rdan ,”  G.  M. Stocks,  B. L. Gyorf fy ,”  and W. E.  Temmerman” 

Angle-resolved photoemission spectra from t h e  (100) s u r f a c e  of 
a s i n g l e  c r y s t a l  of a s u b s t i t u t i o n a l l y  d i so rde red  Cu-23 a t .  % N i  a l l o y  
have been measured, The e l e c t r o n  d i s t r i b u t i o n  curves f o r  e l e c t r o n s  
emi t t ed  from t h e  s u r f a c e  a f t e r  e x c i t a t i o n  w i t h  helium-I photons 
i n c i d e n t  20’ from t h e  s u r f a c e  normal are p resen ted  f o r  ana lyze r  pos i -  
t i o n s  p r o j e c t i n g  onto t h e  TX, TK, and TL d i r e c t i o n s .  The d a t a  are 
analyzed i n  terms of one-dimensional d e n s i t i e s  of states c a l c u l a t e d  
f o r  t h e  TX, r K ,  and TL d i r e c t i o n s ,  based on t h e  s o l u t i o n  of t h e  cohe ren t  
p o t e n t i a l  approximation f o r  an  a r r a y  of nonoverlapping muf f in - t in  
p o t e n t i a l s .  
r e s u l t i n g  from h o s t  and impuri ty  states c o r r e l a t e  w e l l  w i th  s t r u c t u r e s  
observed i n  t h e  experiments,  w i th  d i f f e r e n c e s  between t h e  v a r i o u s  
d i r e c t i o n s  i n  t h e  B r i l l o u i n  zone being ev iden t .  

S t r u c t u r e s  i n  t h e  one-dimensional d e n s i t i e s  of states 

1.1.10 The Coherent P o t e n t i a l  Approximation f o r  Nonoverlapping Muffin- 
Tin P o t e n t i a l s :  App l i ca t ions  t o  Disordered Cu-Ni and Mo-Nb 
Alloys‘ - G. M. Stocks,  B. L. Gyorffy,lO W .  E. Temmerman,lo 
E. S. Gu i l i ano ,14  and R. Ruggeri14 

The CPA equa t ions  f o r  a random s u b s t i t u t i o n a l  a l l o y  i n  which t h e  
a l l o y  p o t e n t i a l  is desc r ibed  by a nonoverlapping muff in- t in  model are 
solved.  
i n  terms of c l u s t e r s  of e f f e c t i v e  s c a t t e r i n g  c e n t e r s ,  and on r e c i p r o c a l -  
space B r i l l o u i n  zone i n t e g r a t i o n  are p resen ted .  
two methods a g r e e  w e l l .  The n e c e s s i t y  f o r  s o l v i n g  t h e  CPA equa t ions  and 
n o t  s topp ing  s h o r t  w i t h  t h e  average t -matr ix  approximation i s  s t r e s s e d .  
E l e c t r o n i c  d e n s i t i e s  of states and Bloch s p e c t r a l  d e n s i t i e s  ( t o  be 
de f ined )  w i l l  b e  p re sen ted  f o r  Ni-Cu and Mo-Nb. The q u a l i t a t i v e l y  
d i f f e r e n t  a l l o y i n g  e f f e c t s  ev iden t  i n  t h e  two systems and t h e  e x t e n t  
t o  which t h e  r e s u l t s  are v e r i f i a b l e  by experiment w i l l  be  d i scussed .  

Computational procedures  based both on r ea l - space  methods, 

The r e s u l t s  from t h e  

1.1.11 E l e c t r o n i c  S t a t e s  i n  Random S u b s t i t u t i o n a l  Alloys: The CPA 
and Beyond15 - G . M. Stocks and B. L. GyorffylO 

We develop t h e  “band” theo ry  of d i so rde red  s u b s t i t u t i o n a l  a l l o y s .  
The d i s c u s s i o n  summarizes e a r l y  t h e o r i e s  of t h e  e l e c t r o n i c  states i n  

“Lecture  n o t e s  t o  be publ ished as p a r t  of a NATO Advanced S t u d i e s  
I n s t i t u t e ,  Ghent, Belgium, 1976, i n  book form by Plenum Press i n  1977.  
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disordered alloys, and we introduce the coherent potential approxima- 
tion (CPA). 
binding model. 
theory in terms of a nonoverlapping muffin-tin potential model of 
disordered alloys. The theory may be regarded as a generalization 
of the KKR band theory method to disordered substitutional alloys; 
we call the method the KKR-CPA. 
may be solved numerically for transition metal alloys. Some of the 
physical "observables" that may be calculated are discussed, with 
particular emphasis placed on a new quantity, which we call a Bloch 
spectral density and which gives us information concerning the energies 
and lifetimes of Bloch states in alloys. 

The CPA is first discussed in terms of a simple tight 
Within the framework of the CPA we develop a new 

We show how the resulting equations 

1.1.12 Solution of the JXR-CPA Equations for Paramagnetic CucNil-c 
Alloys16 - W. E. Temmerman,10 G. M. Stocks, and B. L. GyorffylO 

We have implemented the coherent potential idea (CPA) for a regu- 
lar array of nonoverlapping muffin-tin potentials that represent 
Ni and Cu atoms in a random fashion. We have solved the KKR-CPA 
equations for the effective scattering amplitude that describes the 
averaged behavior of the random lattice by making use of a simplifica- 
tion of the KKR structure constants first suggested by 0, K. Andersen. 
We shall discuss the energy "bands" for five different concentrations 
in terms of the averaged Bloch spectral functions. 

1.1.13 Fermi Surfaces of Concentrated CucNi1-c Alloys16 - 
W. E. Temmerman, l o  G. M. Stocks, and B. L. Gyorffy'' 

The de Haas-van Alphen signal in alloys disappears if the impurity 
broadening, A&, of the states at the Fermi surface becomes 5 K or so. 
This means that in CucNi,,, alloys there is no Fermi surface in the 
conventional sense beyond e or 1 - e greater than a few hundred parts 
per million. However, on the scale of the separation of the various 
d bands, about 1.0 eV, the states at the Fermi energy EF can be still 
quite well defined at much greater concentrations. Using the results 
of KKR-CPA calculations we show that this is indeed the case all through 
the concentrations 0 i e < 1. We discuss in detail the shape of the 
Fermi surface, the lifetimes of the states at the Fermi surface, the 
density of states at E ~ ,  and the electron-phonon mass enhancement for 
concentrations e = 0.87, 0.77, 0.62, 0.38, and 0.19. 

16Abstract of a talk to be presented at the International Conference 
on Physics of Transition Metals, Toronto, Canada, Aug. 15-19, 1977. 
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14 1.1.14 On the Band Structure of NbnM~l-o Alloys16 - S. Guiliano, 
B. L. Gyorffy,lo R. Ruggeri,14 and G .  M. Stocks 

These alloys are considered as the best examples of random sub- 
stitutional alloys that follow the predictions of the rigid band model. 
To examine the extent to which this hypothesis is correct we studied 
the band structure of NbeMol,c at a number of concentrations using 
the KKR-CPA theory. 
that describe the average behavior of the random lattice by the recently 
developed cluster method. 
of the d-band the effective bands were sharp and, except for more or 
less constant shifts due to changes in the lattice parameter, behaved 
as required by the rigid band model. However, in the antibonding empty 
part of the d-band we found a number of non-rigid-band effects. 
discuss the experimental optical spectra of NbeMol-e in the light of 
this result. 
theory. In conclusion, we consider the Fermi Surface of Nbg.sMo0.s 
and the superconducting transition temperature T, as a function of 
concentration. 

We solved for the effective scattering amplitudes 

In the energy range of the bonding part 

We 

We also suggest some new experiments that could check the 

1.1.15 Angle-Resolved Photoemission from CucNi.1-c Random Alloys’ - 
B. L. Gyorffy,lo R. Jordan,ll D. R. Lloyd,l2 C. M. Quinn,12 
N. V. Richardson,I2 G. M. Stocks, and W. E. Temmerman” 

To gain more information about their band structure than afforded 
by the usual photoemission experiments, we have studied the angle- 
resolved photoemission spectra of various CucNi1-e random substitutional 
alloys. Single-crystal samples were grown by the Bridgeman technique, 
and we took special care to monitor surface enrichment. For the Cu-rich 
samples, in the energy range of the Cu d-band, the spectrum and its 
variations with the direction of analyzer are remarkably similar to 
those from pure Cu. Above the Cu-related d-band but below the Fermi 
energy we find a Ni impurity peak whose shape is different for electrons 
emitted in different directions. We interpret this variation in terms 
of one-dimensional densities of states calculated by the KKR-CPA method 
for describing the energy bands in random alloys. 

10 1.1.16 Soft X-Ray Emission Spectra of CucNil-c Alloys16 - P. Durham, 
B. L. Gyorffy,lo C. Hague, l 7  G. M. Stocks, and W. E. Temmerman’’ 

We will present calculations and measurements of the LII,III soft 
x-ray emission spectra from various Cu-Ni alloys. The calculations are 
based on the solution of the KKR-CPA equations using the Andersen 
simplification of the structure constants. The matrix elements are 

7Laboratoire de Chimie Physique, Universitg Pierre et Marie Curie, 
Paris, France. 
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evaluated without  f u r t h e r  approximations.  The r e s u l t s  show s t r i k i n g  
non-rigid-band behaviour.  
t h e  maxima of t h e  N i  s p e c t r a  l i e  about 2 e V  above those  of Cu. Th i s  
i s  confirmed by t h e  experiment i n  which w e  used ESCA t o  determine t h e  
r e l a t i v e  p o s i t i o n  of t h e  c o r e  states. 

When p l o t t e d  wi th  r e s p e c t  t o  t h e  Fermi energy 

1 . 1 . 1 7  The Fermi Sur face  of Technetium from a Constant-Energy-Search 
KKR Band Theory Calculat ion1 '  - J . S. Faulkner 

We g e n e r a t e  two muff in- t in  p o t e n t i a l s  f o r  technetium using S l a t e r  
exchange and c a l c u l a t e  t h e  Fermi e n e r g i e s  and Fermi s u r f a c e s  ve ry  
a c c u r a t e l y  us ing  t h e  constant-energy-search KKR method. An exp lana t ion  
is proposed f o r  experimental  de  Haas-van Alphen f r equenc ie s  t h a t  were 
n o t  previously understood. 
low-temperature s p e c i f i c  h e a t  is  yo = 2.12 mJ/mol K2 f o r  t h e  b e t t e r  
p o t e n t i a l .  
i n  t h i s  pape r  f o r  c a r r y i n g  ou t  h igh ly  d e t a i l e d  c a l c u l a t i o n s  on hcp 
metals. 

The b a r e  band theo ry  c o n t r i b u t i o n  t o  t h e  

We demonstrate t h e  f e a s i b i l i t y  of u s ing  t h e  methods o u t l i n e d  

1.1.18 E l e c t r o n i c  Con t r ibu t ion  t o  t h e  Phonon Linewidth i n  Nb4 - 
W. H. But ler  and P .  B. A l l e n l 9  

Phonons have a f i n i t e  l i f e t i m e  and energy width because of t h e  
electron-phonon i n t e r a c t i o n .  We have c a l c u l a t e d  t h i s  l i newid th ,  
y (q) ,  as a f u n c t i o n  of c r y s t a l  momentum, q ,  and mode index,  A. Our 
c a l c u l a t i o n s  employ t h e  r i g i d  muff in- t in  approximation. Prel iminary 
r e s u l t s  show a g r e a t  d e a l  of s t r u c t u r e .  
i n  t h e  l o n g i t u d i n a l  mode f o r  $ = ( 0 . 7 , 0 , 0 ) 2 ~ r / a .  This  peak co inc ides  
w i t h  a pronounced d i p  i n  t h e  l o n g i t u d i n a l  phonon frequency. W e  a l s o  
d i s c u s s  t h e  p e c u l i a r  behavior of t h e  electron-phonon i n t e r a c t i o n  when 
viewed i n  real  space.  

X - f  -+ 

The most prominent peak is  

1.1.19 Electron-Phonon Coupling i n  t h e  T r a n s i t i o n  Metals: E l e c t r o n i c  
Aspects16 - W. H. B u t l e r  

The electron-phonon parameter X may b e  w r i t t e n  as t h e  product of 
t h e  Fe rmi  energy d e n s i t y  of s ta tes ,  N ( E F ) ;  t h e  Fe rmi  

We have c a l c u l a t e d  (I2) 

t h r e e  f a c t o r s :  
s u r f a c e  average of t h e  electron-phonon i n t e r a c t i o n ,  (I2); and a n  
e f f e c t i v e  i n v e r s e  l a t t i ce  f o r c e  c o n s t a n t ,  @, 

18Abstract  of Phys.  Rev. B 15: 5267 (1977) .  

IgDepartment of Physics ,  State  Un ive r s i ty  of New York, Stony Brook. 
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and N ( E F )  for eleven 4d transition metal systems using the rigid 
muffin-tin approximation. 
in (I2) , which is in good agreement with the empirical variation in 
(I2). 
atomic volume and as the first power of the fraction of R = 3 Fermi 
energy state density within the Wigner-Seitz cell. 
implications of our findings in regard to the search for systems 
with higher superconducting transition temperatures. 

We find a large but understandable variation 

It varies approximately as the inverse second power of the 

We discuss the 

1.1.20 Electron-Phonon Contribution to the Phonon Linewidth in Niobium: 
Theory and Experiment2O -W. H. Butler, H. G. Smith,21 and 
N. Wakabayashi21 

Phonons have a finite lifetime and energy width due to the electron- 
phonon interaction. In this paper we present theoretical calculations 
and experimental measurements of this linewidth. The calculations 
employ the rigid muffin-tin approximation and a realistic band structure. 
The measurements are done at low temperature to minimize the anharmonic 
contribution to the linewfdth. 
the longitudinal mode at q = (0.7,0,0)2~/a, which coincides with a 
pronounced dip in the longitudinal phonon frequency. The most prominent 
peak in both the calculated and measured linewidths is for the longi- 
tudinal mode near the N point. Our results indicate stronger electron- 
phonon coupling for the longitudinal modes than is observed in tunneling 
experiments. 

The calculations show a narrow peak in 

1.1.21 The Rigid Muffin-Tin Approximation for the Electron-Phonon 
Interaction in Transition Metals16 - W. H. Butler 

The rigid muffin-tin approximation (RMTA) is a simple and widely 
used ad hoc prescription for calculating electron-phonon matrix elements. 
According to the RMTA the change in crystal potential due to the 
displacement of a single atom is proportional to the spatial derivative 
of the ordinary band theory potential. We will present evidence that 
the RMTA works quite well for the transition metals, both in a global 
sense, yielding electron-phonon coupling constants, A ,  which are in 
reasonable agreement with experiment, and in a microscopic sense 
since it predicts phonon linewidths that are also in reasonable agree- 
ment with the experiment. The RMTA fails for the simple metals, 
however, indicating that the basis of its success f o r  the transition 
metals lies in the fact that transition metal atoms are "compact" 
scatterers. 

'Abstract of paper submitted to Physical Review Letters.  
21Solid State Divi-sion. 
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1.1.22 D i s l o c a t i o n  Loop Growth and Void Swell ing i n  Bounded Media 
by Charged P a r t i c l e  Damage22 - M. H. Yo0 

A system of p a r t i a l  d i f f e r e n t i a l  rate equa t ions  f o r  t h e  growth of 
d i s l o c a t i o n  loops  and vo ids  i n  one-dimensionally bounded media, such 
as t h e  s e m i i n f i n i t e  medium and t h e  f o i l ,  under charged p a r t i c l e  irra- 
d i a t i o n  h a s  been formulated i n  terms of t h e  d i f fus ion -con t ro l l ed  k i -  
n e t i c s  of d e f e c t  annea l ing  and c l u s t e r i n g .  Both time and space 
dependences of t h e  p o i n t  d e f e c t  gene ra t ion  r a t e ,  t h e  concen t r a t ions  
of f r e e  p o i n t  d e f e c t s ,  and t h e  s i z e s  of f i x e d  i n t e r n a l  s i n k s  are 
inc luded  i n  t h i s  rate theory  model. An e f f i c i e n t  numerical  method 
of i n t e g r a t i n g  t h e  rate equa t ions  i s  presented .  Example c a l c u l a t i o n s  
f o r  4-MeV s e l f - i o n  bombardment a t  823 K are made, and t h e  t i m e  and 
space dependences of loop growth and vo id  swe l l ing  are d i scussed .  

1.1.23 Poin t  Defect  I n t e r a c t i o n s  and Growth of D i s l o c a t i o n  Loopsz3 - 
M. H. Yo0 and J. 0. S t i e g l e r  

A d i r e c t  method of determining t h e  e f f e c t i v e  measure of t h e  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  d i s l o c a t i o n  loops  is  proposed. 
of p a r t i a l  d i f f e r e n t i a l  ra te  equa t ions  f o r  loop growth i s  formulated 
and so lved  numer ica l ly .  An in -s i tu  HVEM i r r a d i a t i o n  experiment was 
conducted t o  s tudy  growth k i n e t i c s  of d i s l o c a t i o n  loops  i n  n i c k e l  a t  725 K.  
Systematic  v a r i a t i o n s  of t h e  vacancy mig ra t ion  energy,  a, and t h e  
p re fe rence  f a c t o r  of d i s l o c a t i o n  loops  f o r  s e l f - i n t e r s t i t i a l s ,  6i, 
reveal t h a t  ,!$ = 1.2  e V  and B i  = 0.06 toge the r  y i e l d  r easonab le  
agreement between t h e  t h e o r e t i c a l  model and exper imenta l  obse rva t ions .  

A system 

1.1.24 E f f e c t s  of Short-Range Order on t h e  S p e c t r a l  Dens i ty  Funct ion 
f o r  a One-Dimensional Amorphous Sol id1* - D . G. H a l l z 4  and 
J .  S. Faulkner 

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 an amorphous s o l i d .  The model con ta ins  an  
a d j u s t a b l e  short-range o rde r  parameter a, and A ( Q , E )  i s  c a l c u l a t e d  
f o r  several v a l u e s  of a. The harmonic-osc i l la tor  Hamiltonian appro- 
p r i a t e  t o  l a t t i c e  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  

22Abst rac t  of a paper  presented  a t  t h e  San Diego irleeting of t h e  
American P h y s i c a l  Soc ie ty ,  March 21-24, 1977, publ i shed  as ORNL/TM-5789, 
(Apr i l  1977) ,  and accepted  f o r  p u b l i c a t i o n  i n  Journal of Nuclear Materials. 

P r o p e r t i e s  of Atomic Defects i n  Metals, he ld  i n  Argonne, Ill. 
O c t .  18-22, 1976. The conference  proceedings w i l l  be  publ i shed  i n  
Journal of Nuclear Materials. 

3Abst rac t  of a paper  p re sen ted  a t  t h e  I n t e r n a t i o n a l  Conference on 

24Presen t  addres s ,  Department of Phys ics  , Southern I l l i n o i s  Un ive r s i ty  , 
Edwardsvi l le .  
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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 are s t u d i e d  f o r  
nearest-neighbor  i n t e r a c t i o n s .  
are compared wi th  t h e  r ecen t  neu t ron - sca t t e r ing  measurements of Mook, 
Wakabayashi, and Pan. 

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  

1 . 2  X-RAY DIFFRACTION RESEARCH - H. L. Yakel and B. S .  Borie 

Research t a s k s  of t h e  X-Ray D i f f r a c t i o n  Group through t h e  p a s t  
yea r  have been d i v e r s e ,  f r u i t f u l ,  and s t i m u l a t i n g .  Our work has 
embraced a new t h e o r e t i c a l  approach t o  t h e  o l d ,  poorly understood 
problems of e x t i n c t i o n  i n  x-ray s c a t t e r i n g  from imperfect  c r y s t a l s ;  
a d e f i n i t i v e  u s e  of synchrotron r a d i a t i o n  t o  sea rch  f o r  suspected 
superheavy elements;  an at tempt  t o  un rave l  t h e  "chemical c r y s t a l l o -  
graphy" of an important rare  e a r t h  oxide; and a con t inu ing  demonstra- 
t i o n  of t h e  unique advantages and c a p a b i l i t i e s  of our r e c e n t l y  completed 
small-angle x-ray s c a t t e r i n g  camera. 
b r i e f  d e s c r i p t i o n s  of work i n  p r o g r e s s  o u t l i n e  our program's p r i n c i p a l  
t h r u s t s .  

The fol lowing a b s t r a c t s  and 

1.2.1 A Search wi th  Synchrotron Rad ia t ion  f o r  Superheavy Elements 
i n  Giant Halo I n c l u s i o n s 2 5  - C .  J .  Sparks,  Jr . ,  S.  Raman,26 
H. L.  Yakel, R.  V.  Gen t ry ,27  M. 0. Krause,28 and E .  R icc i2 '  

Evidence f o r  t h e  e x i s t e n c e  of several superheavy elements (SHE) 
between 2 = 114 and Z = 1 2 7  has been r e p o r t e d  on t h e  b a s i s  of p ro ton  
microprobe e x c i t a t i o n  of x-ray spectra from monazite i n c l u s i o n s  
e x t r a c t e d  from m i c a  i n  which t h e  i n c l u s i o n s  had generated g i a n t  h a l o  
d i s c o l o r a t i o n s  thought t o  arise from Q14-MeV a - p a r t i c l e s .  Weak peaks 
w e r e  observed i n  t h e s e  s p e c t r a  wi th  e n e r g i e s  and widths  t h a t  d i d  n o t  
correspond w e l l  w i t h  those  expected from known K l i n e s  of 5 t h  p e r i o d  
elements.  It was claimed t h a t  t h e  La1 l i n e  from 2 = 126 w a s  s een  i n  
f i v e  ou t  of s i x  i n c l u s i o n s  s t u d i e d .  Concentrat ions were e s t ima ted  t o  
be as high as s e v e r a l  hundred picograms f o r  Z = 124 (100 pg % 2 X 10l1 
atoms f o r  atomic mass 310) i n  one i n c l u s i o n ,  r a i s i n g  e x p e c t a t i o n s  
t h a t  a l a r g e  number of nuc lea r  spec t roscop ic  s t u d i e s  could be c a r r i e d  

25Abstracted from t h e  fol lowing:  Phys.  Rev. L e t t .  38: 205 (1977) ; 
an  i n v i t e d  paper  g iven  a t  t h e  American P h y s i c a l  Soc ie ty  Meeting, 
Feb. 7-10, 1977, Chicago, I l l . ;  and American P h y s i c a l  Soc ie ty  Meeting, 
A p r i l  25-28, 1977, Washington, D.C.  

6Phys ic s  Div i s ion .  

7 V i s i t i n g  s c i e n t i s t  a t  Oak Ridge Na t iona l  Laboratory from Columbia 

'Chemistry Div i s ion .  

90n i n t e r n a l  s a b b a t i c a l  l e a v e  from A n a l y t i c a l  Chemistry Div i s ion  

Union College,  Takoma Park,  Md., under NSF re sea rch  g r a n t  DES74-234s. 

t o  Metals and Ceramics Div i s ion .  
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o u t .  The very e x i s t e n c e  of p r imord ia l  SHE, i f  confirmed, would neces- 
s i t a t e  d r a s t i c  r e v i s i o n s  of many e x i s t i n g  i d e a s  concerning nucleosyn- 
t h e s i s  and n u c l e a r  theory.  

With p ro ton  e x c i t a t i o n ,  p o s s i b l e  confusion of SHE L x r a y s  can 
occur w i t h  overlapping K x r a y s  of 5 t h  pe r iod  elements ,  w i th  y r a y s  
produced by nuc lea r  r e a c t i o n s ,  and wi th  t h e  r a d i a t i v e  processes  from 
cerium and lanthanum t h a t  could g i v e  lower energy r a d i a t i o n  than t h e  
u s u a l  c h a r a c t e r i s t i c  energy. I n  t h e  case  of 2 = 126, i n t e r f e r e n c e s  
arise from T e  K x r a y s  and from a y r a y  e x c i t e d  i n  t h e  Ce(p,ny) 
r e a c t i o n  on cerium p r e s e n t  i n  t h e  i n c l u s i o n s .  These u n c e r t a i n t i e s  
can be e l imina ted  wi th  a tunab le  monochromatic photon source ,  s i n c e  
t h e  i n c i d e n t  energy can be v a r i e d  t o  b racke t  t h e  abso rp t ion  edge of 
i n t e r e s t .  Though t h e  K f luo rescence  e n e r g i e s  may overlap some of 
t h e  p r e d i c t e d  La1 ene rg ie s  of SHE, t h e  K binding e n e r g i e s  are about 
4 keV below t h e  SHE LIII edges,  a l lowing a unique c o r r e l a t i o n  of 
f luo rescence  e n e r g i e s  wi th  t h e i r  abso rp t ion  edges. 

f l u e n c e  i n  a continuous energy spectrum i n t o  t h e  x-ray region.  An 
experiment w a s  designed f o r  t h e  Stanford Synchrotron Rad ia t ion  P r o j e c t  
(SSRP),30 which u t i l i z e s  t h e  photon f l u x  from a s t o r a g e  r i n g  (SPEAR) 
operated by t h e  Stanford Linear  Acce le ra to r  Center (SLAC). A key 
f e a t u r e  of t h e  experiment w a s  a hot-pressed (bent  t o  a o O . l O - m  r a d i u s )  
p y r o l y t i c  g r a p h i t e  monochromator [2d = 0.671 nm (6.71 A)] w i th  0.4" 
mosaic spread (FWHM) l o c a t e d  1 7  m from t h e  source;  t h i s  monochromator 
c o l l e c t e d  2 mrad of r a d i a t i o n  i n  t h e  h o r i z o n t a l  p l ane  and h a l f  t h e  
t o t a l  v e r t i c a l  divergence of t h e  source.  For 37.5-keV photons (300 e V  
FWHM), t h e  focused f l u x  contained about 4 X loL6 photons/s  m2 when 
SPEAR operated a t  an e l e c t r o n  energy of 3.4 G e V  and a c u r r e n t  of about 
20 mA. The f luo rescence  x r a y s  were d e t e c t e d  w i t h  a S i ( L i )  d e t e c t o r  
16  mm diam by 5 mm deep mounted a t  90 ? 15' t o  t h e  i n c i d e n t  beam and 
p a r a l l e l  t o  t h e  p l ane  of t h e  synchrotron r i n g .  A s  t h e  synchrotron 
r a d i a t i o n  i s  h igh ly  p o l a r i z e d  wi th  i t s  e l e c t r i c  v e c t o r  i n  t h e  p l ane  
of a c c e l e r a t i o n ,  t h e  Rayleigh ( e l a s t i c )  and Compton ( i n e l a s t i c )  s c a t t e r  
from t h e  sample and mounting f i b e r  are minimized a t  t h i s  ang le .  

No evidence was found f o r  t h e  e x i s t e n c e  of superheavy elements i n  
t h e  range of 2 from 105 t o  129, and, i n  p a r t i c u l a r ,  no evidence w a s  
found f o r  2 = 126 a t  concen t r a t ions  of about 5 X lo9 atoms pe r  i n c l u -  
s i o n  o r  about 1-2 ppm by weight.  

140 

E l e c t r o n s  c i r c u l a t i n g  i n  s t o r a g e  r i n g s  provide an  i n t e n s e  photon 

'Supported by t h e  Nat ional  Science Foundation under c o n t r a c t  w i th  
Stanford Un ive r s i ty .  
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1 . 2 . 2  The Use of I n t e n s e  Photon Fluxes from S to rage  Rings f o r  
D e f i n i t i v e  I d e n t i f i c a t i o n  of Less than  lOl0 Atoms31 - C. J .  Sparks,  
H. L. Yakel, R. V.  Gen t ry ,27  S .  RamanYz6 D. Holcomb,32 
M. 0. Krause,28 A. M i l l e t , 3 3  and E .  R i c ~ i ~ ~  

An experiment u s i n g  photon-induced e x c i t a t i o n  t o  a i d  i n  t h e  s e a r c h  
f o r  superheavy elements w a s  cons t ruc t ed  f o r  use a t  t h e  S tan fo rd  Synchrotron 
Rad ia t ion  P r o j e c t . 3 0  The i n t e n s e  and broad energy spectrum of photons 
emit ted by e l e c t r o n s  c i r c u l a t i n g  i n  s t o r a g e  r i n g s  p e r m i t s  s e l e c t i o n  by 
c r y s t a l  monochromation of optimum photon e n e r g i e s  f o r  e x c i t i n g  t h e  f luo -  
r e scence  of i n t e r e s t .  I n  p a r t i c u l a r ,  t h e  i n d i c e n t  energy can be tuned 
t o  j u s t  above and below t h e  abso rp t ion  edge of an element,  a l lowing a 
unique c o r r e l a t i o n  of f l u o r e s c e n t  e n e r g i e s  wi th  t h e  a b s o r p t i o n  ene rg ie s .  
Though t h e  f l u o r e s c e n t  e n e r g i e s  may o v e r l a p ,  t h e r e  i s  no ove r l ap  of both 
t h e  f l u o r e s c e n t  e n e r g i e s  and t h e i r  a b s o r p t i o n  edges. 

energy r eg ion  of 35 keV i s  combined w i t h  e x t r a p o l a t e d  c r o s s  s e c t i o n s ,  
f l u o r e s c e n t  y i e l d s ,  and r a d i a t i v e  p a t h s  of t h e  proposed superheavy 
elements t o  p r e d i c t  a d e t e c t a b i l i t y  of less than 10” atoms. 
d e t e c t a b i l i t i e s  are p o s s i b l e  w i t h  SPEAR ope ra t ing  a t  e l e c t r o n  e n e r g i e s  
i n  excess  of t h e  3.4 GeV used i n  t h e s e  experiments.  Shown i n  Fig.  1.1 
i s  t h e  x-ray f l u o r e s c e n t  s i g n a l  obtained from (4 .6  2 1 . 7 )  X lo9 cadmium 
atoms loaded i n t o  Dow c a t i o n  exchange r e s i n  beads of about 75 ym diam. 
This  spectrum w a s  obtained wi th  SPEAR o p e r a t i n g  a t  3.64 GeV and 22 mA. 
The s o l i d  a n g l e  i n t e r c e p t e d  by t h e  d e t e c t o r  can be e a s i l y  inc reased  
t e n f o l d .  

Design c o n s i d e r a t i o n  f o r  t h e  x-ray o p t i c s  and photon d e t e c t i o n  
equipment w i l l  be d i scussed .  Examination of e leven 50-100-pm-diam 
monazite i n c l u s i o n s  t h a t  produced unusual radiation-damage e f f e c t s  
( g i a n t  h a l o s )  i n  a mica ma t r ix  f a i l e d  t o  g i v e  evidence f o r  superheavy 
elements a t  t h i s  s e n s i t i v i t y  level i n  any of t h e  i n c l u s i o n s .  The 
i n t e n s e  x-ray f l u x  generated by s t o r a g e  r i n g s  w i l l  p e r m i t  mic roana lys i s  
of materials a t  concen t r a t ion  levels of p a r t s  p e r  b i l l i o n .  

The c a l c u l a t e d  photon f l u x  from t h e  s t o r a g e  r i n g ,  SPEAR, i n  t h e  

Lower 

1.2.3 The C r y s t a l  S t r u c t u r e  of Monoclinic Europia - H. L.  Yakel 

C o l l e c t i o n  of a d i f f r a c t e d  i n t e n s i t y  d a t a  se t  from a s i n g l e  
c r y s t a l  of monoclinic B-Eu203 i n  t h e  normal l a b o r a t o r y  atmosphere 
w a s  suspended when i t  became apparent  t h a t  t h e  c r y s t a l  w a s  undergoing 
s u b t l e  changes as t h e  experiment progressed.  These changes w e r e  
manifested by o p t i c a l  p r o p e r t i e s  ( t h e  c r y s t a l  appeared c o l o r l e s s  
r a t h e r  t han  p ink  i n  t r ansmiss ion )  and by small  v a r i a t i o n s  i n  l a t t i c e  

’Abstract  of paper p re sen ted  a t  t h e  Third Annual S tan fo rd  Synchro- 
t r o n  Rad ia t ion  P r o j e c t  Users Group Meeting, Stanford Linear  Acce le ra to r  
Center ,  S t an fo rd ,  C a l i f . ;  a b s t r a c t  i n  SSRP Report 76 /11 ,  Oct. 28-30, 1976. 

3 2 P l a n t  and Equipment Div i s ion ,  r e t i r e d .  

31nstrumentat ion and Controls  D iv i s ion .  
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Fig. 1.1. X-Ray Fluorescence Detection of 4 . 6  X lo9 Cadmium Atoms. 

parameters and the magnitudes of certain diffraction maxima. 
hypothesize that the crystal may be slowly reacting with an atmospheric 
component such as water or carbon dioxide. 

To test this hypothesis, we have sealed B-Eu203 crystals into 
capillaries containing a short column of water and have observed their 
diffraction patterns over a period of several months. 
crystals exhibited a2 unmistakable triclinic distortion in+which+the 
angle between b and c remained go', but the angle between b and a 
increased to 90.04' f 0.01'. 
the other two and, unlike them, containing a monoclinic twin orienta- 
tion, exhibited no distortion. 
clinic crystals were unsealed, heated at 175'C for 18 hr to remove 
the water, and resealed in a helium-filled dry box. 
will be reexamined to assess any resultant changes in lattice symmetry 
and dimensions. 
been exposed to ambient atmospheres are also scheduled. 

We 

Two of three 

The third crystal, more perfect than 

The capillaries containing the tri- 

These crystals 

Experiments with B-Eu203 crystals that have never 
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1.2.4 C r y s t a l  S t r u c t u r e  of L i T e 3  - H. L. Yakel 

Agreement of observed d i f f r a c t e d  i n t e n s i t i e s  from a c r y s t a l  of 
L i T e 3  w i th  those  p red ic t ed  by modulated three-dimensional (MS3) group 
theory  i s  q u a l i t a t i v e l y  good enough t o  guarantee  t h e  e s s e n t i a l  c o r r e c t n e s s  
of t h e  modulated s t r u c t u r e . 3 4  The r e l a t i v e  s i m p l i c i t y  of t h e  b a s i c  
L i T e 3  s t r u c t u r e  and i t s  modulation makes p o s s i b l e  a meaningful test  
of t h e  d e t a i l e d  q u a n t i t a t i v e  a p p l i c a b i l i t y  of MS3 methods. 
ou t  such a t e s t ,  w e  have s e l e c t e d  s u i t a b l y  s i z e d  L i T e s  c r y s t a l s  f o r  
c a r e f u l  q u a n t i t a t i v e  measurements of d i f f r a c t e d  i n t e n s i t i e s  from which 
t h e  c r y s t a l  s t r u c t u r e  may be determined by convent iona l  methods and 
t h e  r e s u l t  compared wi th  t h e  MS3 p r e d i c t i o n s .  

To c a r r y  

1 .2 .5  Experimental  Tests of EXAFS Using Alloys i n  Known Sta tes  of 
Order35 - B. S. Bor ie ,  0. B. Cavin, and H. L.  Yakel 

W e  have measured extended x-ray abso rp t ion  f i n e  s t r u c t u r e  (EXAFS) 
a t  K edges i n  e lementa l  Cu, N i ,  and Fe f o i l s ,  t h e  LIII edge i n  a gold 
f o i l ,  and t h e  corresponding edges of t h e s e  elements  i n  f o i l s  of CusAu 
and Ni3Fe a l l o y s  i n  p re sc r ibed  s ta tes  of o r d e r . 3 6  Cata are being 
i n t e r p r e t e d  by an a n a l y t i c  Four i e r  t ransform method and by a s y n t h e t i c  
method based on t r a n s f e r a b i l i t y  of back- sca t t e r ing  ampli tudes and 
phases.  Resu l t s  t o  d a t e  f a i l  t o  show s i g n i f i c a n t  changes i n  EXAFS 
p a t t e r n s  wi th  o rde r  i n  t h e  a l l o y s  s t u d i e d .  

3 8  1 . 2 . 6  Laves Phases of Uranium and 3d T r a n s i t i o n  Metals37 - E. C. Beahm, 
C. A .  Culpepper ,38 and 0. B. Cavin 

Laves phases  of uranium and 3d t r a n s i t i o n  metals have been i n v e s t i -  
ga ted  t h e o r e t i c a l l y  and exper imenta l ly .  
bonds w a s  used t o  c a l c u l a t e  bond numbers and d o r b i t a l  p a r t i c i p a t i o n  
i n  bonding. L i m i t s  t o  compound formation were found t o  be  r e l a t e d  t o  
l i m i t s  i n  d o r b i t a l  hybr id i za t ion .  Simple equa t ions  are presented  t o  
c a l c u l a t e  i n t e ra tomic  d i s t a n c e s  and composition l i m i t s  of t h e  Laves 
phases.  Latice c o n s t a n t s  f o r  Laves phases  i n  t h e  U-Cr-Fe, U-Cr-Co, 
U - C r - N i ,  and U-Cr-Fe-Ni systems are a l s o  presented  and d i scussed .  

P a u l i n g ' s  d e s c r i p t i o n  of m e t a l  

34D. Y. Valen t ine ,  0. B. Cavin, and H. L. Yakel, "On t h e  C r y s t a l  

35Work supported by t h e  Exploratory S tud ie s  Program of t h e  Oak Ridge 

36Experiments performed a t  t h e  S tanford  Synchrotron Radia t ion  

S t r u c t u r e  of L i T e 3 , "  Acta Crysta7,lographica, i n  p r e s s .  

Nat iona l  Laboratory.  

P r o j e c t ,  which i s  supported by t h e  Nat iona l  Science Foundation under 
c o n t r a c t  wi th  S tanford  Univers i ty .  

37Abs t r ac t  of J .  Less-Common Met. 50: 57-71 (1976) .  
'Chemical Technology Divis ion .  
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1.2.7 General Solution to the Darwin Transfer Equations with 
Absorption - B. S. Borie 

The Darwin transfer equations, which are generally used to correct 

No assumptions concerning the absorption 

Efforts are currently under way to find certain 

integrated intensity measurements for secondary extinction, have been 
solved without approximation. 
coefficient have been made, and our solution is applicable to crystals 
of any size and shape. 
integration constants, which appear in our solution, from boundary 
conditions. Preliminary indications are that the constants may be 
found in a straightforward way. 

Our result will allow us for the first time to plot real intensity 
distributions inside any crystal (whose mosaic character is compatible 
with the transfer equations) in both the incident and diffracted beams. 
We expect our result to cast light on the problem of correcting integrated 
intensity measurements for secondary extinction. 

1.2.8 On the Observation of Forbidden Bragg Maxima for White Tin39 - 
B. S. Borie 

It is shown from symmetry considerations that nearly half of the 
recently reported forbidden diffraction maxima from white tin cannot 
be interpreted in terms of either anharmonic thermal motion or non- 
spherical atomic charge distributions. 

1.2.9 One- and Two-Dimensional Position-Sensitive X-Ray and Neutron 
Detectors4' - R. W. Hendricks 

In this paper, position encoding techniques based both on electric 
analysis of signals for gas-filled ionization and proportional counters 
and on fluorescent screens coupled to image intensifiers and TV recording 
systems are discussed. 
strengths and weaknesses are compared, and selected examples are given. 

Their principles of operation are illustrated, 

1.2.10 The ORNL 10-m Small-Angle X-Ray Scattering Camera41 - 
R. W. Hendricks 

A new small-angle x-ray scattering camera, which uses a rotating 
anode x-ray source, crystal monochromatization of the incident beam, 
pinhole collimation, and a two-dimensional position-sensitive propor- 
tional counter, has been developed. Because the sizes of the x-ray 

'Abstract of paper submitted for publication to Physiea Status SoZidi. 
40Abstract of Trans. Am. CrystaZZogr. Assoc. 12: 103-46 (1976). 

41Abstract of paper submitted to JoumaZ of AppZied CrystaZZography. 
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focal spot, the sample, and the resolution element of the detector 
are each approximately 1 X 1 mm, the camera was designed so that the 
focal-spot-to-sample and sample-to-detector distances may each be varied 
in 0.5-m increments up to 5 m to provide a system resolution in the 
range 0.5 to 4.0 mrad. A large, general-purpose specimen chamber has been 
provided into which a wide variety of special-purpose specimen holders can 
be mounted. The detector has an active area of 200 X 200 mm and has up to 
200 x 200 resolution elements. The data are recorded in the memory of a 
minicomputer by a high-speed interface, which uses a microprocessor to 
map the position of an incident photon into an absolute minicomputer mem- 
ory address. With this interface, over lo5 events per second can be 
recorded. The data recorded in the computer memory can be processed on- 
line by a variety of programs designed to enhance the user's interaction 
with the experiment. 
sensitivity correction, contour and perspective plotting of the two- 
dimensional data, a variety of averaging schemes for determining circular 
averages and/or one-dimensional slices of the data, file management pro- 
gram to handle the large quantity of data produced by a two-dimensional 
detector, and an interactive package for communications with a central 
computing facility via a dedicated hardwired link. At the highest angu- 
lar resolution ( 0 . 4  mrad) the flux incident on the specimen is 1.0 X lo6 
photons/s with the x-ray source operating at 45 kV and 100 mA. 
performance of the instrument is demonstrated with several examples, among 
which are scattering patterns from voids in neutron-irradiated nickel, 
plastically deformed polyethylene, and collagen fibrils. Results from a 
kinetic study of the crystallization of polyethylene are also reported. 

Among these are routines for background and detector 

The 

1.2.11 Research Applications of the ORNL 10-m Small-Angle X-Ray Scattering 
Camera - R. W. Hendricks, J. S. Lin, and R. D. Carlson 

The ORNL 10-m small-angle x-ray scattering camera has now been in 
operation for approximately one year. During that time the instrument 
has proven its versatility and power through application to a wide 
variety of both ORNL- and university-sponsored research problems. 

In cooperation with the Radiation Effects Group (K. Farrell, 
F. W. Wiffen), we have been examining voids in neutron-irradiated 
Ni, A l ,  Mo, and Nb. Void sizes and swelling obtained by SAXS agree 
well with electron microscopy results in all cases. In aluminum and 
nickel, data are obtained in less than 15 min per sample with Cu Ka 
radiation, while in molybdenum the measuring time is 1 to 3 hr because 
of the shorter x-ray wavelength (Mo Ka) used and the resulting lower 
efficiency of the detector (22%). In polycrystalline molybdenum 
samples with a void lattice, Debye-Scherrer lines from the lattice 
are clearly observed, thus giving an accurate void lattice parameter 
measurement. Similar measurements on neutron-irradiated molybdenum 
are currently in progress with a group from the University of Cincinnati 
(J. Moteff). Special problems arise with niobium because the irradiated 
samples emit Nb Ka and Nb KB radiation, which straddles the Mo Ka radia- 
tion used in our preliminary experiments. 
nated through use of a 6-filter and Ag Ka x rays. 

This problem will be elimi- 
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In cooperation with the Ceramic Studies Group (C. S. Yust, 
L. A. Harris), we have undertaken an investigation of microporosity 
and microinclusions in an Illinois No. 6 coal by both SAXS and TEN. 
Such measurements allow us to determine the pore size spectrum, which 
is important for an understanding of coal gasification processes. 
Highly anisotropic void shapes have been observed in pyrocarbons in 
a collaborative study with W. H. Bragg of the University of California. 

we are investigating the total surface area of an alumina-supported 
cobalt molybdate catalyst. After annealing at 900°C, the surface area 
drops precipitously and intermediate phases form. Presumably there 
is an incipient melting and sintering. No such effect is observed 
on heat treatment of the naked support. Also in cooperation with the 
Chemistry Division (A.  H. Narten, C. Musikas), we are studying the 
effect of varying pH on the coalescence (or "polymerization") in aqueous 
solutions of uranyl acetate. The size of the clusters changes signifi- 
cantly with only modest changes in pH. 

investigating the potential of the instrument for biophysical research. 
In cooperation with the Biology Division (D. E. Olins), we are studying 
the structure of chromatin subunits (V bodies or nucleosomes) and their 
organization in chromatin fibers. In an attempt to understand the 
mechanism of light stimulation of rhodopsin, we are undertaking an 
investigation of conformational changes in the purple membrane of 
HaZobacterizuri HaZobiwn with a group from the Medical School of the 
University of California at San Francisco (W. Stoeckenius). Finally, 
we are studying the growth of apatite crystallites in the developing 
teeth of infant rats. This work is in conjunction with scientists 
at Loyola University (Chicago) (M. E. Druyan). 

state has been developed between our group and the Universities of 
Delaware, Denver, and Massachusetts, with an additional project being 
undertaken with the University of Cincinnati. S. K. Baczek and R. S. Stein 
(University of Massachusetts) have been utilizing the unique properties 
of the camera to measure asymmetry in the scattering curves of polyethy- 
l ene  as a function of plastic deformation. New theoretical advances 
in the analysis of ths mechanism of deformation are being developed as 
a result of heretofore unavailable quantitative data. J. M. Schultz 
(University of Delaware) is measuring the kinetics of crystallization 
of polyethylene utilizing the unique high-speed data acquistition 
features of the camera. Here, a diffraction pattern of an isothermally 
solidifying polymer is recorded every 30 s. Such experiments were 
impossible before the development of this camera. These experiments 
could be performed in approximately 3 s, thus significantly increasing 
the range of undercoolings that could be studied, when the proposed 
upgrade of the camera with a 60-kW source is completed. P. Predecki 
(University of Denver) has been investigating very small changes in 
long-period spacing of polyoxymethylene as a function of heat treatment 
in his attempt to understand the mechanisms of crystallization of 
polymers. Here, large numbers of specimens have been measured in a 
short period of time, 

In a joint experiment with the Chemistry Division (E. L. Fuller, Jr.), 

Through a grant from the ORNL Exploratory Studies Program, we are 

An active program for the characterization of polymers in the solid 

The data obtained did not require correction for 
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collimation effects as in traditional experiments because the new camera 
operates in poi.nt geometry. 

Finally, in a program with the University of Florida (J. Lehman, 
R. W. Gould), techniques are being developed for the characterization 
of small (4 pm) particulates of concern for environmental protection. 
We are particularly concerned with the determination of bimodal distri- 
butions of particle sizes. 

1 . 2 . 1 2  Studies of Voids in Neutron-Irradiated Aluminum Single Crystals. 
111. Determination of Void Surface Properties42 - R . W. Hendricks, 
J. Schelten,43 and G. L i ~ p m a n ~ ~  

Anisotropic small-angle scattering has been measured with 0.8-nm 

n/m2 (>0.18 MeV) 
neutrons from an aluminum single crystal containing 0.8 vol % octahedral 
voids created by exposure to a fluence of 1.7 X 

at 55'C. The scattering law in the (111 ) directions follows K - ~  
[ K  = 47T(Sin e)/X] while in (100  ) it follows K - ~  after correction 
for the contribution from a small fraction (0.0014 v o l  % >  of cubical 
voids. From the ratio of the intensity in these two directions, as 
determined in an experiment in which the data were recorded at a fixed 
scattering vector length while the crystal was rotated about [ U O ] ,  
the mean truncation parameter of the octahedra was found to be 0.19 k 
0.02. From this value, the ratio of the specific surface free energy 
for these two planes is yloo/y111 = 1.40 5 0.03. 
this value and the value 1.03 determined for aluminum containing helium 
bubbles by Nelson, Mazey, and Barnes is associated with contamination 
of the surfaces by transmutation-produced silicon. 

The discrepancy between 

1.2.13 Annealing Studies of Voids in Neutron-Irradiated Aluminum Single 
Crystals by Positron Annihilati~n~~ - V.  W. Lindberg," 
J. D. M~Gervey,~' R. W. Hendricks, and W. TrifthZ~ser~~ 

We have measured positron lifetimes and the angular correlation of 
annihilation radiation in neutron-irradiated high-purity aluminum 
single crystals, and have performed companion small-angle x-ray scatter- 
ing experiments t o  determine the radius of gyration and volume fraction 
of radiation-induced voids. The lifetime data are consistent with a model 
in which positrons are trapped both in voids and in other defects, which 
are tentatively identified as vacancy clusters bound to transmutation- 
produced silicon. The lifetime of the latter defects increased from 
230 to 430 ps as the voids annealed out (around 306OC), suggesting 

42Abstract of paper submitted to PhiZosophical Magazine. 

31nstitut fiir Festkorperforschung, Kernforschungsanlage, Jilich, 

44Abstracted from paper to be published in PhilosophicaZ Magazine. 

45Physics Department, Case Western Reserve University, Cleveland, Ohio. 

West Germany. 
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that the clusters grow in size as voids disappear. 
voids remained constant at (550 rt 30) ps. 
are consistent with the lifetime results. 
ment showed less than 1% positronium formation in the voids. The results 
support the Hodges and Stott model of a surface state for a positron 
in a void. 

The lifetime in 
Angular correlation results 
A magnetic quenching experi- 

1 . 2 . 1 4  X-Ray Excitation of Surface Plasmons on Spherical Voids in 
Metals4' - T. L. Ferrel,47 J. C. Ashley,47 and R. W. Hendricks 

The cross section for x-ray excitation of surface plasmons on a 
spherical void in an electron gas is derived by use of a hydrodynamical 
approximation. The result is compared with the cross sections for 
elastic scattering from the void and other inelastic processes such 
as scattering from bulk plasmons in order to provide information on 
the feasibility of detecting such surface plasmon excitations experimen- 
tally. Possible applications to the study of the mechanisms of void 
nucleation and growth are discussed. 

1.2.15 Final Report of the International Project for the Calibration 
of Absolute Intensities in Small-Angle X-Ray Scatteringh8 
(Submitted to the International Union of Crystallography) - 
R. W. Hendricks and L. B. Shaffer49 

An international intercomparison project was undertaken to test 
the reproducibility and the comparative accuracy of the various absolute 
intensity calibration techniques in current use in small-angle x-ray 
scattering, with the participation of 15 investigators from eight 
different laboratories in six countries. In the project, the absolute 
differential x-ray scattering cross sections of standard samples of 
glassy carbon and polystyrene were calibrated by five different techni- 
ques at two different x-ray wavelengths. The results have been inter- 
compared by use of a variety of statistical techniques. It is concluded 
that angularly dependent errors associated with determining the zero 
of angle, dead-time corrections, and collimation corrections are more 
important in accounting for discrepancies between laboratories than 
are differences in the absolute intensity calibration methods themselves. 

46Abstract of PhiZos. Mag. 3 4 :  929-35 ( 1 9 7 6 ) .  

48Abstract from paper to be published in Journal of Applied 
7Health Physics Division. 

Cry staZ Lography . 
'Physics Department , Anderson College, Anderson, Ind. 
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1.2.16 High-speed Memory Increment Hardware f o r  t h e  MODCOMP IIS0 - 
J .  C.  Twichel151 and R. W. Hendricks 

A high-speed i n t e r f a c e  between 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  coun te r  and a general-purpose minicomputer is  desc r ibed .  
A very f a s t  microprocessor is  used f o r  addres s  mapping and custom 
input-output  microcode i s  used f o r  d i r e c t  memory increment t o  ach ieve  
d a t a  rates i n  excess  of 100 kHz. 

1.2.17 Software t o  Augment t h e  C a p a b i l i t y  of MODCOMP Computers Through 
I n t e r a c t i o n  wi th  a Large Computing CenterSo - R. W. Hendricks,  
J. S. Lin,  N.  A.  bet^,^' and R. L. Stephenson5* 

The Oak Ridge Na t iona l  Laboratory has  a c e n t r a l  computing f a c i l i t y ,  
which c o n t a i n s ,  among o t h e r  equipment, an IBM 360/75, and IBM 360/91, 
t h r e e  CALCOMP pen-and-ink p l o t t e r s ,  and a CALCOMP CRT p l o t t e r .  
machines have shared p e r i p h e r a l s  and a common Computer Communications, 
Inc .  CC-70 as a front-end processor  f o r  t e l e p r o c e s s i n g  of remote ba t ch  
e n t r y  t e rmina l s .  A s  a p a r t  of t h e  new 10-m small-angle x-ray s c a t t e r i n g  
spectrometer ,  t h e  Metals and Ceramics Div i s ion  of t h e  Laboratory has  
i n s t a l l e d  a MODCOMP I1 computer f o r  c o n t r o l  of t h e  dev ice  and c o l l e c t i o n  
of l a r g e  d a t a  a r r a y s  from a two-dimensional p o s i t i o n - s e n s i t i v e  propor- 
t i o n a l  coun te r .  
our experiments and because some of t h e  d a t a  processing is beyond t h e  
c a p a b i l i t y  of t h e  d a t a  a c q u i s i t i o n  machine, t h e  MODCOMF has been hard- 
wired t o  t h e  CC-70 as an IBM 2780 remote j o b  e n t r y  t e rmina l  u s ing  t h e  
b ina ry  synchronous communication p ro toco l .  Communication i s  through 
a Model 4815 synchronous communications c o n t r o l l e r  o p e r a t i n g  a t  9600 
baud over s t anda rd  te lephone l i n e s .  
t u n i t y  t o  augment t h e  c a p a b i l i t i e s  of t h e  MODCOMP I1 by c r e a t i n g  so f tware  
t h a t  a l lows f u l l  u t i l i z a t i o n  of t h e  I B M  r e sources .  The p r e s e n t  paper 
d e s c r i b e s  fou r  such so f tware  packages designed t o  p rov ide  t h e  MODCOMP I1 
w i t h  access t o  t h e  I B M  2314 d i s k  d r i v e s ,  t h e  high-speed l i n e  p r i n t e r s ,  
and t h e  CALCOMJ? p l o t t e r s .  

The IBM 

Because of t h e  l a r g e  q u a n t i t y  of d a t a  c o l l e c t e d  by 

Th i s  s i t u a t i o n  p rov ides  t h e  oppor- 

1.3 FUNDAMENTAL CERAMICS STUDIES - C. S .  Yust 

The o b j e c t i v e s  of t h i s  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  
The of t h e  fundamentals of high-temperature phenomena i n  ceramic s o l i d s .  

t o p i c s  of immediate i n t e r e s t  are t h e  deformation of ceramic systems, 

"Abstract  of paper p re sen ted  a t  t h e  Second Annual ModComp Users' 
Exchange, F o r t  Lauderdale,  F l a . ,  Dec. 5-6, 1976; t o  be publ ished i n  t h e  
proceedings by Modular Computer Systems, Inc . ,  F o r t  Lauderdale.  

51Department of Nuclear Engineer ing,  U n i v e r s i t y  of Wisconsin, Madison. 

''Computer Sciences Div i s ion .  
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erosion processes in refractory oxides, and the stability of ceramic 
phases at high temperature. In addition, the types, sizes, and distri- 
bution of the microconstituents in coal are being studied by transmission 
electron and optical microscopy and small-angle x-ray scattering. 
properties of nuclear fuel materials have also been under investigation. 

Thermal 

1.3.1 Erosion Processes in Ceramics - C. S. Yust 

The study of the erosion process in ceramics has continued. The 
objective is a more complete understanding of subsurface damage mecha- 
nisms in well defined ceramic systems. A series of samples, including 
both single-phase and more complex microstructures, has been subjected 
to erosion in the Lawrence Berkeley Laboratory high-temperature erosion 
test device. 
in an inert environment. The angle of impingement of the particles 
varied from 25 to 90' .  The erosion damage is currently being analyzed 
by scanning and transmission electron microscopy. 
electron microscope results indicate that significant plastic deforma- 
tion may be associated with the impact of a particle on alumina and 
mullite surfaces during room-temperature erosion. The initial trans- 
mission results on an alumina-silica composition support the indication 
of plastic deformation by the existence of extensive dislocation arrays 
in the matrix surrounding an impact pit. 

Samples were tested at room temperature and at 5OOOC 

The initial scanning 

1.3 .2  Nuclear Fuel Properties53 - R. L. Beatty 

Apparatus has been constructed for both radial and axial heat 
flow thermal conductivity measurements on (U,Pu)C fuels. The radial 
flow apparatus allows variation of atmospheric pressure, temperature, 
and composition, and fuel particles have been measured in this system. 
Also, the effect of applied force on the conductivity of the Sphere- 
Pac fuel bed has been measured in the axial heat flow apparatus. We 
have developed equipment that simulates the temperature gradient encoun- 
tered in a fuel pin for fuel-cladding compatibility tests. Although 
a heating arrangement for the fuel that does not alter its carbon acti- 
vity is difficult to establish, a system has been devised that permits 
analysis of the carbon depletion of the fuel. 

53This work was performed at the Swiss Federal Institute for 
Reactor Research during foreign assignment of R. L. Beatty. 
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1 . 3 . 3  Comparison of Pyrolytic Carbon Microstructures Derived from 
MAPP Gas and Propylene54 - P. Krautwasser,55 C. S. Yust, 

~ 

V. J. Tennery, and R. L. Beatty 

The microstructure of pyrocarbon HTGR fuel particle coatings formed 
by pyrolysis of organic gases depends strongly on the deposition conditions. 
Microstructural variations induced by change of deposition gas have 
been studied by use of small-angle x-ray scattering, transmission 
electron microscopy, and plasma oxidation etching. The combined use 
of these techniques and others to define the microstructure is discussed. 

1.3.4 A Study of Factors Affecting Elemental Analyses by STEM54 - 
L. A .  Harris, D. N. Braski, and C. S. Yust 

The results of a study of the effect of sample holder materials 
on scanning transmission electron microscope elemental analyses is 
reported. Copper, beryllium, and graphite were the materials included. 
Data are presented on the contributions to the noise level and elemental 
analyses by x rays scattered from the holders. Special emphasis is 
placed on data obtained from the analysis of mineral inclusions in coal. 

1 . 3 . 5  Electron Microscopy of Coal  constituent^^^ - L. A .  Harris, 
D. N. Braski, and C. S. Yust 

A high-volatile bituminous coal (Hvab) has been studied by means 
of a 120-kV scanning transmission electron microscope (STEM) equipped 
with an energy dispersion unit for elemental analyses. Submicrometer 
minerals intimately associated with the organic matrix were located 
and identified by both elemental and electron-diffraction analyses 
performed on the same particle. Particles as s m a l l  as 20 nm in diameter 
were analyzed. 
observed in the electron microscope image revealed mineralogical differ- 
ences within these features. 

Elemental mapping across apparently homogeneous regions 

54Abstract of a paper to be published in Ceramic Microstructures 
'76' (Proc. 6th Intern. Mater. Symposium, Berkeley, Calif., 
Aug. 24-27, 1976). 

'Guest Scientist from Institut fcr Reaktorwerkstoffe, Kernforschungs- 
anlage, Jclich, West Germany. 

56Abstract of a paper to be published in Microstructural Science, 
Vol. 5 (Proc. Intern. Metallographic SOC., Seattle, Wash., July 1976). 
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1.3.6 The Use of Reflectivity Standards in an Image Analysis System56 - 
L. A. Harris 

The use of automated image analysis systems in coal petrography 
is being examined. This technique requires a volumetric analysis of 
the coal constituents as well as a reflectivity determination of the 
vitrinite maceral. Reflectivity standards normally used in determining 
the reflectance of vitrinite in coal samples for ranking purposes were 
correlated with threshold control settings on Quantimet models B and 
720. 
The effects of variables such as wavelength, television image size, 
objective lens magnifications, and use of oil or air objectives were 
studied. 

The reflectivity was nearly linear in the threshold setting. 

1 . 3 . 7  Quantitative Analyses of Pyrite in Coal by Optical Image 
Techniques57 - L. A. Harris, E. T. Rose, L. DeRoos,58 and 
J. GreeneS8 

The feasibility of applying optical image analysis methods for 
volumetric analyses of pyrite in coal was studied. The results of 
analyses for total surface areas agree well with data obtained by 
chemical methods. Problems associated with the determinations are 
explored and error sources are discussed. Comparative analytical 
data are given for pyrite in three separate coals. 

1 . 3 . 8  Direct Determination of Pyritic and Organic Sulfur by Combined 
Coal Petrography and Microprobe Analysis59 - L. A. Harris, 
C .  S. Yust, and R. S. Crouse 

A method for determining organic and pyritic sulfur in coals by 
combined coal petrography and microprobe analyses (CPMA) was studied. 
The CPMA technique yielded results that agree well with chemical 
analyses of the same samples. In addition, this method reveals the 
distribution of the organic sulfur among the macerals. 

1.3.9 Compatibility of Fuel, Fission Products, and Construction 
Materials - J. Brynestad60 and S. L. Bennett 

Tellurium is a fission product that causes intergranular embrittle- 
ment in some transition-metal-base construction materials. The stabilities 
of selected transition metal tellurides have been determined by vapor 

57Abstract of paper to be published in Economic GeoZogy. 

58Products Certification Division, Oak Ridge Y-12 Plant. 

59Abstract of a paper accepted for publication in FueZ. 
'Now in Chemistry Division. 
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pressure measurements by the Knudsen effusion weight-loss technique. 
The experimental study of the Cr plus Cr.~Tes-~ system, the last of 
the series, has just been completed. The partial pressure of Te2 
(or Te) has been related to the experimentally measured total rate 
of mass loss along with the temperature, the effective orifice area, 
and the equilibrium constant for the dissociation of the dimer. 
Several experiments were performed over the temperature region 850 to 
114OOC with effective orifice areas varying by a factor of 20. There 
were no changes, within experimental error, in the derived Te2 (or Te) 
partial pressures, demonstrating that equilibrium had been achieved 
within the Knudsen cells. The composition of the phase boundary 
between Cr.~Tee-~ and (Cr.~Tes-~ + Cr) was determined over this tempera- 
ture range. Values of S:g8, HF - H Z 9 8 ,  and SF - S Z 9 8  for Cr7Te~-~ will 
be estimated. The third-law AB&s for the decomposition of this phase 
into Cr plus Te2, based on these estimates and the experimental Te2 
pressures, will be compared with the A H Z 9 8  derived from the second-law 
treatment. 

The measurement of the enthalpy of the PZ- to Bl-Ni3Te~ transforma- 
tion and the measurement of the tellurium partial pressure as a function 
of composition over the single-phase Ni3Tez-x region now complete our 
study of the nickel-tellurium system. 

1.4 PREPARATION AND SYNTHESIS OF HIGH-TEMPERATURE AND SPECIAL SERVICE 
MATERIALS - G. W. Clark 

The growth of crystals and the directional solidification of 
eutectics of refractory materials constitute our central theme. We 
continue to devise and improve methods of crystal growth and directional 
solidification, to develop increased understanding of crystal growth 
processes and kinetics, and to provide materials needed in research. 
Crystals are grown by several methods: by internal zone growth, by 
temperature-gradient zone melting, from molten-salt solvents, from 
supercritical aqueous systems, by edge-defined film-fed growth, by the 
Bridgman method, and by the Verneuil method. During this report period, 
our crystals were shared for investigating electron spin resonance, 
optical and elastic properties, deformation, field emission, and 
electronic oscillator quality. We are investigating selected physical 
properties, both those related to the crystal growth process and those 
important for characterizing new compounds and eutectic structures. 
Of specific consideration is the use of metal oxide-metal eutectic 
composites as MHD electrode material and turbine components. 

We have initiated an inquiry into the use of directionally solidi- 
fied complex eutectic composites as special tool materials. A direc- 
tionally solidified ceramic-metal eutectic composite may offer a better 
microstructure for use as tool material than the fine-grained composites 
commonly used in cutting and drilling. Properly chosen, such a ceramic- 
metal system might provide superior mechanical properties and better 
wear resistance. 
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C a l c u l a t i o n s  made i n  1976 p r e d i c t e d  t h e  oxygen p a r t i a l  p re s su re ,  
Poz t h a t  would be  r e q u i r e d  f o r  equ i l ib r ium between t h e  Cr203-Cr e u t e c t i c  
and i t s  melts and t h e  Cr203-Mo e u t e c t i c  and i t s  m e l t .  I n  1977 
t h e  c a l c u l a t i o n s  were f u r t h e r  extended t o  p r e d i c t  equ i l ib r ium Po2 f o r  
o f f - e u t e c t i c  composi t ions and superheated m e l t s  of e u t e c t i c  and o f f -  
e u t e c t i c  composi t ions.  The c a l c u l a t i o n s  sugges t  t h a t  t h e  v a r i a t i o n  of 
Po2 of C1-203-Mo melts w i t h  composi t ion and temperature  i s  s u f f i c i e n t l y  
l a r g e  t o  a l low t h e  h igh  supe rhea t s  u s u a l l y  r e q u i r e d  t o  d i r e c t i o n a l l y  
s o l i d i f y  o f f - e u t e c t i c  composi t ions t o  produce e u t e c t i c - l i k e  s t r u c t u r e s .  

f i x e d  gas  mixture  t h e  m e l t  can be superheated on ly  a very  few degrees  
be fo re  t h e  metal component is oxid ized  o r  t h e  oxide i s  reduced. I n  
o t h e r  words, because of t h e  small superhea t  l i m i t ,  t h e  C r 2 0 3 - C r  compo- 
s i t e  would be  extremely d i f f i c u l t  t o  grow by I n t e r n a l  Zone Growth and 
most open c r u c i b l e  techniques .  These p r e d i c t i o n s  are p r e s e n t l y  be ing  
exper imenta l ly  v e r i f i e d .  

t h e  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 metal-metal oxide  e u t e c t i c  composites 
should prove very  u s e f u l  i n  extending c o n t r o l l e d  s o l i d i f i c a t i o n  t o  
o t h e r  oxide-metal systems. Th i s  work a l s o  sugges t s  t h e  manner i n  which 
t h e  same ques t ion  can be posed f o r  s u l f i d e ,  oxysu l f ide ,  f l u o r i d e ,  chlo-  
r i d e ,  and n i t r i d e  systems should an  i n t e r e s t  develop i n  t h a t  d i r e c t i o n .  

C a l c u l a t i o n s  f o r  t h e  C r 2 0 3 - C r  e u t e c t i c  system i n d i c a t e  t h a t  f o r  a 

The c r i te r ia  developed f o r  c a l c u l a t i n g  r equ i r ed  v a l u e s  of Po2 f o r  

1 . 4 . 2  LaCrOs and Y C r 0 3  E u t e c t i c s  w i t h  W ,  Mo, and C r  - J .  D .  Holder,  
R.  A .  H a r t z e l l , b l  and G .  W .  C lark  

Several rare e a r t h  chromites  have been i d e n t i f i e d  as p o t e n t i a l  
MHD e l e c t r o d e  materials, p a r t i c u l a r l y  LaCrO3.  S ince  C r 2 O 3 ,  LazO3 ,  and 
Y 2 O 3  were known t o  form e u t e c t i c s  w i t h  Mo and W ,  and C r 2 O 3  a l s o  forms 
a e u t e c t i c  w i t h  C r y  w e  presupposed t h a t  LaCrO3 and YCr03 would form 
e u t e c t i c s  wi th  t h e s e  metals. The Po,-oxide m e l t  c r i t e r i o n  f o r  oxide- 
metal e u t e c t i c  melts (d iscussed  i n  Sect. 1 . 4 . 1 )  p r e d i c t e d  chemical ly  
s t a b l e  m e l t s  over a r easonab le  range of tempera ture  and oxygen p a r t i a l  
p r e s s u r e  f o r  a l l  s i x  systems. 

Gas mixtures  of CO w i th  CO2 and HP wi th  H 2 0  a t  0 .1  MPa (1 atm) 
t o t a l  p r e s s u r e  were c a l c u l a t e d  t o  g i v e  t h e  d e s i r e d  P ~ ~ - t e m p e r a t u r e  
range.  Melting w a s  achieved by rad iof requency  h e a t i n g  hot-pressed 
p e l l e t s  of t h e  v a r i o u s  mixtures  i n  a co ld  c r u c i b l e  furnace .  Eu tec t i c -  
l i k e  s t r u c t u r e s  were observed i n  t h e  LaCr03-W, LaCrO3-Mo, L a C r O 3 - C r ,  
YCr03-W,  YCrO3-Mo, and Y C r 0 3 - C r  systems. Melt ing p o i n t s  of Mo and 
W mixtures  were n e a r  1950°C and those  of C r  mix tu res  near 1 6 5 O O C .  We 
b e l i e v e  t h i s  s t r o n g l y  i n d i c a t e d  t h e  presence  of a e u t e c t i c  i n  each 
system i n v e s t i g a t e d .  

'Graduate s t u d e n t  a t  Carnegie-Mellon Un ive r s i ty ,  P i t t s b u r g h ,  
Pa. ,  and summer p a r t i c i p a n t  a t  ORNL. 
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1.4.3 Directional Solidification by Internal Zone Growth of Cr203-Mo 
Eutectic Composites - J. D. Holder and G. W. Clark 

In mid-1976 scale-up to 50-mm-diam samples was made to match the 
radiofrequency characteristics of Cr203-Mo mixtures to the Internal 
Zone Growth (IZG) technique for directional solidification. Late in 
1976, the directional solidification of a 100-mm-long, 50-mm-diam sample 
was successfully accomplished. Unfortunately, thermal cracking in the 
composite grains prevented the mechanical and physical testing of 
these large samples. To reduce the thermal cracking tendencies as the 
eutectic composite grown from the melt, we returned to 20-mm-diam samples, 
which would allow a heat treatment of the solidified composite in the 
present IZG furnace. 

have made I Z G  very difficult. To circumvent this problem we decided 
to tailor the material to the IZG technique. The LaCr03-Mo and 
La,-xSrxCrO,-Mo systems are presently being investigated. 

A new I Z G  furnace is being designed to allow for much larger post 
heaters and so increase the freedom to grow larger diameter samples. 

The radiofrequency heating characteristics of a 20-mm-diam sample 

1.4.4 Soret-Modified Eutectic Constitutional Supercooling Criterion - 
J. D. Holder 

Extremely large thermal gradients are believed to exist at the 
solid-liquid interface during the directional solidification of oxide- 
metal eutectic composites by Internal Zone Growth.62 Since heat flow 
can partially unmix chemical components in a homogeneous liquid phase 
by the Soret effect, the eutectic constitutional supercooling criterion 
of Mollard and Flemings6 was rederived to include thermally induced 
mass flow. The Soret-modified criterion introduces a multiplication 
factor, which will raise or lower the required minimum ratio of thermal 
gradient to growth rate to avoid dendritic growth in off-eutectic compo- 
sitions. The multiplication factor is a function of the Soret diffusion 
coefficient, chemical diffusion coefficient, liquidus slopes, eutectic 
composition, and bulk composition. The analysis indicates that for the 
systems of present interest in oxide-metal eutectic growth, the Soret 
effect will cause very little departure from the earlier criterion. 

62J. E. Holder and G. W. Clark, "Directional Solidification by 
Internal Zone Melting of Cr203-Mo Composites," pp. 107-13 in Conf. In- 
Situ Composites-11, ed. by M. R. Jackson, H. L. Walter, F. D. Lemkey, 
and R. W. Hertzberg. Xerox Individualized Publishing, 1976. 

63F. R. Mollard and M. C. Flemings, Trans. Met. Soc. AIME. 239: 
1534-46 (1967). 
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1.4.5 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 WC-Co Melts - F e l i x  Yen and G. W. Clark 

The growth of WC-Co composites w i t h  d i r e c t i o n a l l y  o r i e n t e d  c a r b i d e  
f i b e r s  has  been i n i t i a t e d .  This  i s  a c o n t i n u a t i o n  of our o v e r a l l  e f f o r t  
a t  understanding complex metal-ceramic systems. Desp i t e  i t s  wide a p p l i -  
c a t i o n s  as i n s e r t s  and d r i l l  b i t s ,  no t  much has been r epor t ed  on the  phase 
e q u i l i b r i a  of t h e  WC-Go system. One of our  f i r s t  e f f o r t s  i s  t o  e s t a b l i s h  
t h e  experimental  c o n d i t i o n s  f o r  s t a b l e  c a r b i d e  formation and t o  prevent  
t h e  p r e c i p i t a t i o n  of me tas t ab le  c a r b i d e s  wi th  less i d e a l  p r o p e r t i e s .  The 
WC-Co melts are  being contained i n  alumina c r u c i b l e s  i n  an Ar-4% HP atmo- 
sphe re  and s o l i d i f i e d  a t  slow rates. 
phology of t h e  composite, t h e  growth c o n d i t i o n s ,  and t h e  composition w i l l  
be  determined. 
of s i n t e r e d  ca rb ides .  
a t h i r d  metal o r  c a r b i d e  component i s  t o  be i n v e s t i g a t e d .  

The r e l a t i o n s h i p  between t h e  mor- 

The mechanical p r o p e r t i e s  w i l l  be a s ses sed  a g a i n s t  t hose  
The improvement i n  p r o p e r t i e s  by t h e  a d d i t i o n  of 

1.4.6 Hard Metal-Ceramic Composites - F e l i x  Yen and G. W. Clark 

We are f a b r i c a t i n g  complex composites by hot-pressing and l i q u i d -  
phase s i n t e r i n g .  
f i c a t i o n  and a l s o  t h e  importance of t h e  metallic component t o  t h e  proper- 
t ies  of t h e  high-density composite. 
c o n s i s t  of c a r b i d e s  and bo r ides  l i k e  WC, T i c ,  and T i B 2 .  The 19-mm-diam 
samples  are being hot-pressed i n  a g r a p h i t e  d i e  under an a p p l i e d  load 
of about 3.4 MPa (500 p s i ) .  
ab ras ion  resistance, and bending s t r e n g t h  are t o  be determined. Phase 
d i s t r i b u t i o n  and i d e n t i f i c a t i o n  w i l l  be i n v e s t i g a t e d  wi th  e l e c t r o n  
microscopy and x-ray d i f f r a c t i o n .  

The o b j e c t i v e  i s  t o  understand t h e  mechanism of dens i -  

The metal-ceramic systems of interest  

Mechanical p r o p e r t i e s  such as hardness ,  

1 . 4 . 7  S p e c i a l  Tool Materials - S. L. Bennett and G.  W. Clark 

The l i t e r a t u r e  w a s  searched f o r  two-phase systems c o n s i s t i n g  of 
a s u i t a b l e  meta l  phase and a hard (or  probably hard)  b o r i d e  phase. A 
number of systems were found of which Fe-(TiBZ,ZrB2,HfB2), Ni-CrsB3, 
(V, C r  ,Mo, W ,  Re) - Z r B z  , Fe-TaBeB, (Fe, VCo 3 ,  V N i  3 )  -VN, (TaNi3 , T a N i z  , T a N i )  - 
TaB, and o t h e r s  appear t o  be promising cand ida te s .  

W e  e s t a b l i s h e d  t h a t  e u t e c t i c s  e x i s t  between t h e  metals Fe, Co, 
and N i  and t h e  corresponding t e r n a r y  b o r i d e s ,  M02MB2,  and w e  have d e t e r -  
mined t h e  approximate e u t e c t i c  temperatures  and compositions. 
are compatible wi th  alumina up t o  180OOC. The Vickers microhardness of 
t h e  t e r n a r y  bo r ides  ranges from 2000 t o  2600 kg/mm2 (100-g l o a d s ) ,  w i t h  
t h e  nickel-molybdenum bor ide  being a t  t h e  low end of t h e  range. Direc- 
t i o n a l  s o l i d i f i c a t i o n ,  by t h e  Bridgman method, of t h e s e  e u t e c t i c  b o r i d e  
systems w i l l  begin immediately. 

All systems 
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1.4.8 Hydrothermal Growth of Single-Crystal CdS - 0 .  C. K ~ p p ~ ~  

Acicular and prismatic single crystals of hexagonal CdS up to 2 mm 
long have been grown hydrothermally in type 304L stainless steel vessels. 
The largest crystals have been grown from 1 N and 2.5 N RbOH solvent at 
temperatures near 4OOOC and pressures near 100 MPa. Experimental evi- 
dence to date indicates that growth rates improve at higher temperatures 
and pressures; however, linear corrosion becomes excessive under those 
conditions. If the conditions for growing large single crystals of 
CdS hydrothermally can be attained, more perfect crystals of this 
important photoelectric material might be produced than is now possible 
by melt and vapor transport techniques at much higher temperatures. 

1.4.9 Czochralski Growth of High-Purity Single-Crystal Fayalite (FezSiO4) - 
C. B. Finch and 0 .  C. K ~ p p ~ ~  

Czochralski growth of single-crystal fayalite has been accomplished 
by use of a gas-cooled seed, a moist Ar-4 v o l  % H2 [Po, = 10 VPa 
(lo-' atm) ] atmosphere, and a platinum crucible. The crystallization 
temperature was near 12OO0C, and the crystals were grown at approximately 
3 mm/hr. Fayalite is thought to be one of the important constituents 
of the Earth's mantle. The crystals produced here will be used for 
mechanical properties study at ORNL (by C. S. Yust), for shock propaga- 
tion studies (by T. J. Ahrens of California Institute of Technology), 
and for creep studies (by S. Kirby of the National Center for Earthquake 
Research). 

1.4.10 Edge-Defined, Film-Fed Growth of Mn2SiO4-MnO Eutectic Composites: 
Effect of Die-Top Geometry on Solidification Interface Shapeb3 - 
C. B. Finch, J. D. Holder, G. W. Clark, and H. L. Yakel 

The effect of die-top geometry (planar, convex, or concave) on 
solidification interface shape was investigated during edge-defined, 
film-fed growth (EFG) of Mn:!SiOt+-MnO eutectic composites. The composites 
were solidified as a function of growth rate ( 3  to 30 mm/hr) from melts 
of the initial compositions MnzSiO4-15 and -29 mol % MnO. Banding 
effects attest that the solidification interfaces have contours that 
approach the die-top geometries used. 
smaller than l-pm-diam MnO rods in an MnnSiOs matrix was obtained at 
growth rates below 15 mm/hr. 
intervals suggest mock lateral growth of the matrix. Independent of 
die-top geometry, an unbanded cellular microstructure predominated in 
boules grown at 20 mm/hr or more. 

An aligned microstructure of 

Discontinuities in rod growth at 1 to 5 Dm 

4Research participant from the Department of Geological Sciences, 
University of Tennessee, Knoxville. 

65Abstract of J .  C r y s t .  Growth 37:  245-52 (1977). 
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1.4.11 Crystal Growth of Calcium Oxide from the Molten Solvent 
LiF-20 mol % CaF, (ref. 66) - C. B. Finch, G .  W. Clark 
and M. M. Abraham6.’ 

Calcium oxide single crystals up to 2 X 2 X 3 mm were grown from the 
molten solvent LiF-20 mol % CaFz in the temperature range 1200 to 125OOC. 
A thermal gradient technique (10°C/6 cm) with sealed platinum vessels was 
used for runs up to four weeks in duration. The best crystals are color- 
less, transparent rectangular parallelepipeds, with good (100) facial 
development. The crystals were identified by x-ray diffration, which 
indicated a lattice parameter of 481.00 4 0.02 pm. The principal impuri- 
ties in inclusion-free crystals are 1000 ppm F and 100 ppm Li. The tech- 
nique was used to prepare CaO crystals intentionally doped with gadolinium. 

1.4.12 Self-Luminescence of Several Fluorite-Structure Halides Doped 
with Curium or Berkelium68 - C. B. Finch, R. L. Fellow,69 
and J. P. Young70 

The self-luminescence emission spectra of several fluorite-structure 
halides doped with 0.1 cation % 244Cm or 249Bk were measured in the range 
15 x l o 5  to 45 X 105/m (220 to 700 nm) between 295 and 600 K. The hosts 
studied included CaF,, SrF,, BaF2, and SrCl, for Cm and BaF, and SrC1, 
for Bk. The room-temperature spectra of the Cm-doped samples all have 
relatively sharp peaks at approximately 16.5 X 105/m and broad, asymmetric 
bands with maxima near 35 X 105/m (fluorides) or 28 X 105/m (SrC12). 
sharp peaks are attributed to the Cm dopant and are stable to at least 
600 K, while the broad bands appear to be associated with host anion 
centers and disappear on sample heating. The room-temperature spectrum 
of Bk-doped BaF2 also displayed an anion-related band at 35 x 105/m, 
while that of Bk-doped SrClz has both an anion band at 28 X 105/m and a 
peak at 19 X 105/m (believed to be an additional host effect). 
luminescence intensity of all samples decreased with room-temperature 
storage but could be partially restored by annealing. 

The 

The 

1.4.13 Crystal Growth of Monoclinic Euz03 from Molten NaF6’ - 
S. L. Bennett, C. B. finch, H. L. Yakel, J. Brynestad, and 
G. W. Clark 

6 0  

High-purity monoclinic Euz03 single crystals were grown from the 
molten solvent NaF at temperatures between 1160 and 12OO0C. The impetus 

“Abstract of paper accepted for publication in Journal of C r y s t a Z  
Growth. 

7Solid State Division. 

68Abstract of paper submitted for publication. 

’Department of Chemistry, University of Tennessee , Knoxville. 
‘Analytical Chemistry Division. 
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f o r  c r y s t a l  growth was convect ive mass t r a n s p o r t  over a 10  t o  40°C 
s o l u t i o n  temperature d i f f e r e n t i a l  between Eu203 n u t r i e n t  and s e l f -  
forming n u c l e i .  
Four-week runs  produced t r a n s p a r e n t  a c i c u l g r  c r y s t a l s  up t o  0.2 X 

0.2 X 5 mm w i t h  well-developed (101) and {201) prism f a c e s .  
s e n t a t i v e  samples were c h a r a c t e r i z e d  by x-ray d i f f r a c t i o n  and o p t i c a l  
methods. Mass spectrochemical  a n a l y s i s  i n d i c a t e d  a c r y s t a l  p u r i t y  
exceeding 99.99%, w i t h  < 3  ppm N a y  3 ppm F, and 1 ppm P t  as p e r t i n e n t  
i m p u r i t i e s .  

Platninum vessels were used i n  a n  argon atmosphere. 

Repre- 

1 .5  STABILITIES OF MICROPHASES I N  HIGH-TEMPERATURE STRUCTURAL MATERIALS - 
J. M. Lei tnaker  and G. M. Goodwin 

We have i n i t i a t e d  a program t o  s tudy  t h e  s t a b i l i t i e s  of microphases,  
e s p e c i a l l y  as in f luenced  by t h e  welding process .  I n i t i a l l y ,  t h e  program 
i s  designed t o  be d e s c r i p t i v e  of f i r s t  t h e  m i c r o s t r u c t u r e  of t h e  weld and 
then  t h e  r e l a t i o n s h i p  of m i c r o s t r u c t u r e  t o  mechanical p r o p e r t i e s .  We 
i n t e n d  t h a t  t h e  program cover both a u s t e n i t i c  and f e r r i t i c  materials, 
a l though most e f f o r t  i n i t i a l l y  w i l l  be  spen t  on a u s t e n i t i c  welds. F i n a l l y ,  
as our  understanding grows, w e  hope t o  be a b l e  t o  model t h e  welding p rocess  
t o  i n d i c a t e  t h e  i n f l u e n c e  of v a r i o u s  parameters on t h e  behavior of a g iven  
weld. 

1 . 5 . 1  I n v e s t i g a t i o n  of Ferri te Content of A u s t e n i t i c  Welds - 
J. M. Lei tnaker  and D.  P. Edmonds 

That composition a f f e c t s  t h e  amount of f e r r i t e  i n  welds has  been 
known f o r  some t i m e .  
of f e r r i t e  and m a r t e n s i t e  as a f u n c t i o n  of chromium and n i c k e l  equiva- 
l e n t s  w a s  publ ished i n  t h e  "40s".  However, t h e  S c h a e f f l e r  diagram 
cannot a c c u r a t e l y  p r e d i c t  t h e  amount of f e r r i t e  f o r  a v a r i e t y  of weld- 
i n g  parameters, as Table 1.1 makes clear f o r  16-8-2 weld m e t a l  i n  t ype  
316 s t a i n l e s s  steel. Examination by o p t i c a l  microscopy r evea led  v a r i a -  
t i o n s  i n  & f e r r i t e  w i t h i n  a p a r t i c u l a r  weld as g r e a t  as among t h e  
t h r e e  welds l i s t e d  i n  Table 1.1. 

Magne-Gage, changed markedly. (The f e r r i t e  number is an approximate 
measure of  t h e  volume p e r c e n t  f e r r i t e  p r e s e n t . )  For example, changes 
i n  f e r r i t e  number from about 2 t o  22 were noted i n  a s i n g l e  h e a t .  
Other h e a t s  v a r i e d  n e a r l y  as much; some v a r i e d  only a l i t t l e .  Trans- 
mission e l e c t r o n  microscopy r evea led  t h a t  M23C6 had p r e c i p i t a t e d  
around t h e  a - f e r r i t e  phase and e f f e c t i v e l y  removed t h e  carbon from 
s o l u t i o n .  
i n  t h e  S c h a e f f l e r  diagram and moved t h e  sample i n t o  a r e g i o n  of both 
h ighe r  f e r r i t e  and m a r t e n s i t e  c o n t e n t s .  

The S c h a e f f l e r 7 '  diagram d e s c r i b i n g  t h e  amount 

On aging a t  650 and 730"C, f e r r i t e  numbers, as measured w i t h  a 

The removal of carbon on ag ing  reduced t h e  " n i c k e l  equivalent ' '  

A. L. S c h a e f f l e r ,  "Se lec t ion  of A u s t e n i t i c  E lec t rodes  f o r  7 1  

Welding Dissimilar Metals," WeZding J .  20: 6 0 1 - 6 2 0 - s  (1947) 
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Table 1.1. 
Calculated Ferrite Values (16-8-2 Welds) 

Comparison of Measured Versus 

Ferrite Number 

a 
Measured Calculated 

b Heat 

1 1.8-3.2 

2 2.1 

3 7 .O-16.0 

0 

7 

12 

%ith a Magne-Gage. 

bBy the Schaef f ler formula. Similar 
discrepancies would be obtained by other 
equations. 

The transition from y to a appears from transmission electron 
microscopy to take place in two different ways: 
transformation and (2) by a diffusional mechanism. The martensitic 
transformation is revealed by a heavily deformed region and was shown, 
by selected area diffraction, to be a mixture of y + a. 
relationship found between the two phases [ ( 2 l l I y  I I  (311) 3 is typical 
of an austenite-martensite transformation. 
mation on aging appeared to have taken place by diffusion was also found. 
However, the identification of ferrite was based on an electron diffraction 
pattern designed to produce desirable image constrast. 
less than satisfactory for phase identification and must be regarded as 
tentative. Further examination of both as-welded and aged structures is 
under way. 

(1) by a martensitic 

The orientation 

A region in wffich transfor- 

This method is 

1.5.2 Consequences of Composition Variations in &Ferrite of Welds - 
J. M. Leitnaker and J. Bentley 

On aging at approximately 920 K, &-ferrite regions in cast structures, 
of which welds are a special example, can transform to sigma phase. 
This behavior is well known, and internal cracking at the austenite- 
sigma phase interfaces is the principal mode of failure in these struc- 
tures. 
does not, apparently, occur.) 
that within a given structure some &ferrite remains untransformed. 

We analyzed a number of &ferrite regions in aged welds. 
consisted of regions that had partially transformed and included some 
in which we could see no evidence of transformation. Analysis was by 

(Internal cracking at the 6-ferrite-austenite phase interfaces 
However, Stiegler et a1.72 have shown 

These 

72J. 0. Stiegler, R. T. King, and G. M. Goodwin, "Effect of Residual 
Elements on Fracture Characteristics and Creep Ductility of Type 308 
Stainless Steel Weld Metal," J .  Eng. Mater. T'echnoZ. 97(3): 245-50 
(July 1975). 
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x-ray f l u o r e s c e n t  a n a l y s i s  (EDAX) on thinned e l e c t r o n  microscopy samples .  
R e s u l t s  i n d i c a t e  t h a t  t h e  p r e c i s i o n  i n  Cr/Fe atom r a t i o s  is w i t h i n  
0 .01  a t  t h e  0.30 l e v e l .  The Cr/Fe r a t i o s  i n  sigma phase v a r i e d  between 
0.50 and 0 . 8 4 .  The Cr/Fe r a t i o  i n  t h e  f e r r i t e  a s s o c i a t e d  wi th  a given 
sigma p a r t i c l e  always showed a lower v a l u e  than  t h e  Cr/Fe r a t i o  i n  t h e  
sigma phase.  
One f e r r i t e  r eg ion  with no v i s i b l e  sigma showed a Cr/Fe r a t i o  of 0.28. 
These d a t a  suggest  t h a t  compositions va ry  between f e r r i t e  r e g i o n s  as 
w e l l  as w i t h i n  f e r r i t e  r eg ions .  Measurements on unaged s imulated 
16-8-2 welds r evea led  C r / F e  r a t i o s  va ry ing  between 0.23 and 0.32. 

i n  t r ans fo rma t ion  behavior noted by S t i e g l e r  e t  a l .  Transformation of 
f e r r i t e  t o  sigma could r a t i o n a l l y  be p o s t u l a t e d  t o  occur more r a p i d l y  
wi th  inc reased  C r  con ten t .  I n  agreement wi th  t h i s  p o s t u l a t i o n ,  we see 
s i g n i f i c a n t  v a r i a t i o n  i n  C r  con ten t  of f e r r i t e  r eg ions .  Note t h a t  t h e  
reason f o r  C r  v a r i a t i o n  among t h e  d i f f e r e n t  f e r r i t e  r e g i o n s  i s  s t i l l  
unknown. 

The Cr/Fe r a t i o s  i n  t h e  f e r r i t e  v a r i e d  from 0 . 2 4  t o  0.38. 

These obse rva t ions  provide a p a r t i a l  exp lana t ion  t o  t h e  d i f f e r e n c e s  

1 . 5 . 3  I n v e s t i g a t i o n  of Thermodynamic Parameters i n  Systems of I n t e r e s t  
f o r  Welding - D. J. Bradley, R. 0. W i l l i a m s ,  and J. M. Le i tnake r  

The i n f l u e n c e  of minor elements on t h e  behavior of welds is  espe- 
c i a l l y  s i g n i f i c a n t .  They appear t o  prevent  o r  enhance 0-phase formation;  
t o  c o n t r o l ,  i n  c e r t a i n  i n s t a n c e s ,  m a r t e n s i t i c  behavior ;  and t o  c o n t r i b u t e  
s t r o n g l y  t o  mechanical p rope r ty  behavior .  
a q u a n t i t a t i v e  understanding of t h e  i n f l u e n c e  of t h e s e  elements i s  neces- 
s a r y .  W e  are a t t a c k i n g  t h i s  problem i n  two ways: 
thermodynamic a c t i v i t i e s  of carbon i n  i ron -  and nickel-base a l l o y s ,  
i nc lud ing  t h e  i n f l u e n c e  of common a l l o y i n g  elements  and major i m p u r i t i e s ;  
and (2) we are p u t t i n g  t h e  r e s u l t s  i n  a formalism developed by Kohler.  

A c t i v i t y  c o e f f i c i e n t s  f o r  carbon i n  t e n  d i f f e r e n t  nickel-base a l l o y s  
w e r e  s t u d i e d  a t  t h r e e  temperatures:  1170, 1370, and 1490 K. T h e  r e s u l t s  
are g iven  i n  Table 1 .2 .  
c o e f f i c i e n t  of carbon i n  n i c k e l ,  and chromium f u r t h e r  dec reases  i t ;  
molybdenum, on t h e  o t h e r  hand, i n c r e a s e s  ca rbon ' s  a c t i v i t y  c o e f f i c i e n t .  

a t  1170 K. Chromium a t  t h e  2.25 w t  % l e v e l  dec reases  t h e  a c t i v i t y  
c o e f f i c i e n t  of carbon i n  i r o n ,  wh i l e  s i l i c o n  a t  t h e  1 w t  % level h a s  
t h e  o p p o s i t e  e f f e c t .  
t h e  a c t i v i t y  c o e f f i c i e n t .  
nickel-base a l l o y s ,  but  they hope fu l ly  w i l l  n o t  need t o  be.  

t h e  excess  f r e e  e n e r g i e s  of s o l u t i o n  of a l l  components of a multicom- 

To model t h e  behavior of welds,  

(1) w e  are measuring 

7 3  

Addit ion of t i t a n i u m  dec reases  t h e  a c t i v i t y  

W e  have begun s tudying t h e  a c t i v i t y  of carbon i n  iron-base a l l o y s  

Molybdenum a t  t h e  1 w t  % l e v e l  s l i g h t l y  i n c r e a s e s  
The d a t a  are n o t  n e a r l y  so  complete as f o r  

The Kohler formalism i s  being t e s t e d  as a method of d e s c r i b i n g  t h e  

ponent a l l o y .  To t h e  e x t e n t  t h a t  such a d e s c r i p t i o n  i s  
could then  w r i t e  f o r  each component 

p o s s i b l e ,  one 

3F. Kohler,  "Zur Berechnung d e r  Thermodynamischen 
T e r n k e n  Systems a u s  den ZugehGrigen b i n s r e n  Systemen," 
91: 738-40 (1960). 

Daten e i n e r  
Monatsh. Chem. 
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Table  1 .2 .  Carbon A c t i v i t y  C o e f f i c i e n t s  as a 
Funct ion of Temperatures 

Content,  a t .  %; Balance, N i  A c t i v i t y  Coef f i c i en ta  (y,) 

1370 K 1490 K T i  Mo C r  1170 K 

2.5 0 0 
2.5 8 0 
2.5 0 8 
2.5 4 0 
2 . 5  0 4 
2.5 ' 8 8 
2.5 8 4 
2 .5  4 8 
3.6 0 0 

Nickel  270 

1 2 0  k 3 56.2 5 1 . 3  3 7 . 9  4 0.2 
157b 70.7 ? 2.6  46.5 4 1.5 
124: 5 0 . 9  4 0 .9  33.1 f 0 . 5  
1 4 8  65.7 ? 2 . 4  44.2 k 0 . 8  
125 f 1 54.2  ? 0.9 35 .5  f 0.7 

4 2 .  3b 
58.2  k 2.4 3 5 . 0  L 0 . 4  
48 .3  4 2.4 31.1 5 0.3  

1 1 2  k 2 51.1 4 0.7 36.8  ? 0.5 
1 2 8  f 2 5 9 . 9  k 0 . 8  3 9 . 1  k 0.7 

~~ ~ 

a The s tandard  s ta te  f o r  carbon i s  pure g r a p h i t e  and t h e  acti- 
v i t y  c o e f f i c i e n t  i s  c a l c u l a t e d  from t h e  equat ion  A, = ycXc, where 
A, and X, have t h e i r  u sua l  meaning, a c t i v i t y  and mole f r a c t i o n ,  
r e s p e c t i v e l y .  To f i x  carbon a c t i v i t i e s ,  w e  used s imul taneous ly  
e q u i l i b r a t e d  i r o n  samples and t h e  equat ion  by J. Chipman, "Thermo- 
dynamics and Phase Diagram of t h e  Fe-C System," MetaZZ. Trans. 
3: 5 5 - 6 4  (January 1 9 7 2 ) .  

t h e  a c t i v i t y .  
bThe a c t i v i t y  c o e f f i c i e n t  w a s  determined a t  only one va lue  of 

A(pure) * A(so1n i n  a l l o y )  

and g ive  t h e  a c t i v i t y  of element A as a func t ion  of temperature  and 
composition. 

The advantage of t h e  Kohler formula t ion  is  - t o  t h e  e x t e n t  t h a t  
t h e  equat ions  are obeyed - t h a t  one need do only a l i m i t e d  number of 
experiments.  Using t h e  d a t a  obta ined  w e  i n t end  t o  i n v e s t i g a t e  t h e  e r r o r  
involved i n  us ing  t h e  assumption. 

1 . 5 . 4  Thermodynamics of P r e c i p i t a t e s  i n  Materials of Welding I n t e r e s t  - 
J. M. Le i tnaker  and D. J .  Bradley 

The thermodynamic d e s c r i p t i o n  of t h e  c o n s t i t u e n t s  of an  a l l o y  
i s  a l s o  important  i n  desc r ib ing  t h e  s t a b i l i t y  of p r e c i p i t a t e  phases.  
We are beginning t o  d e s c r i b e  t h e  composition of p r e c i p i t a t e s  w i t h  more 
p r e c i s i o n  than he re to fo re .  This  i s ,  of course ,  a f i r s t  s t e p  i n  a 
q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  s t a b i l i t y  of a p r e c i p i t a t e .  



We have i n v e s t i g a t e d  MC-type p r e c i p i t a t e s  i n  nickel-base a l l o y s  
and have shown t h a t  both t h e  m e t a l  and carbon c o n t e n t s  can va ry  widely.  
I n  nickel-base a l l o y s  con ta in ing  3 a t .  % Mo and 2 a t .  % T i ,  t h e  T i c  
p r e c i p i t a t e  can c o n t a i n  up t o  40 a t .  % MoC. 
p r e c i p i t a t e  can  va ry  depending on t h e  ag ing  temperature  and t i m e  from 
M C l . 0  t o  about MCo.7 .  

phase i n  Has te l loy  N a t  s e r v i c e  temperatures  (below 800°C) i s  eta phase.  
W e  have shown t h a t  t h e  composition of t h i s  phase i s  M 1 2 C ,  w i th  a h igh  
p r o p o r t i o n  (up t o  25 a t .  %) of s i l i c o n .  Apparently,  t h e  s i l i c o n  s t a b i l -  
i z e s  t h e  eta-phase t o  a s i g n i f i c a n t  e x t e n t .  Such p a r t i t i o n i n g  of s i l i-  
con is of c r i t i c a l  importance i n  c o n t r o l  of i r r ad ia t ion - induced  swe l l ing .  

The eta phase can vary widely i n  carbon con ten t .  We a l s o  demon- 
s t r a t e d  t h a t  i t  can have t h e  composition M4C i n  2 1 / 4  C r - 1  Mo steels, 
where t h e  carbon a c t i v i t y  is  much higher  than i n  t h e  Has te l loy  N .  
The phase can a l s o  accomodate l a r g e r  amounts of s i l i c o n  as M4C.  

The carbon con ten t  of t h e  

When t i t a n i u m  i s  no t  p r e s e n t  (as a " s t a b i l i z e r " ) ,  t h e  e q u i l i b r i u m  



2 .  DEFORMATION AND MECHANICAL PROPERTIES 

2.1 PHYSICAL METALLURGY - R. A. Vandermeer 

Materials science is a discipline premised on the view that impor- 
tant relationships obtain between the microstructure of a material 
and its properties. The Physical Metallurgy Group emphasizes discover- 
ing and characterizing these relationships with respect to deformation- 
related properties and identifying mechanisms. This year we summarize 
the results of such diverse studies as (1) phase transformations, deform- 
ation, and shape memory effects in uranium alloys of nuclear interest; 
(2) recrystallization of tantalum; ( 3 )  deformation-zone geometry and 
texture gradients in niobium; and ( 4 )  precipitation hardening and resis- 
tivity in dilute gold alloys in aluminum of very high purity. 

2.1.1 Phase Transformations and Shape Memory Effects in Near-Monotectoid 
Uranium-Niobium Binary Alloys1 - R. A. Vandermeer and J. C. Ogle 

The formation of the equilibrium a-uranium (orthorhombic) and 
y2 (body-centered cubic) phases in uranium-niobium alloys near the 
monotectoid composition can be suppressed. If the alloys are cooled 
rapidly from the high-temperature y1 (bcc) phase field, metastable 
transition phases can form instead. Dilatometry has been used in this 
work to monitor such transformation events in alloys containing 1 2 . 5  
to 16.4  at. % Nb during helium gas quenching from the y1 phase after 
a 1-hr stabilization anneal at 850OC. 
versus temperature data obtained on cooling together with room-temperature 
x-ray diffraction analysis of selected alloys allowed construction of 
the metastable phase diagram depicted in Fig. 2 . 1 .  
alloys the tranformation sequence on quenching is thought to proceed 
in two stages: 

Interpretation of length change 

In the lean niobium 

I. y1 -+ yo (tetragonal distortion of y l ) .  

11. yo -+ aCC (monoclinic distortion of a-uranium). 

Above about 15.5  at. % Nb only stage I is observed down to room tempera- 
ture. Stage I1 may be classified as a thermoelastic martensite trans- 
formation, and Ms and M define the start and finish of that transition. 
For compositions above €4.2 at. % the Mf temperature may be below room 
temperature. 

'Extended abstract of paper presented at the Metallurgy of Uranium- 
6 wt % Niobium Alloy Meeting, May 3-5, 1977, Los Alamos Scientific 
Laboratory, Los Alamos, N.M. 
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Fig. 2.1. Transformation Temperature Versus Niobium Content for 
Crosses are from x-ray data Near-Monotectoid Uranium-Niobium Alloys. 

of R. Jackson, RFP-1535, 1970. 

Alloy compositions that transform to a" exhibit shape memory 
effects. Figure 2.2 demonstrates this. A water-quenched rod stressed 
to a strain of 5.4% (along curve OA), upon unloading (AB) exhibited an 
apparent plastic" strain of 4% (OB). 

much of that strain to be recovered, and after cooling to room tempera- 
ture (CO) the alloy returned to its original length (i.e., net strain 
is zero). 
for tensile strains up to about 7%. 
strain component was always present. 
is associated with the reverse transformation sequence 

Heating to 850°C (BC) caused 11 

Such "heat-activated" strain recovery was virtually 100% 
At higher strains an irreversible 
The "heat-activated" shape memory 

a" (strained) -f yo + y1 . 
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Fig.  2.2. T e n s i l e  S t r e s s  Versus S t r a i n  (Upper) and S t r a i n  Versus 
Temperature (Lower) f o r  IF-14 a t .  % Nb, I l l u s t r a t i n g  Shape Memory Behavior. 
I n i t i a l l y  t h e  a l l o y  w a s  quenched from 800°C. 
start  and f i n i s h ,  r e p e c t i v e l y ,  of t h e  a** + yo t r ans fo rma t ion .  

A ,  and Af r e p r e s e n t  t h e  

2.1.2 R e c r y s t a l l i z a t i o n  of Rolled (110) [ l i O ]  Tantalum S i n g l e  C r y s t a l s  
W .  B.  Snyder, Jr.3 and R.  A.  Vandermeer 

Very l i t t l e  information e x i s t s  on t h e  deformation and r e c r y s t a l l i -  

The p r e s e n t  i n v e s t i g a t i o n  w a s  a c h a r a c t e r i z a t i o n  of t h e  r e c r y s t a l -  

- 

z a t i o n  behavior  of body-centered cub ic  r e f r a c t o r y  metal s i n g l e  c r y s t a l s .  

l i z a t i o n  behavior  of r o l l e d  (110) [ IiO] -o r i en ted  tantalum s i n g l e  c r y s t a l s  
using o p t i c a l  metal lography,  microhardness,  t r ansmiss ion  e l e c t r o n  micro- 
scopy, and x-ray d i f f r a c t i o n .  
formed deformation bands of a l t e r n a t e  o r i e n t a t i o n s .  
were sepa ra t ed  by r eg ions  of mixed o r i e n t a t i o n  c a l l e d  t r a n s i t i o n  bands.  
Upon annea l ing ,  d i s l o c a t i o n  c e l l s  w i t h i n  t h e  deformation bands served 
as r e c r y s t a l l i z a t i o n  n u c l e i .  The p r e f e r r e d  o r i e n t a t i o n  a f t e r  r e c r y s t a l -  
l i z a t i o n  was observed t o  be i d e n t i c a l  t o  t h a t  of t h e  deformed c r y s t a l .  
The rate of r e c r y s t a l l i z a t i o n  depended on t h e  c h a r a c t e r  of deformation 
bands. Bands t h a t  were w e l l  de f ined  o p t i c a l l y  and contained severe 
l a t t i c e  cu rva tu re  r e c r y s t a l l i z e d  more r e a d i l y  than bands t h a t  were less 
w e l l  de f ined  and contained less l a t t i c e  cu rva tu re .  

Upon r o l l i n g ,  t h e  (110) [ 170 ] c r y s t a l s  
Adjacent bands 

2Abs t r ac t  of paper p re sen ted  a t  t h e  106th Annual Meeting of t h e  
M e t a l l u r g i c a l  Soc ie ty  of AIME, March 6-10, 1977, A t l a n t a ,  G a .  

3Development Div i s ion ,  Oak Ridge Y-12 P l a n t .  
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2 . 1 . 3  Deformation Zone Geometry and Texture Gradients in ColdcRolled 
Niobium4 - R. A. Vandermeer and J. B, Bernal’ 

Several niobium plates were cold-rolled at room temperature to a 
total reduction of 60%, with the geometry of the zone of deformation 
maintained constant for each plate. 
of the Schulz x-ray reflection technique from various depths in the 
thickness direction for plates rolled with different A ,  the ratio of 
the mean height of the deformation zone to its contact length. Severe 
texture gradients were noted and characterized for A > 1; a modified 
texture different from the normal texture was observed at intermediate 
through-the-thickness locations. 
gradients were also in evidence for this case. No previously proposed 
theoretical explanation could account for these results. 

Pole figures were obtained by means 

Both lateral widening and microhardness 

2.1.4 Precipitation Hardening and Resistivity in Dilute Aluminum-Gold 
Alloys of Very High Purity - R. A. Vandermeer, J. C. Ogle, and 
C. E. Zachary 

In large superconducting magnets and in the proposed underground 
superconducting power transmission lines, ultrahigh-purity aluminum is 
a candidate material for the component serving to carry fault currents 
and to provide a path for the rated current should the superconductor 
temporarily go normal. If the aluminum could also mechanically support 
the superconductor assembly, certain design simplifications and weight 
savings might be realized. Unalloyed high-purity aluminum, though 
electrically suitable at the low temperatures, does not have sufficient 
strength. 
dispersant in a dilute, precipitation hardenable alloy whose solid 
solubility is extremely limited, in such a way as to strengthen aluminum 
while retaining a reasonably high conductivity. 

This research explored the possibility of manipulating the 

A summary of the results of this investigation follows: 
1. Zone-refined aluminum (residual resistivity ratio, RRR = 13,000) 

could be melted, cast, fabricated, heat-treated, and tested without 
encountering measureable contamination. 

and transmission electron microscopy in four aluminum-gold alloys. 
The RRR was a sensitive probe of the coalescence (coarsening) 

stage of precipitation in these alloys. 

to a point where the yield strength was just 30% higher than that of 
unalloyed zone-refined aluminum. 

was estimated to be 100% higher than that of zone-refined aluminum, the 
RRR of the alloys was between 100 and 300. 

2. Precipitation was successfully monitored by microhardness, RRR, 

3. 

4 .  We could obtain RRRs from 1000 to 2500, but only after overaging 

5. Under the conditions of maximum hardness, where the yield strength 

4Abstract Texture of Cpystalline Solids 2: 183-203 (1977). 

50n assignment (1973-74) from Comisi6n Nacional de Energla AtGmica, 
Buenos Aires, Argentina. 
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2.2 GRAIN BOUNDARY SEGREGATION AND EMBRITTLEMENT - C. L. White and 
R. E. Clausing 

The purpose of t h i s  program i s  t o  s tudy t h e  mechanisms by which 
impuri ty  seg rega t ion  t o  g r a i n  boundaries  a f f e c t s  t h e  tendency of an  
a l l o y  t o  f a i l  i n t e r g r a n u l a r l y .  
s eg rega t ion  t o  g r a i n  boundaries w i l l  a f f e c t  t h e  r e v e r s i b l e  work of 
f r a c t u r e  ( s u r f a c e  and g r a i n  boundary e n e r g i e s ) ;  however, measured 
f r a c t u r e  ene rg ie s  are n e a r l y  always dominated by t h e  i r r e v e r s i b l e  
p l a s t i c  work done on t h e  material  ad jacen t  t o  t h e  c r a c k  path.  Segraga- 
t i o n  of i m p u r i t i e s  must a l s o  a f f e c t  t h e  p l a s t i c  work, bu t  t h e  mechanism 
f o r  t h i s  i s  l a r g e l y  unknown a t  t h e  p r e s e n t  t i m e .  

From a t h e o r e t i c a l  s t andpo in t  impuri ty  

2 .2 .1  Embrittlement i n  Iron-Base Alloys - C. L.  White and R. E.  Clausing 

I n  o r d e r  t o  s tudy  t h e  mechanism of g r a i n  boundary embri t t lement  by 
impuri ty  s e g r e g a t i o n ,  a series of F e 3 %  S i  a l l o y s  doped wi th  0 ,  300, 
600, and 1200 w t  ppm P w a s  prepared. These a l l o y s  w i l l  be r o l l e d  t o  
s h e e t  and h e a t - t r e a t e d  t o  y i e l d  a l a r g e  g ra ined  m i c r o s t r u c t u r e ,  B i -  
c r y s t a l s  w i l l  then be c u t  from t h e  s h e e t  f o r  notched-bar t e n s i l e  t e s t i n g  
a t  l i q u i d  helium temperatures ,  where t h e  p l a s t i c  work terms can be mini- 
mized, t o  determine t h e  f r a c t u r e  energy. S imi l a r  samples w i l l  be 
examined wi th  Auger e l e c t r o n  spectroscopy t o  determine t h e  e x t e n t  of 
phosphorus s e g r e g a t i o n  t o  t h e  g r a i n  boundaries.  The f i r s t  s t e p  i n  
understanding t h e  r o l e  of s eg rega t ion  i n  g r a i n  boundary embri t t lement  
w i l l  be  t o  c o r r e l a t e  t h e  f r a c t u r e  energy measurements w i th  g r a i n  boundary 
phosphorus concen t r a t ions .  

Experiments on t h e  Fe-3% Si-1200 ppm P a l l o y  are under way. 
e l e c t r o n  microscopy i n d i c a t e s  t h a t  t h i s  a l l o y  f a i l s  i n t e r g r a n u l a r l y  a t  
300 K as w e l l  as a t  77 K. 
is ,  of course,  e s s e n t i a l  f o r  both f r a c t u r e  energy and g r a i n  boundary 
composition measurements. 
a g r a i n  boundary f r a c t u r e  s u r f a c e  i n d i c a t e s  t h a t  phosphorus i s  s t r o n g l y  
segregated t o  t h e  g r a i n  boundaries i n  t h i s  a l l o y ,  as  we expected. 
B i c r y s t a l l i n e  samples have been p repa red ,  and p re l imina ry  f r a c t u r e  energy 
measurements are about t o  be made. 

Scanning 

The a b i l i t y  t o  o b t a i n  i n t e r g r a n u l a r  f r a c t u r e  

Auger e l e c t r o n  spec t roscop ic  a n a l y s i s  of 

2.2.2 The Spectrum of Binding Energies  Approach t o  Grain Boundary 
Segregation6 - C .  L .  White and W. A. Coghlan 

Experimental d a t a  on t h e  temperature dependence of s o l u t e  segrega- 
t i o n  t o  g r a i n  boundaries i n  p o l y c r y s t a l l i n e  metals does n o t  appear t o  
be adequately explained by a s i n g l e  binding energy between s o l u t e  atoms 
and g r a i n  boundary sites. The e x t e n t  of s e g r e g a t i o n  i n  a given a l l o y  
appears t o  dec rease  more slowly wi th  i n c r e a s i n g  temperature  than  i s  

6Abs t r ac t  of paper accepted f o r  p u b l i c a t i o n  i n  M&aZZurgicaZ 
Transactions A.  
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c o n s i s t e n t  w i t h  a theo ry  based on such a s i n g l e  binding energy. Th i s  
behavior can be exp la ined ,  however, i f  a spectrum of binding e n e r g i e s  
i s  assumed t o  e x i s t .  
from t h e  s i t e - t o - s i t e  v a r i a t i o n  i n  t h e  s o l u t e  environment a t  t h e  g r a i n  
boundary. 
atoms and a t i l t  boundary as a model f o r  low-angle boundaries and g r a i n  
boundaries  t h a t  d e v i a t e  by a small a n g l e  from coincidence s i t e  boundaries .  
Both t h e  s i z e  mismatch ( a s  c h a r a c t e r i z e d  by t h e  m i s f i t  parameter,  6 
and modulus e f f e c t  mismatch (as c h a r a c t e r i z e d  by bu lk  and shea r  e las t ic  
p o l a r i z a b i l i t i e s ,  aK and a ~ )  have been included i n  t h e  model. A t y p i c a l  
d i s t r i b u t i o n  of binding e n e r g i e s  is  given i n  Fig.  2.3.  
shaded areas i n d i c a t e  t h e  p o s i t i o n  of t h e  si tes r e l a t i v e  t o  t h e  boundary 
plane.  Most of t h e  high-energy binding s i t e s  l i e  w i t h i n  2 atom d i s t a n c e s  
of t h e  boundary. 
boundary c h a r a c t e r i z e d  by t h i s  spectrum of binding e n e r g i e s .  
s o l u t e  c o n c e n t r a t i o n  is shown i n  F ig .  2.4 f o r  t h i s  case and a l s o  f o r  
o t h e r  v a l u e s  of t h e  e las t ic  p o l a r i z a b i l i t i e s .  
is  t h e  s e g r e g a t i o n  p r e d i c t e d  f o r  a pu re  s i z e  m i s f i t  of 0.4  atomic volume. 

Such a binding energy spectrum presumably r e s u l t s  

We have considered t h e  e l a s t i c  i n t e r a c t i o n  between s o l u t e  

The a l t e r n a t e  

S i g n i f i c a n t  equ i l ib r ium s e g r e g a t i o n  occurs  f o r  a 
The boundary 

The curve f o r  C ~ G  = a~ = 0 

Y-141862 
1 100 r 

10 

1 

0.1 

0.01 
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-0.5 

Fig ,  2 . 3 .  The Binding Energy Spectrum f o r  a T i l t  Boundary Having 
hlb = 5 (e = 11.7') f o r  t h e  Elast ic  P o l a r i z a b i l i t i e s  ax and a~ = -20 e V  
and the S i z e  M i s f i t  6 = 0.4 .  
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3 .  PHYSICAL PROPERTIES AND TRANSPORT PHENOMENA 

3.1 MECHANISMS OF SURFACE AND SOLID STATE REACTIONS - J. V. Cathcart 

This research involves studies of the fundamental mechanisms of 
oxidation and diffusion. 
understanding the influence on diffusion processes due to the inter- 
action of the diffusing species with defects in the host lattice. The 
oxidation research is concentrated on alloy oxidation, with particular 
stress on sulfidation and reactions in mixed-gas environments. We attempt 
to use the new concepts developed in our diffusion work to clarify the 
atomistic details of material transport processes in oxide (sulfide) 
scales, and the ultimate goal of this effort to contribute to the develop- 
ment of a more satisfactory theory of alloy oxidation. 

(1) the reactions of iron-chromium alloys in mixed-gas environments, 
(2) anomalous fast diffusion processes, ( 3 )  interstitial and substitu- 
tional diffusion in oxides, ( 4 )  diffusion in metals, (5) reactions of 
ceramic-metal composites in oxidizing and sulfidizing environments, and 
( 6 )  theoretical studies of diffusion and oxidation mechanisms. These 
research problems and, where possible, the materials studied were chosen 
because of their relevance to the needs of the general ERDA energy 
programs. The corrosion studies, for example, bear on a range of problems 
encountered in the Fossil Fuels Program, geothermal energy production, 
and the development of MHD units. Other projects relate to the tritium 
containment problem in fusion reactors, hydrogen embrittlement of metals, 
the handling of hydrogen in a hydrogen economy, and the development 
of new high-temperature materials. 

Emphasis in the diffusion work is placed on 

Research in a variety of areas has been carried out last year: 

3.1.1 Oxidation-Sulfidation of Metals in Mixed Gases - R. A. McKee, 
R. E. Druschel, and G. F. Petersen 

A s  a part of a broad investigation of reactions of iron-base alloys 
with sulfur and in mixed oxygen-sulfur environments, a variety of experi- 
mental apparatuses and test methods has been developed that allow reac- 
tion kinetics to be determined, sulfur pressures to be measured accurately, 
and the defect structure of reaction products to be characterized in 
terms of their magnetic and electrical properties and through Hall-effect 
measurements. Because of the vigorous attack of sulfur on iron and 
low-alloy steels, special attention is being given to iron-sulfur compounds. 
The reaction of iron with sulfur is being investigated in two temperature 
ranges, 600 to 900°C and 250-500°C. 
kinetics are being studied as a function of sulfur pressure, and Hall- 
effect, magnetic susceptibility, and electrical conductivity are being 
measured on the reaction products in order to characterize the electronic- 
ionic defect coupling in the sulfides. 

because the pressure vessels in several coal conversion systems are 

At the higher temperatures reaction 

Special importance is attached to the studies between 250 and 5OOOC 

4 3  
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expected t o  o p e r a t e  nea r  t h e  midpoint of t h i s  range i n  an environment 
r i c h  i n  s u l f u r .  One of t h e  a n t i c i p a t e d  r e a c t i o n  p roduc t s ,  Fel-xS, i s  
h i g h l y  d e f e c t i v e  on i t s  c a t i o n  l a t t i c e ;  x may be as l a r g e  as 0.18, and t h e  
growth rates of t h e  s u l f i d e  scale are r e l a t e d  t o  t h e  d e f e c t  concentra- 
t i o n .  I n  p a r t i c u l a r ,  t h e  ra te  of c a t i o n  d i f f u s i o n  is  expected t o  be 
s e n s i t i v e  t o  vacancy o rde r ing  o r  i n t e r a c t i o n s ,  both of which occur  i n  
t h i s  compound. 
below 32OOC t h e  compound i s  a n t i f e r r o m a g n e t i c ,  and t h e  c a t i o n  s p i n  
s ta tes  couple wi th  t h e  vacancy s ta tes ,  causing a pronounced vacancy 
o rde r ing .  Because t h i s  o r d e r i n g  w i l l  slow d i f f u s i o n  s i g n i f i c a n t l y ,  
s u l f i d a t i o n  k i n e t i c s  of i r o n  i s  be ing  s t u d i e d  j u s t  above and j u s t  below 
320°C i n  o r d e r  t o  c h a r a c t e r i z e  t h e  t r ans fo rma t ion  f u l l y .  

A t  32OOC Fel-,S goes through a magnetic t r ans fo rma t ion ;  

3 .1 .1 .1  C r y s t a l l o g r a p h i c  S t r u c t u r e  Determinations f o r  I r o n  S u l f i d e s  - 
R. A. McKee and H. L. Yakel 

I n  o rde r  t o  understand f u r t h e r  t h e  phenomenon of vacancy o rde r ing  
i n  s u l f i d e s  a program has been i n i t i a t e d  i n  coope ra t ion  w i t h  t h e  X-Ray 
D i f f r a c t i o n  Group t o  s tudy  t h e  p r o p e r t i e s  of t h e  high-temperature hexa- 
gonal  form of p y r r h o t i t e  (FeS) by x-ray d i f f r a c t i o n  techniques.  S i n g l e  
c r y s t a l s  of high-puri ty  FeS have been syn thes i zed ,  and p re l imina ry  
s t r u c t u r e  work has  been i n i t i a t e d .  The a i m  of t h i s  work is  t o  
i d e n t i f y  t h e  s t a b i l i t y  parameters of t h e  320'C magnetic t r ans fo rma t ion  
i n  FeS 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  of n o n t r a n s i t i o n  metal impuri- 
t ies  on t h e  t r ans fo rma t ion .  I f  t h e  t r ans fo rma t ion  temperature  could 
be r a i s e d ,  t h e  r e s u l t i n g  t echno log ica l  impact could b e  s i g n i f i c a n t  i n  
terms of an i n c r e a s e  i n  t h e  s u l f i d a t i o n  r e s i s t a n c e  of iron-base a l l o y s .  

3.1.2 Ceramic-Metal Composites - J. V .  Cathca r t  and G .  F. P e t e r s e n  

I n  cooperat ion wi th  t h e  Fundamental C e r a m i c s  Group w e  have cont inued 
t o  i n v e s t i g a t e  the co r ros ion  r e s i s t a n c e  of ceramic-metal composites i n  
high-temperature,  mixed-gas environments. The s e v e r i t y  of t h e  a t t a c k  
of s u l f u r  on CrzC3-Mo composites w a s  shown t o  va ry  wi th  t h e  s u l f u r  p re s -  
s u r e .  A t  h igh  sv.lfur p o t e n t i a l s  (pure H z S  a t  1000°C) both t h e  C r 2 O 3  
ma t r ix  and t h e  molybdenum f i b e r s  were h e a v i l y  corroded. 
however, only t h e  molybdenum w a s  a t t acked .  No co r ros ion  w a s  d i s c e r n a b l e  
i n  tests of MgO c r y s t a l s  i n  pure %-2S a t  1000°C. Considerable  e f f o r t  w a s  
a l s o  expended i n  ga the r ing  thermodynamic d a t a  a p p r o p r i a t e  t o  t h e  complex 
series of r e a c t i o n s  p o s s i b l e  f o r  t h e s e  composites,  and i n  several i n s t a n c e s  
s t a b i l i t y  diagrams were cons t ruc t ed .  

A t  P s 2  0 . 1  P a ,  
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3 . 1 . 3  Oxidation and Di f fus ion  Theory - R. A. McKee 

Two papers  have been publ ished and one has  been submitted f o r  review 
( s e e  a b s t r a c t s  below) concerning t h e  theory of d i f f u s i o n  f o r  a l l o y s  i n  
d i s s o c i a t i v e  equ i l ib r ium.  
tracer d i f f u s i o n  f o r  both s o l u t e  and s o l v e n t  atoms i n  a l l o y s  f o r  which 
i n t e r s t i t i a l  vacancy i n t e r a c t i o n s  are r e s p o n s i b l e  f o r  t h e  d i f f u s i o n  
process .  The m o b i l i t i e s  of t h e  s o l u t e  i n  temperature g r a d i e n t s  and 
e l e c t r i c a l  f i e l d s  were c a l c u l a t e d  as w e l l .  

One of t h e  most important c o n t r i b u t i o n s  from t h e s e  s t u d i e s  w a s  
t h e  i d e n t i f i c a t i o n  of a vacancy c o r r e l a t i o n  f a c t o r  f o r  t h e  i n f i n i t e l y  
d i l u t e  a l l o y  i n  d i s s o c i a t i v e  equi l ibr ium. 
because of t h e  c o n t r i b u t i o n  of t h e  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  
t o  t h e  d i f f u s i o n  p rocess  and t h e  f a c t  t h a t  t h e  vacancy and i n t e r s t i t i a l  
must move i n  conce r t .  This  i d e a  of vacancy c o r r e l a t i o n  i n  d i l u t e  a l l o y s  
has  gene ra l  as w e l l  as s p e c i f i c  a p p l i c a t i o n  t o  d i f f u s i o n  theo ry ,  a f a c t  
no t  p rev ious ly  recognized by o t h e r  i n v e s t i g a t o r s .  Current s t u d i e s  are 
aimed a t  a b e t t e r  understanding of t h e  o r i g i n  and t h e  p h y s i c a l  s i g n i f i -  
cance of vacancy c o r r e l a t i o n  i n  a l l o y s .  
framework f o r  a p o s s i b l e  comprehensive r e s t r u c t u r i n g  of a l l o y  d i f f u s i o n  
theory and a l l o y  o x i d a t i o n  theory.  

have been performed f o r  t h e  development of a new approach t o  t h e  theory 
of a l l o y  ox ida t ion .  Th i s  new approach d i f f e r s  from t h e  c l a s s i c a l  
Wagnerian theory of metal ox ida t ion  and w i l l  t r ea t  impurity-defect i n t e r -  
a c t i o n s  i n  a growing oxide from an atomic r a t h e r  than a phenomenological 
viewpoint and p o t e n t i a l l y  w i l l  l e ad  t o  a s i g n i f i c a n t l y  enhanced under- 
s t and ing  of a l l o y  ox ida t ion .  

These papers  relate t o  t h e  c o r r e l a t i o n  of 

The vacancy c o r r e l a t i o n  occurs  

This  e f f o r t  w i l l  provide t h e  

For t h e  l a t te r  of t h e s e ,  ox ida t ion  theo ry ,  modeling and c a l c u l a t i o n s  

3 . 1 . 3 . 1  S o l u t e  and Solvent D i f fus ion  f o r  an Alloy i n  D i s s o c i a t i v e  
Equilibrium' - R. A. McKee 

So lu te  and s o l v e n 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  is p a r t i -  
t ioned between t h e  t h r e e  states of unassociated 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 vacancy motion, 
and t h e  r e l a t i o n s h i p  between t h e  enhancement f a c t o r  f o r  s o l v e n t  d i f f u s i o n  
and t h e  vacancy c o r r e l a t i o n  f a c t o r  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 h e  i n t e r s t i t i a l  solute-vacancy d e f e c t  has  
been de r ived .  

'Abstract  of paper accepted f o r  p u b l i c a t i o n  i n  Physical Review. 
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3.1.3.2 The Concentrat ion Dependence of S o l u t e  Di f fus ion  f o r  an Alloy 
i n  D i s s o c i a t i v e  Equilibrium' - R. A. McKee 

An a n a l y s i s  of s o l u t e  p a i r i n g  f o r  an a l l o y  i n  d i s s o c i a t i v e  e q u i l i -  
brium pe rmi t s  an  expres s ion  t o  be w r i t t e n  f o r  t h e  concentration-dependent 
s o l u t e  d i f f u s i o n  c o e f f i c i e n t  i n  a d i l u t e  f c c  a l l o y .  Th i s  expres s ion  
e x p l a i n s  r e c e n t l y  r epor t ed  measurements of Au d i f f u s i o n  i n  Au-Pb a l l o y s ,  
and Ag d i f f u s i o n  i n  Ag-Pb a l l o y s .  
p r e d i c t e d  f o r  t h e  change i n  d i f f u s i v i t y  i n  such a l l o y s  s i n c e  t h e  extremes 
of t h e  d i s s o c i a t i v e  equ i l ib r ium a l low t h e  s o l u t e  p a i r s  t o  form i n  d i s -  
t i n c t l y  d i f f e r e n t  c o n f i g u r a t i o n s .  
t e r m s  of c o r r e l a t i o n  f a c t o r s ,  s o l u t e - s o l u t e  binding e n e r g i e s ,  and t h e  
formation energy of i n t e r s t i t i a l - v a c a n c y  p a i r s .  

Furthermore,  a unique r e s u l t  i s  

The conclusions are p resen ted  i n  

3.1.3.3 Thermomigration i n  Alloys f o r  which Substi tutional-Vacancy and 
I n t e r s t i t i a l - V a c a n c y  Mechanisms are Operative3 - R. A. McKee 

The t h e o r e t i c a l  t r ea tmen t s  of a l l o y  d i f f u s i o n  i n  a temperature  
g r a d i e n t  by t h e  subs t i t u t iona l -vacancy  mechanism and by t h e  i n t e r s t i t i a l -  
vacancy mechanism have been combined, and two types  of thermomigration 
experiments,  which d i f f e r  i n  i n i t i a l  c o n d i t i o n ,  have been analyzed.  
These experiments,  as measurements of t h e  impuri ty  h e a t  of t r a n s p o r t ,  
appa ren t ly  cannot d i s t i n g u i s h  between t h e  two mechanisms of d i f f u s i o n .  
However, an expres s ion  f o r  t h e  l a t t i c e  v e l o c i t y  i n  such a combined-state 
a l l o y  i s  developed and w i l l  d i s t i n g u i s h  between t h e  two mechanisms i n  
a r a t h e r  s p e c i f i c  f a sh ion .  

3 .1 .3 .4  So lu te  and Vacancy Di f fus ion  of an Alloy i n  D i s s o c i a t i v e  
Equilibrium' - R. A. McKee 

The p a i r  a s s o c i a t i o n  theory has  been used t o  ana lyze  t h e  k i n e t i c  
c h a r a c t e r i s t i c s  of a d i l u t e  f c c  a l l o y  i n  d i s s o c i a t i v e  equ i l ib r ium.  
C o r r e l a t i o n  f a c t o r s ,  enhancement parameters ,  and d e f e c t  m o b i l i t i e s  are 
analyzed,  and r e s u l t s  of t h e s e  c a l c u l a t i o n s  permit  new c o n s i d e r a t i o n s  
r e l a t i n g  t o  d i f f u s i o n  mechanism i n  such an a l l o y .  The r e s u l t s  of t h e s e  
ana lyses  may be compared d i r e c t l y  w i t h  e x i s t i n g  experimental  measurements 
and suggest  o t h e r  s p e c i f i c  experiments t h a t  can be used t o  look c l o s e r  
a t  t h e  c h a r a c t e r i s t i c s  of s o l u t e - d i s s o c i a t i v e  equ i l ib r ium.  

'Abstract  of paper submitted f o r  p u b l i c a t i o n  i n  Philosophical 

3Abstract  of Phi los .  Mag. 35: 715-26 (1977) .  
'Abstract  of paper presented a t  t h e  meeting of t h e  American P h y s i c a l  

Magazine. 

Soc ie ty ,  March 21-24, 1977. 
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3.1 .4  I n t e r s t i t i a l  D i f fus ion  

3 . 1 . 4 . 1  Tr i t ium Di f fus ion  i n  Oxides - R. A. Pe rk ins ,  J .  B. Bates, 5 
and L C Manley, Jr. 

The importance of oxide d i f f u s i o n  b a r r i e r s  i n  t h e  containment of 
t r i t i u m  i n  f u s i o n  r e a c t o r s  o r  i n  t h e  p reven t ion  of hydrogen e m b r i t t l e -  
ment of metals i s  w e l l  e s t a b l i s h e d .  
mechanism of hydrogen d i f f u s i o n  i n  oxides  was undertaken. During t h e  
p a s t  yea r  t h e  d i f f u s i o n  of t r i t i u m  i n t o  r u t i l e  (TiOn) w a s  measured 
p a r a l l e l  t o  t h e  a a x i s  i n  t h e  temperature range 500 t o  900OC. The 
d i f f u s i v i t y  va lues  were obtained d i r e c t l y  from t r i t i u m  concen t r a t ion  
p r o f i l e s .  I n f r a r e d  spectroscopy measurements provided information 
about t h e  n a t u r e  of t h e  d i f f u s i n g  s p e c i e s .  The d i f f u s i o n  r e s u l t s  
i n d i c a t e  t h a t  a t  least two d i f f u s i o n  mechanisms are o p e r a t i v e  i n  t h e  
l a t t i c e ;  one d a t a  set ag rees  wi th  p rev ious ly  r epor t ed  r e s u l t s  of hydrogen 
d i f f u s i o n  i n  r u t i l e ,  but  t h e  o t h e r  d a t a  set is  about f o u r  o r d e r s  of 
magnitude lower. 
are d i scussed  i n  t h e  a b s t r a c t  given below. 

For t h i s  reason a s tudy of t h e  

The i n f r a r e d  s p e c t r a  of t h e  f a s t e r  d i f f u s i n g  s p e c i e s  

3.1 .4 .2  I n f r a r e d  S p e c t r a l  P r o p e r t i e s  of Hydrogen, Deuterium, and 
Tr i t i um i n  T i 0 2  ( r e f .  6 )  - J .  E. Bates5 and R. A. Pe rk ins  

I n f r a r e d  s p e c t r a  of T i 0 2  s i n g l e  c r y s t a l s  con ta in ing  e i t h e r  hydrogen, 
deuterium, o r  t r i t i u m  were measured a t  300, 7 7 ,  and 8 K. Bands observed 
a t  3276,  2437,  and 2065 cm-’ nea r  300 K are r e s p e c t i v e l y  assigned t o  
OH-, OD-, and OT- on t h e  b a s i s  of a two-term anharmonic o s c i l l a t o r  model 
of t h e  hydrogenic s p e c i e s .  The f r equenc ie s  were a l s o  analyzed by use  of 
a l i n e a r  hydrogen bonded model w i th  harmonic f o r c e s ,  but t h e  c o r r e l a t i o n  
between f r equenc ie s  and bandwidths w a s  a t  v a r i a n c e  wi th  t h a t  of known 
hydrogen-bonded systems. 
c a l c u l a t e d  at s e v e r a l  l e v e l s  of approximation, and t h e  b e s t  v a l u e  
determined w a s  aT = 9 .24  x 
square displacements  of OH-, OD-, and OT- were c a l c u l a t e d ,  and t h e  
d i f f e r e n c e s  between t h e s e  q u a n t i t i e s  r e f l e c t  t h e  changes i n  t h e  i n f r a r e d  
bandwidths w i t h  reduced mass. 

The abso rp t ion  s t r e n g t h  p e r  i on  of OT- w a s  

m. The harmonic and anharmonic mean- 

3.1 .4 .3  Oxygen Di f fus ion  i n  Niobium and Niobium-Zirconium Al loys7  - 
R. A. Pe rk ins  and R .  A.  P a d g e t t ,  Jr. 

The tracer d i f f u s i o n  of *O  i n  pure niobium and niobium-zirconium 
a l l o y s  (Gl% Zr) has been measured from 550 t o  l l O O ° C .  A f t e r  t h e  d i f f u s i o n  

5So l id  State Divis ion.  

‘Abstract  of paper submitted f o r  p u b l i c a t i o n  i n  Physical Review. 

7Abstract  of paper accepted f o r  p u b l i c a t i o n  i n  Acta MetaZlurgica. 
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anneal ,  t h e  specimens were bombarded w i t h  p ro tons  t o  cause t h e  r e a c t i o n  

techniques,  which d e t e c t e d  t h e  "F. 
t h e  oxygen d i f f u s i v i t y  i n  pure niobium i s  

0 ( p  ,n) OF. The oxygen p r o f i l e  w a s  t hen  measured by au to rad iog raph ic  1 8  

The temperature  dependence of 

D = 4.55 x e x p ( - 2 5 9 0 0 / ~ ~ ) m ~ / s e c  . 

Oxygen a d d i t i o n s  t o  t h e  niobium (G1.5 a t .  % 0) d i d  n o t  s i g n i f i c a n t l y  
a f f e c t  t h e  oxygen d i f f u s i v i t y .  A s  t h e  zirconium con ten t  of t h e  niobium 
inc reased  t h e  oxygen d i f f u s i v i t y  decreased.  A s  zirconium atoms are 
d i s so lved  s u b s t i t u t i o n a l l y  onto t h e  niobium l a t t i c e ,  they  form t r a p p i n g  
sites a t  which 0-Zr c l u s t e r s  may be formed. 
A S / k ,  of t h e  c l u s t e r s  w a s  determined t o  be about -3.3. 

The binding entropy,  

3.1.4.4 The Di f fus ion  of Oxygen i n  Oxygen-Stabilized a-Zirconium and 
-Zircaloy-4 ( r e f .  8) - R. A. Pe rk ins  

The d i f f u s i o n  of oxygen i n  a-Zircaloy-4 w a s  measured a t  1050, 1300, 
and 145OOC wi th  l 8 0  used as t h e  t r a c e r  species. 
w a s  determined by p ro ton  a c t i v a t i o n  of t h e  "0 followed by au to rad io -  
graphy. The tracer d i f f u s i v i t y  w a s  apprec i ab ly  lower than  p rev ious ly  
measured chemical d i f f u s i v i t y .  However, t h e  chemical d i f f u s i v i t y  v a l u e s  
obtained from t h e  p r e s e n t  d a t a  by u s e  of t h e  thermodynamic d a t a  f o r  
oxygen i n  a-zirconium compare w e l l  w i th  those  from p rev ious  s t u d i e s .  
The concen t r a t ion  dependence of t h e  oxygen d i f f u s i v i t y  i n  a-zirconium 
is  d i scussed ,  and t h e  r e l i a b i l i t y  of t h e  r e s u l t s  from o t h e r  methods 
is  considered.  

The oxygen p r o f i l e  

3.1.5 Al iova len t  D i f fus ion  i n  Oxides - R. A. Pe rk ins  

The tracer d i f f u s i v i t y  of T i 4 +  i n  s i n g l e - c r y s t a l  N i O  h a s  been 
measured from 1000 t o  1 5 O O O C  i n  oxygen a t  0.1MPa (1 atm). The n i c k e l  
s e l f - d i f f u s i o n  i s  being measured a l s o  f o r  comparison wi th  t h e  t i t a n i u m  
d a t a .  The t i t a n i u m  d i f f u s i v i t y  is  approximately an o rde r  of magnitude 
g r e a t e r  t han  t h e  n i c k e l  s e l f - d i f f u s i o n  a t  1000°C and t h r e e  t i m e s  g r e a t e r  
a t  1 3 O O O C .  The a c t i v a t i o n  energy measured f o r  t h e  n i c k e l  s e l f - d i f f u s i o n  
is  about 263 kJ/mol and f o r  t h e  t i t a n i u m  2 1 1  kJ/mol. A c e l l  ho lde r  
has  been cons t ruc t ed  t o  perform annea l s  a t  c o n t r o l l e d  oxygen p r e s s u r e s  
[0 .1  t o  lo5 Pa (low6 t o  1 atm)] t o  determine t h e  p r e s s u r e  dependence of 
t h e  t i t a n i u m  d i f f u s i v i t y  t o  o b t a i n  t h e  binding energy of titanium-vacancy 
complexes i n  N i O .  

'Abstract  of paper t o  be submitted t o  Journal of Nuclear Materials. 
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3.1.6 Anomalous F a s t  D i f fus ion  Processes  - P. T. Carlson,  T .  S. Lundy, 
and R. A. Padge t t ,  Jr .  

3.1.6.1 Di f fus ion  of I n t e r s t i t i a l  Solute-Vacancy P a i r s  i n  D i l u t e  Pb-Cd 
Alloys - P. T .  Carlson and R. A. Padge t t ,  Jr. 

Attempts have been made t o  e x p l a i n  t h e  anomalously f a s t  d i f f u s i o n  
of cadmium i n  l e a d  i n  terms of t h e  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  d i s so lved  s o l u t e  atom i s  thermally e x c i t e d  
t o  an i n t e r s t i t i a l  p o s i t i o n .  The degree of i n t e r a c t i o n  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  atom can apprec iab ly  a f f e c t  t h e  
t h e  d i f f u s i o n  rate of t h e  s o l u t e  and so lven t  atoms. The d i f f u s i o n  
of cadmium tracer i n t o  Pb-Cd a l l o y s  ranging from 0 t o  1 .0  a t .  % Cd a t  
25OoC has  shown t h a t  t h e  Cd d i f f u s i v i t y  i n  t h e  a l l o y  re la t ive  t o  t h a t  i n  
pure Pb decreases  wi th  i n c r e a s i n g  Cd con ten t  between 0 and 0.01 a t .  % Cd. 
A s  t h e  Cd concen t r a t ion  i n c r e a s e s  above 0.01 a t .  % Cd, and Cd d i f f u s i v i t y  
i n c r e a s e s  i n  accordance wi th  t h e  expected behavior  of s o l u t e  d i f f u s i v i t y  
enhancement. This  behavior  is be ing  i n t e r p r e t e d  i n  t e r m s  of t h e  v a r i o u s  
forms of s o l u t e - s o l u t e  and so lu t e -de fec t  i n t e r a c t i o n s  p o s s i b l e  i n  t h e  
Pb-Cd system. 

3.1.6.2 Di f fus ion  i n  Pb-Ni Alloys - P.  T.  Carlson and R. A. Padge t t ,  Jr .  

Another i n v e s t i g a t i o n ,  which should a l s o  c o n t r i b u t e  t o  an under- 
s t and ing  of t h e  mechanisms of f a s t  d i f f u s i o n ,  has  r e c e n t l y  begun. It 
invo lves  a s tudy of t h e  d i f f u s i o n  of N i  i n  Pb. I n  c o n t r a s t  t o  t h e  
Pb-Cd s y s t e m ,  where t h e  Cd atoms r e s i d e  p r i n c i p a l l y  on s u b s t i t u t i o n a l  
sites, t h e r e  is  evidence t h a t  t h e  N i  atoms occupy predominantly i n t e r -  
s t i t i a l  sites i n  Pb, w i th  t h e  bu lk  of t h e s e  i n t e r s t i t i a l s  e x i s t i n g  i n  
i n t e r s t i t i a l - v a c a n c y  p a i r s .  Because of t h e  e s s e n t i a l l y  i n t e r s t i t i a l  
c h a r a c t e r  of t h e  n i c k e l ,  t h e  s o l u t e  d i f f u s i v i t y  enhancement i n  t h e  
Pb-Ni system i s  expected t o  be small r e l a t i v e  t o  t h a t  observed f o r  
Pb-Cd. 
w i l l  a l l ow t h e  two extremes 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 t o  
be compared. 

Thus t h e  d i f f u s i o n  behavior  exh ib i t ed  by t h e  two sets of a l l o y s  

3.1.6.3 Anomalously F a s t  D i f fus ion  i n  Tungsten - T.  S. Lundy and 
R. A. Padge t t ,  Jr.  

Atomic d i f f u s i o n  of t h e  noble  metals s i l v e r  and gold is  unusual ly  
r a p i d  i n  several hos t  la t t ices ,  inc lud ing  some t h a t  are bcc and some 
f c c .  Considerable controversy e x i s t s  r ega rd ing  t h e  most r easonab le  
mechanism f o r  t h i s  phenomenon, arid w e  have begun an experimental  pro- 
gram designed t o  examine t h e  mechanis t ic  d e t a i l s  of t h i s  behavior .  
S p e c i f i c a l l y ,  w e  are concen t r a t ing  on an in-depth look a t  atomic pene- 
t r a t i o n  p r o f i l e s  f o r  t h e  d i f f u s i o n  of s i l v e r  and gold i n  tungsten.  W e  
w i l l  u se  t h e  h igh ly  s e n s i t i v e  and r e l i a b l e  anodizing-and-stripping 
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technique t h a t  w e  p rev ious ly  developed f o r  s e c t i o n i n g  c e r t a i n  r e f r a c t o r y  
metal specimens t o  d e f i n e  t h e  p e n e t r a t i o n  p r o f i l e s  h igh ly  p r e c i s e l y .  

3.1.7 I n t r i n s i c  D i f fus ion  and Vacancy Flow E f f e c t s  i n  Vanadium- 
Titanium Alloys - P. T .  Carlson 

P rev ious ly  obtained d a t a  were eva lua ted  t o  o b t a i n  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 f low parameters i n  t h e  vanadium-titanium 
system from 900 t o  16OO0C. 
i n f l u e n c e  of t h e  vacancy flow phenomenon on t h e  i n t r i n s i c  f l u x  of 
each s p e c i e s  than  t h a t  p r e d i c t e d  on t h e  b a s i s  of t h e  random a l l o y  
model. The p r i n c i p a l  assumption of t h e  random a l l o y  model i s  t h a t  
a l l  d i f f u s i n g  s p e c i e s  f i n d  themselves i n  random environments,  w i t h  
no p r e f e r r e d  si tes f o r  e i t h e r  atoms o r  vacancies .  The observed d i s -  
c r epanc ie s  between t h e o r e t i c a l  and experimental  v a l u e s  are examined 
i n  l i g h t  of t h e  e x i s t e n c e  of solute-vacancy complexes i n  t i tanium- 
r i c h  a l l o y s  as w e l l  as t h e  presence of solute-divacancy complexes 
a t  e l eva ted  temperatures .  Both types  of d e f e c t  complexes r e s u l t  i n  
h igh ly  c o r r e l a t e d  vacancy motion, and t h e  e f f e c t  of t h i s  d e v i a t i o n  
from t h e  random a l l o y  model on t h e  vacancy f low theo ry  is  examined. 

The experimental  r e s u l t s  r e f l e c t  a g r e a t e r  

3.1.8 S h o r t - c i r c u i t  D i f fus ion  Phenomena - T.  S. Lundy 

3.1.8.1 Use of t h e  Hart-Mortlock Equation t o  I n t e r p r e t  Tracer Di f fus ion  
Resu l t s '  - T .  S. Lundy 

The Hart-Mortlock (HM) equa t ion  f o r  e s t i m a t i o n  of d i s l o c a t i o n  
and o t h e r  s h o r t - c i r c u i t  c o n t r i b u t i o n s  t o  measured d i f f u s i o n  c o e f f i c i e n t s  
has been reexamined wi th  focus on l i m i t a t i o n s  due t o  t h e o r e t i c a l  
assumptions and a p p l i c a t i o n  of HM t o  experimental  r e s u l t s .  For c e r t a i n  

t o  r e j e c t  s h o r t - c i r c u i t  e f f e c t s  as t h e  p r i n c i p a l  source of t h e  anomalies.  
Improvements of t h e  HM concept and experiments t o  h e l p  c l a r i f y  t h e  a c t u a l  
r o l e  of s h o r t - c i r c u i t i n g  i n  t h e  s o l i d  s t a t e  d i f f u s i o n  p rocess  are 
suggested.  

anomalous'' s o l i d - s t a t e  systems, w e  conclude t h a t  HM i s  inadequate  1 1  

3.1.8.2 Have S h o r t - c i r c u i t i n g  Di f fus ion  Phenomena Been Short-  
Changed?" - T. s. Lundy 

The s i g n i f i c a n c e  of s h o r t - c i r c u i t i n g  d i f f u s i o n  phonomena may 
have been s e r i o u s l y  underestimated i n  r e c e n t  measurements of d i f f u s i o n  

'Abstract  of p a p e r  prepared f o r  p u b l i c a t i o n .  

"Abstract  of an o r a l  p r e s e n t a t i o n  a t  t h e  1977 March Meeting of 
t h e  American P h y s i c a l  Society.  
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i n  s o l i d s .  
are p resen ted  and d i scussed ,  w i th  emphasis on r e c e n t  papers  where 
t h e  a u t h o r s  chose more e x o t i c  and perhaps less  s a t i s f a c t o r y  explana- 
t i o n s  f o r  t h e i r  experimental  r e s u l t s .  

The key p o i n t s  of background papers  on t h e s e  phenomena 

3 . 1 . 8 . 3  An Explanat ion f o r  Diffusion i n  t h e  Anomalous Body-Centered 
Cubic Metals'' - T.  S. Lundy 

I propose t h a t  l a t t i c e  d i f f u s i o n  i n  t h e  anomalous bcc metals 
may have no t  y e t  been p rope r ly  measured. Complex p e n e t r a t i o n  p r o f i l e s  
w i t h  s i g n i f i c a n t  s h o r t - c i r c u i t i n g  i n f l u e n c e s  coupled w i t h  techniques 
of measurement s e n s i t i v e  only f o r  l a r g e  p e n e t r a t i o n  d i s t a n c e s  may have 
prevented previous experimenters from d e t e c t i n g  t h e  l a t t i c e  d i f f u s i o n  
p o r t i o n s  of t h e  p r o f i l e s .  More s e n s i t i v e  s e c t i o n i n g  techniques,  such 
as s p u t t e r i n g ,  should be combined wi th  p re -d i f fus ion  annea l s  t o  mini- 
mize s h o r t  c i r c u i t i n g  and, t h e r e f o r e ,  examine t h i s  p o s s i b i l i t y .  I f  
t h e  s c e n a r i o  is c o r r e c t ,  l a t t i c e  d i f f u s i o n  i n  t h e s e  systems i s  no t  
anomalous, only t h e  p rev ious  experimental  f i n d i n g s .  

3.1.9 The Role of S t r e s s  E f f e c t s  i n  t h e  Oxidation Behavior of High- 
Temperature Alloys12 - J. V.  Cathcar t  

Inhe ren t  i n  t h e  ox ida t ion  p rocess  f o r  metals and a l l o y s  i s  t h e  
tendency f o r  l a r g e  stresses t o  develop i n  growing oxide l a y e r s .  
v a r i e t y  of s t r e s s -gene ra t ing  mechanisms e x i s t ,  i nvo lv ing  such f a c t o r s  
as t h e  mode of d i f f u s i o n ,  t h e  oxide-to-metal volume r a t i o ,  and oxide 
morphology. These stresses may be r e l i e v e d  through creep o r  c rack ing  
of t h e  oxide and by o t h e r  mechanisms. Experimental evidence f o r  
t h e s e  processes  du r ing  t h e  high-temperature ox ida t ion  of v a r i o u s  
metals and a l l o y s  i s  c i t e d  and, where d a t a  are a v a i l a b l e ,  similar r e s u l t s  
during s u l f i d a t i o n  and i n  mixed gas  environments are considered.  

A 

3 . 2  PHYSICAL PROPERTIES RESEARCH - D.  L. McElroy 

This  e f f o r t  o b t a i n s  and ana lyzes  a c c u r a t e  v a l u e s  of thermal conduc- 
t i v i t y ,  A ;  e l e c t r i c a l  r e s i s t i v i t y ,  p ;  s p e c i f i c  h e a t ,  C p ,  c o e f f i c i e n t  
of thermal expansion, a;  and Seebeck c o e f f i c i e n t ,  S, 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  and t h e i r  temperature dependence can provide 
u s e f u l  i n s i g h t  about t h e  s o l i d ,  can o f t e n  provide information f o r  

"Abstract  of paper i n  p r e p a r a t i o n .  

I2Abs t r ac t  of p a p e r  p re sen ted  a t  t h e  f a l l  1976 meeting of t h e  
Electrochemical  Soc ie ty ,  L a s  Vegas, Nev., October 1976. To be publ ished 
i n  t h e  proceedings of t h e  symposium on " P r o p e r t i e s  of High-Temperature 
Alloys.  " 
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systems 'where needed experimental  d a t a  do n o t  exis t ,  and can suggest  
ways t o  improve and c o n t r o l  p r o p e r t i e s .  
p a r t i c u l a r l y  thermal c o n d u c t i v i t y ,  are important f a c t o r s  i n  t h e  p e r f o r -  
mance of a l l  power gene ra t ing  systems. 

These material p r o p e r t i e s ,  

3 .2 .1  Transpor t  i n  Nonmetals 

3.2.1.1 Thermal Conduct ivi ty  of C r 2 O 3  - R. K. W i l l i a m s  and R. S. Graves 

Pre l imina ry  measurements of t h e  X of hot-pressed C r 2 O 3  samples 

Data on two samples, which w e r e  96 and 98% of 
were obtained t o  a i d  i n  i n t e r p r e t i n g  d a t a  on d i r e c t i o n a l l y  s o l i d i f i e d  
Cr203-Mo composites. 
t h e o r e t i c a l  d e n s i t y  and o r i e n t e d  i n  d i f f e r e n t  d i r e c t i o n s ,  y i e l d e d  
c o n s i s t e n t  r e s u l t s ,  i n d i c a t i n g  t h a t  e s s e n t i a l l y  random c r y s t a l l i t e  
o r i e n t a t i o n  w a s  achieved. The r e s u l t s  a l s o  show a change i n  tempera- 
t u r e  dependence nea r  t h e  Ngel temperature ,  w i th  t h e  s l o p e  of t h e  l a t t i c e  
thermal r e s i s t a n c e ,  l / X p ,  d ec reas ing  by a f a c t o r  of n e a r l y  4 .  
behavior i s  n o t  similar t o  t h e  e f f e c t s  noted13 i n  UO2.  

Th i s  

3.2.1.2 Lat t ice  Thermal Conduct ivi ty  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 

S t u d i e s  of t h e  e f f e c t s  of mass r a t i o ,  a b s o l u t e  temperature ,  and 
Debye temperature  on t h e  X of e l e c t r i c a l l y  i n s u l a t i n g  a l k a l i  h a l i d e s  
continued. Measurements of A on s i n g l e - c r y s t a l  C s B r  and C s I  showed 
n e g l i g i b l e  phonon s c a t t e r i n g  by i m p u r i t i e s ,  g r a i n  boundaries ,  and 
vo ids  i n  t h e  p o l y c r y s t a l l i n e  specimens of t h e  same compositions.  A 
dry-box f a c i l i t y  has  been prepared and t e s t e d  f o r  machining t h e  
hygroscopic compounds RbF and CsF. 

3.2.2 Phys ica l  P r o p e r t i e s  of Metals 

3.2.2.1 Chromium-R. K. W i l l i a m s ,  F. J .  Weaver, and R. S .  Graves 

Our experimental  d a t a  on high-puri ty  C r  i n  t h e  paramagnetic state14 
were analyzed i n  terms of s i g n i f i c a n t  p a r a l l e l  phonon and e l e c t r o n  

I3J .  P. Moore and D. L.  McElroy, "Thermal Conduct ivi ty  of Nearly 
S to i ch iomet r i c  Single-Crystal  and P o l y c r y s t a l l i n e  U 0 2 , "  J .  Am. Ceram. 
Soc. 5 4 ( 1 ) :  40-46 (January 1971).  

I4J. P. Moore, R. K. W i l l i a m s ,  and R. S .  Graves, "Thermal Conduc- 
t i v i t y ,  Electr ical  R e s i s t i v i t y ,  and Seebeck C o e f f i c i e n t  of High-Purity 
Chromium from 280 t o  1000 K," J .  AppZ.  Phys.  48(2):  61C-17 (February 1977) .  



53 

conductivities, but other investigators15 have hypothesized that the 
phonon contribution is negligible. 
four samples of Cr alloys containing 0.5% Fey 1% Fey 5% Fe + 0.5% Mn, 
and 3% Mn + 3% V were obtained from annealed arc-cast ingots. 
temperatures ( 2 ' ~ )  of the two binary Cr-Fe alloys are consistent with 
literature values, ' 
higher than the corresponding binary Cr-Fe alloy. The T u  of the 
Cr-Mn-V alloy was only about 90 K, but this does indicate that a 
useful ternary Cr-Mn-V alloy could be produced because the addition 
of 3% V to Cr completely suppresses antiferromagnetism. Other 
preliminary data indicate good sample homogeneity, and the room- 
temperature A and p data show that phonon conduction is probably 
quite important in Cr. 

To aid in resolving this uncertainty, 

The Ne'el 

and the Cr-Fe-Mn alloys have a about 40 K 

3 . 2 . 2 . 2  Iron and Dilute Iron Alloys - R. K. Williams, D. W. Yarbrough,17 
and R. S. Graves 

Additional results on dilute Fe-base alloys have been obtained, 

The data 
analyzed, and employed in explaining the behavior of 2 1/4 Cr-1 Mo 
steel, which was to be used in the CRBRF' heat exchanger. l 8  
on Fe-Cry Fe-Ni, Fe-Ti, Fe-Cr-Ni, and Fe-Cr-Mo alloys were used to 
define the phonon conductivity, hp,  of pure 
gate the effects of the various solutes on Ap. The solutes act in 
two ways, by scattering phonons and by producing small shifts in the 
electron-phonon thermal resistance of Fe (We,). 
Cr has only a small effect on X p ,  and most of the enhanced scattering 
in Mo-containing alloys can be attributed to the mass difference effect. 

and to investi- 

The data show that 

15M. A. Mitchell and J. F. Goff, "Effect of Molybdenum and Vanadium 
on the Lattice Thermal Conductivity and Lorenz Number of Chromium, 
Phys. Rev. B 1 2 :  1858-67 (1975). 

Rich Chromium-Iron Alloys Between 40 and 320"K," J .  AppZ.  Phys. 37: 
1017-18 (1966). 

16S. Arajs and G. R. Dunmyre, "Electrical Resistivity of Chromiun- 

7Consultant, Tennessee Technological University, Cookeville. 

C. R. Brinkman, R. K. Williams, R. L. Klueh, and T. L. Hebble, 
"Mechanical and Physical Properties of 2 1/4 Cr-1 Mo Steel in Support 
of Clinch River Breeder Reactor Plant Steam Generator Design," NucZ. 
TechnoZ. 28:  490-505 (March 1 9 7 6 ) .  

"J. W. Massey, T. K. Holder, D. W. Yarbrough, R. K. Williams, 
and J. P. Moore, "Iron and Dilute Iron Alloys," Metals and Ceramics 
Div. Matw. Sei .  Annu. Frog. Rep. June 30 1976, ORNL-5182, p.44. 

and Seebeek Coefficient of High P u r i t y  Iron and SeZected Iron AZZoys 
from 90 K t o  400 K, ORNL/TM-5539 (June 1977). 
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2 0  T. K. Holder, ThermaZ Conductivity, EZectricaZ Res is t iv i ty  
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Lattice strain scatteringz1 plays a significant role in Fe-Ni and 
Fe-Ti alloys, but the analysis is complicated by shifts in Wep.  This 
difficulty could be resolved with data at lower temperatures. At 
present, the analysis indicates that the lattice strain scattering of 
phonons is only about one-fifth as large as the theoretical predictions. 2 1  

3.2.2.3 Electron-Phonon Scattering in Metals - R. K. Williams 

The interaction of phonons with the conduction electrons, W e p ,  
limits the lattice thermal conductivity of metals at low and intermediate 
temperatures. This parameter must theref ore be defined if credible 
estimates of Xp are needed; and, in addition, it may provide a useful 
t o o l  for studying the electron-phonon interaction, Literature data 
on Cu, Ag, A u , ~ ~  Pt, and Pd24 and our data on Fe, Mo, W, and Ta were 
combined by use of existing theory22 t o  produce a semiempirical 
correlation, which should be useful in estimating Wep values for 
alloys. 
involves the electronic specific heat constant, y, and f3, the linear 
temperature dependence of p: 

The correlation, which may require further modification, 

where y is in mJ/mol K2 and B is in pQ m/K. 

The maximum deviation of the data is about a factor of 3 ,  and this 
is probably near expectations because the results for transition 
metals do not exactly follow the theoretical formula2' and the exper- 
imental uncertainties are large. 
should still be useful because the Wep(T = a') values for the nine 
metals vary by a factor of about 175, and in some transition metals, 
such as Ta, the electron-phonon scattering appears to be much larger 
than the three-phonon umklapp resistance even at room temperature. 
The correlation can also be combined with the theoretical temperature 
dependence22 to estimate W e p  at lower temperatures. 

Estimates based on this approach 

"B. Abeles, "Lattice Thermal Conductivity of Disordered Semi- 

22J. M. Ziman, EZectrons and Phonons, p. 321, Oxford University 

z3W.R.G. Kemp and P, G. Klemens, "The Lattice Thermal Conductivity 

24R. Fletcher and D. Greig, "The Lattice Thermal Conductivity 

conductor Alloys at High Temperatures," Phys. Rev. 131: 1906-11 (1963). 

Press, London, 1960. 

of Alloys," Aust. J .  Phys. 13: 247-254 (1960). 

of Some Palladium and Platinum Alloys,''~ Philos. Mag. 16: 303-315 
(1967).  
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3.2.2.4 Niobium- J. P. Moore and R. S. Graves 

A technique for measuring the residual resistivity ratio [RRR = =  
p ( 2 7 3  K ) l p ( 4 . 2  K ) ]  of superconducting alloys was developed. The RRR 
of the commercially pure Nb, for which h will be measured by the radial 
heat flow technique, was 36 .  
is too low to have a measurable effect on the high-temperature A. 
The best specimen of pure Nb obtained to idate had an RRR of 330, but 
this value varied with heat treatment. The radial heat flow chamber 
for measuring h of Nb and other materials at high temperature has been 
completed. 

This indicates an impurity level that 

3.2.2.5 Some Transport and Thermomagnetic Properties of Pure Nickel 
and a Nickel-Base Thermocouple Alloy - J. P. Moore and 
R. S. Graves 

It was recently shown25 that the Ettingshausen-Nernst coefficient , 
Q, of Alumel (Ni-3% M r 2 %  Al-1% Si-0.5% Co) must be much larger than 
literature values to explain the large thermocouple errors encountered 
when Alumel was used in magnetic fields. Confirmation of the errors 
in previous Q results is difficult since direct measurements of Q 
require experimental boundary conditions even more rigid than those 
required for measurements of A. 
X was modified t o  permit direct measurements of &, X, p ,  S, Righi-Leduc 
coefficient, and Hall coefficient versus temperature. 

The Q results are shown in Fig. 3.1 as a function of reduced 
temperature (T/Curie temperature) with values from a previous investiga- 
tion26 on Ni and implied Alumel results25 for comparison. 
results show that the Q of Alumel is about 3 times that of pure Ni 
and is more than sufficient to cause the large errors observed in 
Chromel-vs-Alumel thermocouples below T c  of Alumel. 
show that literature values27 of Q were in error by factors of 1300 
and 1100 for Ni and Alumel, respectively. There are several reasons 
for the low "implied" values for Alumel, and these have been discussed 
by Kollie et a1.25 
and compared to other data on Ni-base alloys. 

An existing technique for measuring 

The present 

The present results 

The transport property data are being analyzed 

25T. G. Kollie et al., "Large Thermocouple Errors Caused by Mag- 

26A. W. Smith, "The Transverse Thermomagnetic Effect in Nickel and 

27C. Loscoe and H. Mett, "Limitations in the Use of Thermocouples 

netic Fields," Rev. Sei. I n s t m .  4 8 ( 5 ) :  0076-0086 (May 1 9 7 7 ) .  

Cobalt," Phys. Rev. 33:  295-306 (1911). 

for Temperature Measurements in Magnetic Fields," pp. 283-87 in 
Temperatwe, I t s  Measurement and Control i n  Science and. Industry, 
vol. 3 ,  Part 2 ,  ed. by A. I. Dahl, Reinhold, New York, 1962. 
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Fig, 3.1. The Ettingshausen-Nernst Coefficient for Nickel and 
Alumel as a Function of Reduced Temperature ( T / T c ) .  

3.2.2.6 Thermal Expansion Coefficient of Nickel2 - T. G .  Kollie2 

A fused-quartz dilatometer was used to measure the a of Ni between 
300 and 1000 K. Measurements on National Bureau of Standards certified 
Cu and W standards with the dilatometer established the uncertainty 
in the a measurements on Ni as ?0.8% (TO. 10 X 10'6/K), except within 
+_2 K of the Curie temperature T,, where the uncertainty was about 
+1.6%. Results of 37 investigations of the expansion of Ni reported 
in the literature were anlayzed critically, resulting in a compilation 
of a of Ni from 0 to 1500 K. Theories of thermal expansion were 
employed to separate a into its paramagnetic ap and magnetic compo- 
nents. 
law equation = 
near the critical temperature [t = (2' - T c )  /TcJ.  

The calculated values of % near Te were fitted to the power 
- 1)a-' + B ,  which describes critical phonomenon 

It was demonstrated 

*Abstracted from T. G. Kollie, "Measurement of the Thermal Expan- 
sion Coefficient of Nickel from 300 to 1000 K and Determination of the 
Power Law Constants Near the Curie Temperature," accepted for publication 
in Physical Review B 

"Present address, Development Division, Oak Ridge Y-12 Plant. 
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that the critical exponents above and below T,, 5, and s’, respectively, 
are the same as those derived from specific heat measurements and that 
a = a@ = -0.093 (kO.010) in agreement with scaling laws of critical 
phenomenon. 
- -  

3.2.3 Related Proiects 

Other programs provide support for physical property determinations, 
which feed back and interact with work supported by the Division of 
Physical Research. 
of our DPR effort, as indicated by the examples described below. 

Generally this related work has broadened the scope 

3.2.3.1 ASTM Comparative Heat Flow Technique - J. P. Moore 

We use a comparative technique for measuring A of small specimens 
over a limited temperature range. This technique is similar, in princi- 
ple, to ASTM C 408-58. Although this general technique is infamous 
for its errors, many instruments of this type are being used t o  measure 
on materials of interest to energy production, such as salts (nuclear 
waste storage), composites (MHD), and coal. Since this technique has 
subtle error sources, we have chaired an ASTM committee to describe 
an improved technique, which would be subject to less error. 
modeling studies have been combined with results from the literature 
to write a draft for a new standard technique. All our heat f l o w  
modeling has been switched over to the more powerful and flexible 
HEATING5 program. 

Computer 

3.2.3.2 High-Temperature Thermocouple Thermometry - R. K. Williams 

Stable temperature sensors are required for all X measurements, 
and thermocouple decalibration often causes serious errors in high- 
temperature X measurements. Normal practice has been to use A1203- 
insulated Pt-10% Rh vs Pt thermocouples in direct contact with the 
specimen-furnace environment for measurements up to about 1300 K. 
A 1673 K 3.6 Ms drift test of a type B (Pt-30% Rh vs Pt-6% Rh) thermo- 
couple in a reducing environment showed higher temperature measurements 
to be feasible if special precautions are taken. Decalibration rates 
as low as lO-’K/s  could be achieved. 
solution of aluminum in the thermoelements, and improvements may 
be attained by using another oxide insulation and including more 
protective thermocouple sleeving materials. 

The decalibration is due to 

3.2.3.3 Thermal Expansion Measurements - D. L. McElroy and F. J. Weaver 

Our pushrod dilatometer (Sect. 3.2.2.6), which is used to obtain 
a data from 300 to 1000 K, was modified and now obtains length data 
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with a standard deviation of less than 15 nm. The modified system 
was calibrated with an NBS fused-quartz standard and used to measure 
the irradiation-induced reduction of a on HTGR fuel rods, the a slope 
increase near 700 K due to disordering in Inconel 718, and the a 
behavior of an ad hoc graphite expansion standard and of a 2 114 Cr-1 Mo 
steel. 

3.2.3.4 Insulation Evaluation - D. L. McElroy and S. H. Jury3' 

The energy conservation potential of industrial and building 
thermal insulations is well recognized; however the data base for heat 
transmission in thermal insulations is weak. An insulation evaluation 
project is in progress to improve knowledge and understanding of pre- 
sent products. Characterizations and thermal property tests are being 
conducted on high-temperature ceramic fiber insulations because adequate 
reference standards do not exist for thermal conductance measurements 
on thermal insulations; we helped an ASTM 16.30 Working Group address 
this problem, and recommended3l a set of candidate materials to 
OSRM-NBS. 
t o  test insulations. We conducted heat flow calculations on the 
ASTM pipe tester using the HEATING5 program, and this revealed the 
merits of a much simplified design. 

Various ASTM thermal property test prescriptions are used 

3.2.3.5 Isotropic Polycrystalline Graphite - 3. P. Moore and 
R. S. Graves 

The thermal conductivity of an isotropic polycrystalline graphite 
was measured from 80 to 400 K. This graphite may be issued by the 
National Bureau of Standards as a reference material, and these data 
will be used to establish X at low temperatures. 

3 . 3  SUPERCONDUCTING MATERIALS - D. M. Kroeger 

We study the effects of metallurgical variables on the properties 
of superconducting materials. The superconducting property most struc- 
ture sensitive appears to be current-carrying capacity in an applied 
magnetic field. It is affected by microstructural variables such as 
grain size, dislocation density and distribution, and morphology, 
composition, and volume fraction of second-phase particles. Meaningful 
correlation of structure and properties requires detailed knowledge 

'Consultant, University of Tennessee, Knoxville. 

31ASTM Subcommittee C16.30 "Reference Materials for Insulation 
Measurement Comparisons," Symposium on Advances in Heat Transmission 
Measurements on Thermal Insulation Materials and Systems, Philadelphia, 
Sept. 19-20, 1977. 
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of both. 
basic metallurgical information on phase diagrams, transformation 
kinetics and products, and the microstructures that result from them 
in superconducting alloy systems. 
city with the "model" microstructures. 

properties of interest, such as critical current density, J,, ?c 
losses, superconducting-to-normal transition temperature, T,, and 
upper critical field, He2. 
heat and effects of stress on superconducting properties. 

pinning in model materials, such as niobium bicrystals and niobium 
with radiation-induced voids, (2) studies of so-called advanced mater- 
ials with high values of T, and He2, (3) mechanical properties of 
multifilamentary composite conductors and their relationship to the 
degradation of J c  under tensile stress and to the performance of large 
high-field magnets. This latter work is carried out in support of an 
applied program on stress effects in superconductors, which is funded 
in this group by the Superconducting Magnet Development Program in 
the Magnetic Fusion Energy Division, OWL. 

Consequently, some of our effort is devoted to obtaining 

We correlate current-carrying capa- 

Our laboratory has facilities to measure most superconducting 

We also measure low-temperature specific 

Work this year has been primarily in three areas: (1) flux 

3.3.1 Fluxoid Pinning in Bulk Niobium by Voids Produced During 
Neutron Irradiation32 - C. C. Koch, H. C. Freyhardt,33 and 
J. 0. Scarbrough 

Fluxoid pinning due to voids has been studied in niobium irradiated 
at temperatures from 460 to 108OOC. The T, decreased slightly and He2 
increased with irradiation temperature, indicating possible oxygen 
contamination. 
J ,  values obtained in the samples irradiated at 790 and 940°C. 
the measured superconducting parameters, and data on void size and 
distribution, our results were quantitatively compared with expressions 
for void pinning using the statistical theory of Labusch. Of particular 
interest in this study was the sample irradiated at 79OoC, which 
has an ordered void superlattice. 

The J ,  vs H behavior was more complex, with maximum 
With 

32Abstracted from a paper presented at the 1976 Applied Supercon- 
ductivity Conference and published in IEEE Trans. Magnetics MAG-13(1): 
828-31 (January 1977). 

Germany. 
Inst itut f 6r Metallphy sik, Universitat G6 t t ingen , Got t ingen , 
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3.3.2 P r e p a r a t i o n i e s  of  Lithium Titanate34 - 
U. A. DasGupta, and C. C, Koch 

The Tc of lithium titanate can be as high as 13.7  K and its Hc2 
( 4 . 2  K) as high as 18 T, but reported critical current densities have 
been quite low. Values of the normal-state resistivity, the electronic 
specific heat coefficient, and Tc inserted into the Gorkov-Goodman 
expression yield too large a value for He2. Lithium titanate specimens 
were prepared by several methods and characterized by optical metallo- 
graphy, x-ray diffraction, critical temperature (T,) , and Jc(H)  
measurements. 
calculated value of H,, are due t o  the presence of a previously unreported 
nonsuperconducting phase. 

Both the low J ,  values and the discrepancy in the 

3.3.3 Temperature Increases in Superconducting Composites as a Result 
of Tensile Strains36 - D. S. Easton, D. M. Kroeger, and A. M ~ a z e d ~ ~  

Temperature increases were measured in both pure copper and supercon- 
ducting Nb-Ti multifilamentary composites as functions of tensile stress 
and strain at 4 . 2  K. Thermoelastic behavior was found at room temperature 
but could not be detected at 4 . 2  K. Measurements were made under 
near-adiabatic conditions in vacuum. The composite conductors showed 
temperature rises at stress levels as low as 34.4 MPa (5000 psi). 
initial strains of about 0 . 2 % ,  AT increases of several degrees were found. 
Cyclic loading and unloading produced a linear increase in temperature 
with a slope dependent upon cycle frequency. This is in agreement with 
stress-strain curves of these composites, which exhibit hysteretic loops 
upon cyclic stressing. The areas of these loops represent thermal energy 
losses to the system. Temperature increases in pure copper were related 
only to the extent of plastic strain. 

With 

3.3.4 Stress-Induced Heating in Commercial Conductors and Its Possible 
Influence on Magnet Performance38 - D. M. Kroeger, D. S. Easton, 
and A. M o a ~ e d ~ ~  

Calorimetric measurements show that significant amounts of heat are 
generated when a multifilamentary composite conductor i s  stressed 

34Abstracted from a paper presented at the 1976 Applied Superconduc- 
tivity Conference and published in IEEE Trans. Magnetics MAG-13(1): 836-39 
(January 1 9  7 7) . 

35Solid State Division, presently at U.S. Patent Office, Washington, 
D.C. 

36Abstracted from a paper presented at the Metallurgical Society of 
AIME Fall Meeting, Sept. 20-23, 1976, Niagara Falls, New York. 

'University of Tennessee, Knoxville. 

38Abstracted from a paper presented at the 1976 Applied Superconduc- 
tivity Conference and published in IEEE Trans. Magentics MAG-13(1) : 120-23 
(January 1977) .  
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in tension to levels expected in large, high-field magnet systems. 
When the stress on the conductor is repetitively cycled between zero 
and some maximum value, the amount of heat produced per cycle is con- 
stant after the first few cycles. Calorimetric determinations of heat 
injections are compared with the work done on the specimen as indicated 
by stress-strain curves. Stress-strain curves for a number of commercial 
conductors indicate that the properties of the matrix material determine 
to a large degree the magnitude of this effect. 

3.3.5 Stress Effects on the Current Densities of Commercial Conductors 
at 4.2 K in Magnetic Fields39 - D. S. Easton 

Stress-strain curves at 4.2 K have been obtained for a wide variety 
of commercial multifilamentary (MF) composites with either Nb-Ti or 
Nb3Sn filaments. The critical current density, J c ,  was also measured 
as a function of tensile stress in magnetic fields to 7 T. Differences 
in stress-strain curves between conductors were primarily due to the 
type of matrix and superconductor-to-normal-material ratio. Tensile 
properties were close to those predicated by the rule of mixtures. 
The Nb-Ti conductors showed only small degradation in J ,  with stress- 
strain (%15% at 2.0% strain), and this was recoverable to within 1 or 
2% upon the release of stress. 
very reproducible. Both cabled and solid conductors containing Nb3Sn 
filaments were studied. 
for a particular conductor. Some samples showed immediate degradation 
with the onset of stress and did not exhibit any appreciable recovery, 
while the Jc  of others increased at strains up to 0 . 2  to 0.3% before 
showing degradation. 
recovery upon the release of stress. 

The J c  data on these composites was 

There was wide scatter in the J ,  data, even 

These latter samples also showed substantial 

3.3 .6  Mechanical Behavior and Stress Effects in Hard Superconductors - 
A Review40 - C. C. Koch and D. S. Easton 

The mechanical properties of type I1 superconducting materials are 
reviewed as well as the effect of stress on their superconducting 
properties. The bcc alloys Nb-Ti and Nb-Zr exhibit good strength and 
extensive ductility at room temperature. Mechanical tests on these 
alloys at 4.2 K revealed serrated stress-strain curves, nonlinear elastic 
effects and reduced ductility. The nonlinear behavior is believed to 
be due to twinning and de-twinning or a reversible stress-induced marten- 
sitic tranformation. The brittle A-15 compound superconductors, such 

39Abstracted from a paper presented at the Applied Superconductivity 

40Abstracted from an invited paper presented at the Metallurgical 

Conference, Stanford University, Calif., August 1 9 7 6 .  

Society of AIME Fall Meeting in Niagara Falls, N.Y., Sept. 20-23, 1 9 7 6 ,  
to be published in Cryogenics. 
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as Nb3Sn and V3Ga, exhibit unusual elastic properties and structural 
instabilities at cryogenic temperatures. 

Multifilamentary composites consisting of superconducting filaments 
in a normal metal matrix are generally used for superconducting devices. 
The mechanical properties of alloy and compound composite tapes and 
composites of Nb(C,N) chemically vapor deposited on high-strength carbon 
fibers are presented. Hysteretic stress-strain behavior in the metal 
matrix composites produces significant heat generation, an effect that 
may lead to degradation in performance of high-field magnets. 
ments of the critical current density, Jc, under stress in a magnetic 
field are reported. 
observed in Nb-Ti composites, while more serious degradation was found 
in Nb3Sn samples. 

discussed. 

Measure- 

Modest stress-reversible degradation in J ,  was 

The importance of mechanical behavior on device performance is 

3.3.7 Distribution of Transport Currents in Type I1 Superconductors 
Investigated by Neutron Small Angle Scattering41 - J. S ~ h e l t e n ~ ~  
and D. M. Kroeger 

Neutron diffraction experiments have beer, performed on Nb-13% Ta 
specimens in order to obtain information about the distribution of 
transport currents in type I1 superconductors. In specimens with 
homogeneous flux pinning we demonstrated that a transport current was 
carried in the bulk, while in a specimen where surface pinning dominated 
the transport current was essentially carried on the surface. All 
experimental results could be explained by specific predictions of the 
critical state model. 

3.3.8 Flux Pinning by Crystal Boundary in Niobium Bi~rystals~~ - 
A .  DasGupta, Y. T. Chou,44 C. C. Koch, and D. M. Kroeger 

To study flux pinning by crystal boundaries in type I1 super- 
conductors, resistive critical current, I,, was measured in cylindri- 
cal bicrystal samples of niobium, where the boundary is parallel to 
the cylinder axis. 
field, H, and the angle, @, between the field and the crystal boundary 
in as-grown, chemically polished, and surface oxidized (5 min at 4OO0C 
in air) states of the specimens. Very narrow peaks in I,(@) have been 

We measured I, as a function of the applied magnetic 

41Abstracted from pp. 47380 in Proc. Conf. Neutron Scattering 

42 Institut f k  Festkorperf orschung, Kernforschungsanlage, JGlich, 

43Abstracted from a paper presented at the American Physical 

44Lehigh University, Bethlehem, Pa. 

(held in Gatlinburg, Tenn., June 6-10, 1976), Vol. 1, CONF-760601-P1. 

West Germany. 

Society Meeting in San Diego, Calif., March 21-24, 1977. 
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found at 4 = 0 with half-intensity widthG1" and peak heights up to 
about 7 times the values at angles off the peak. 
mental results provide the first direct evidence that the crystal 
boundary can carry large critical currents. 

The present experi- 

3.3.9 Work in Progress 

3.3.9.1 Flux Pinning by Grain Boundaries - A .  DasGupta, D. M. Kroeger, 
C. C. Koch, and Y. T. C h o ~ ~ ~  

It is generally accepted that flux is pinned in high-field A-15 
structure superconductors primarily by grain boundaries. 
work on niobium bicrystals has demonstrated that from such specimens 
one can determine unambiguously the basic interaction force between 
the flux line and grain boundary. Therefore, these measurements are 
being extended to A-15 materials. The measurements made so far have 
been on samples with tilt boundaries in which the anisotropy of He2 
should play no role. Since, in the case of twist boundaries, He2 
anisotropy should lead to pinning, this study will be extended to 
bicrystals containing such boundaries. 

The initial 

3.3.9.2 Flux Pinning by Small Perturbations of the Order Parameter - 
A. DasGupta and D. M. Kroeger 

Following the first-order perturbational approach of Campbell 
and Evettsb5 to the Ginzburg-Landau free energy, variations of the 
upper critical field, H,  and Ginzburg-Landau parameter, IC, have 
been considered and combined for a single-phase material. Upon 
optimizing, the interaction energy Eint between the fluxoid lattice 
and the pin yields three independent Eint(b) solutions, where b is 
the reduced magnetic induction BIB,,. 
f , scales w i t h  b;  it shows a minimum at b z 0.3 and a maximum at 
bpz  0.65. 
and hitherto unexplained experimental results from the literature. 

2 '  

The elementary pinning force, 

These calculations have been used to explain some important 

3.3.9.3 Investigation of the Causes of Recoverable Degradation of J 
in Composite Conductors - D. M. Kroeger, D. S. Easton, 
J. 0. Scarbrough, and A. DasGupta 

e 

Study of the effects of stress on the critical current density J ,  
in multifilamentary composite conductors consisting of fine filaments 
of NbsSn in a bronze matrix has revealed that a portion of the reduc- 
tion in J ,  under tensile stress is recovered when the load is relieved. 

4 5 A .  M. Campbell and J. E. Evetts, Adu. Phys. 21: 199 (1972). 
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It was also show- that tensile stress affects the critical temperature, 
An apparatus has been constructed to measure the upper critical 

%:Id He as a function of temperature under stress, and preliminary 
measurements have been made. These results are expected to contribute 
to understanding the mechanisms by which stress affects J,, HC2, and T,. 

3 . 3 . 9 . 4  Superconductivity in LiTi204 and PbMo6SB - A .  DasGupta, 
D. M. Kroeger, and U. Roy3’ 

Work on PbMo6Se has continued, with emphasis upon preparation 
techniques and the question of why only very low critical current 
densities have been observed in this material. The next step with 
LiTi204 will be an effort to prepare single-phase spinel material. 
Magnetization measurements have been performed on specimens of both 
materials. 

3 . 3 . 9 . 5  Microstructural Studies of High-Field Superconductors - 
D. S. Easton, A .  DasGupta, D. M. Kroeger, and R. E. W ~ r s h a m ~ ~  

A program to use x-ray diffraction and electron microscopy to 
study the microstructure, crystal structure, and possible phase 
transitions in A-15 and other high-field superconductors is in 
progress. 

46Physi~s Division, ORNL. 



4 .  RADIATION EFFECTS 

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

The Rad ia t ion  E f f e c t s  program has as i t s  g o a l  t h e  understanding 

The 
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  r e s u l t i n g  from elevated-temperature  neu t ron  i r r a d i a t i o n .  
focus of t h e  work 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 ,  
w i t h  t h e  aim of us ing  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 or  
c o n t r o l  t h e  damage. Although t h e  o b j e c t i v e  of t h e  program i s  an 
understanding of t h e  e f f e c t s  of neutron i r r a d i a t i o n ,  s imula t ion  techni-  
ques 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 
exp lo i t ed .  Both experimental  and t h e o r e t i c a l  approaches are employed. 

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  ac t iv i t ies  
i n  t h e  O W L  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  by p a r t i c l e  i r r a d i a t i o n .  
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 rgan iza t ion  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 
w i t h  t h e  p r o p e r t i e s  of materials a f t e r  l a r g e  i r r a d i a t i o n  exposures.  
Th i s  work p a r a l l e l s  app l i ed  programs i n  t h e  Metals and Ceramics Div i s ion  
supported by t h e  Breeder and Magnetic Fusion Reactor Programs but  
is  aimed a t  uncovering mechanisms of damage by s tudy ing  s imple o r  
model systems. I n  t h i s  r e p o r t  only work supported by t h e  Div i s ion  of 
P h y s i c a l  Research is  desc r ibed .  A c t i v i t i e s  i n  t h e  o t h e r  programs are 
summarized i n  t h e  p rogres s  r e p o r t s  f o r  t hose  programs. 

The 

4.1 EXPERIMENTAL STUDIES 

4.1.1 Control  of Rad ia t ion  Damage S t r u c t u r e  and Swelling i n  Aluminum 
by Alloying - K. F a r r e l l  and J. T. Houston 

The r o l e  of a l l o y i n g  elements i n  t h e  development of neutron damage 

S p e c i f i c  a l l o y i n g  
s t r u c t u r e  and swe l l ing  i n  aluminum is being s t u d i e d  i n  d i l u t e ,  b ina ry  
s o l i d - s o l u t i o n  a l l o y s  based on high-puri ty  aluminum. 
elements are Ag, Cay C r ,  Cu, Fe,  I n ,  Mg, Mn, N i ,  S i ,  Sn, T i ,  V ,  Zn, 
and Z r .  Since most of t h e s e  have low s o l i d  s o l u b i l i t y  i n  aluminum 
below 400 K, t h e i r  concen t r a t ion  levels are maintained i n  t h e  range 
of 100 a t .  ppm. We are i n v e s t i g a t i n g  Zn and Mg, which have a p p r e c i a b l e  
s o l u b i l i t y ,  along wi th  Cu, S i ,  and Mn at t h e  100 a t .  ppm l e v e l  and 
a t  several h ighe r  l e v e l s .  Specimens have been i r r a d i a t e d  i n  HFIR 
a t  about 350 K t o  damage levels between 3 X 

p e r  atom (dpa) t o  encompass t h e  e a r l y  s t a g e s  of development of damage 
s t r u c t u r e .  
microscopy is  no t  y e t  complete, but  t h e  fol lowing g e n e r a l  conclusions 
can be s t a t e d :  

Not a l l  t h e  above a l l o y i n g  elements a t  t h e  100 a t .  ppm l e v e l  
s i g n i f i c a n t l y  a l t e r  t h e  m i c r o s t r u c t u r e  and suppress  swe l l ing ;  Ag, C a y  
Fey I n ,  Mg, N i ,  S i ,  Sn, and Zn are seemingly i n e f f e c t i v e .  However, 

and 3 displacements  

Examination of t h e  specimens by t r ansmiss ion  e l e c t r o n  

1. 
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loops ,  
i t s e l f  

4.1.2 

b e f o r e  i r r a d i a t i o n ,  t h e  Fe,  I n ,  and N i  a l l .oys  contained c o a r s e  second- 
phase p a r t i c l e s  r i c h  i n  t h e  a l l o y i n g  element,  s o  t h e s e  p a r t i c u l a r  a l l o y s  
may have had ve ry  l i t t l e  a l l o y i n g  element i n  s o l i d  s o l u t i o n .  

2. The elements C r ,  Cu, Mn, T i ,  V ,  and Z r  suppress  void formation,  
w i th  Cu being e f f e c t i v e  a t  a l e v e l  as low as 25 a t .  ppm. A t  levels 
of 1000 a t .  ppm o r  more, Mg and S i  are e f f e c t i v e  void suppres san t s .  

3 .  Where swe l l ing  is  diminished,  t h e  average s i z e  of v o i d s  i s  
n o t  g r e a t l y  changed, bu t  t h e  c o n c e n t r a t i o n  of v o i d s  i s  reduced, implying 
t h a t  a l l o y i n g  elements have a l a r g e r  e f f e c t  on void n u c l e a t i o n  than  
on void growth. 

t i o n  s t r u c t u r e  i s  e i t h e r  delayed o r  i s  s i g n i f i c a n t i y  d i f f e r e n t  from 
t h a t  i n  t h e  unalloyed r e f e r e n c e  aluminum; u s u a l l y  growth of d i s l o c a t i o n  
loops  i n t o  a g e n e r a l  d i s l o c a t i o n  s t r u c t u r e  i s  r e t a r d e d .  

5. Radiation-induced p r e c i p i t a t e s  are obvious a t  t h e  h i g h e s t  
f l u e n c e  i n  t h e  Cu, S i  (1000 a t .  ppm), and Zn a l l o y s .  I n  t h e  Cu and 
S i  systems t h e  c o n c e n t r a t i o n s ,  s i z e s ,  and s p a t i a l  d i s t r i b u t i o n  of t h e  
p r e c i p i t a t e  par t ic les  are t h e  same as t h o s e  of loops a t  lower f l u e n c e ;  
v o i d s  are s p a r s e  o r  absen t .  The Zn a l l o y s  show e x t e n s i v e  r a d i a t i o n -  
induced p r e c i p i t a t i o n  but  no obvious suppres s ion  of v o i d s .  I n  t h e  C r ,  
Mn, T i ,  V and Z r  a l l o y s ,  where void formation i s  diminished,  t i n y ,  
unanalyzed c l u s t e r s  can j u s t  be resolved.  Analysis  and i d e n t i f i c a t i o n  
of t h e  p r e c i p i t a t e  p a r t i c l e s  are complicated by p a r t i c l e s  of t ransmutat ion-  
produced s i l i c o n ,  whose n a t u r e  seems t o  be a f f e c t e d  d i v e r s e l y  by d i f f e r e n t  
a l l o y i n g  elements.  

i s  no s e n s i b l e  connection of swe l l ing  r e s i s t a n c e  w i t h  p a r t i a l  d i f f u s i o n  
c o e f f i c i e n t s  of t h e  a l l o y i n g  elements ,  t h e r e  may be a r e l a t i o n s h i p  w i t h  
t h e  degree of atomic m i s f i t  i n  t h e  aluminum l a t t i c e ;  swe l l ing  i s  most 
s t r o n g l y  r e t a r d e d  by those  a l l o y i n g  elements t h a t  have s i g n i f i c a n t  
n e g a t i v e  l a t t i c e  m i s f i t .  Also, t h e  s w e l l i n g - r e s i s t a n t  a l l o y s  are appar- 
e n t l y  those  i n  which t h e  s o l i d  s o l u b i l i t y  of t h e  a l l o y i n g  element i s  
low bu t  f i n i t e  a t  t h e  i r r a d i a t i o n  temperature.  

may be a s s o c i a t e d  w i t h  binding between p o i n t  d e f e c t s  and impur i ty  atoms 
and/or  r e t a r d e d  development of d i s l o c a t i o n  s t r u c t u r e  from r a d i a t i o n -  
induced seg rega t ion  and p r e c i p i t a t i o n  of a l l o y i n g  elements a t  d i s l o c a t i o n  

4. I n  a l l  c a s e s  of void suppression,  t h e  development of d i s l o c a -  

An e a r l y  assessment of t h e  obse rva t ions  i n d i c a t e s  t h a t ,  wh i l e  t h e r e  

These obse rva t ions  suggest  t h a t  suppres s ion  of void formation 

which are major vacancy and i n t e r s t i t i a l  s i n k s .  The l a t t e r  i s  
a consequence of binding between p o i n t  d e f e c t s  and i m p u r i t i e s .  

S o l u t e  Segregat ion i n  S t a i n l e s s  S t e e l  Under I r r a d i a t i o n  - 
Edward A. Kenik 

S o l u t e  element a d d i t i o n s  can s i g n i f i c a n t l y  i n f l u e n c e  t h e  damage 
response of an a l l o y  under i r r a d i a t i o n  ( s e e  Sec t .  4.1.1, f o r  example). 
A modified type  316 s t a i n l e s s  steel ,  des igna ted  LSlA,  has  been developed 
and e x h i b i t s  h igh  r e s i s t a n c e  t o  swe l l ing  during i o n  bombardment. Th i s  
a l l o y ,  con ta in ing  a d d i t i o n s  of 1 .0  w t  % S i  and 0.15 w t  % T i ,  swells 
1/30 as much under n i c k e l  i o n  i r r a d i a t i o n  as does a nominal t ype  316 
s t a i n l e s s  s teel .  The evo lu t ion  of d i s l o c a t i o n  p o r t i o n s  of t h e  damage 



67 

s t r u c t u r e  i s  modified by t h e  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 .  
c a l l y ,  t h e  s t a b i l i t y  of f a u l t e d  d i s l o c a t i o n  loops i n  LSlA is  q u i t e  
high,  and t h e  growth of l a r g e  loops is  s e v e r e l y  c u r t a i l e d  compared 
wi th  steels con ta in ing  lesser amounts of S i  and T i .  
radiat ion-induced p r e c i p i t a t e s  of t h e  same p a r t i c l e  s i z e  and shape 
as t h e  d i s l o c a t i o n  loops  are observed. 
l o c a t i o n  and void s u b s t r u c t u r e s  are s t r o n g l y  c o r r e l a t e d ,  t h e  swe l l ing  
r e s i s t a n c e  of t h e  a l l o y  may be r e l a t e d  t o  t h e  behavior  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 .  

microscope w a s  employed t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of s o l u t e  segre-  
g a t i o n  of s i l i c o n  o r  t i t a n i u m  t o  t h e  f a u l t e d  loops.  
a l lows chemical a n a l y s i s  of volumes approaching 10 nm i n  diameter .  
Spot ana lyses  were performed as a f u n c t i o n  of d i s t a n c e  from both edge- 
on and face-on d i s l o c a t i o n  loops t o  determine t h e  s p a t i a l  d i s t r i b u t i o n  
of a l l o y i n g  elements.  The only i n d i c a t i o n s  of t i t a n i u m  i n  t h e  a l l o y  
were blocky p a r t i c l e s  t h a t  appeared i n  both i r r a d i a t e d  and u n i r r a d i a t e d  
f o i l s  and were presumed t o  be ca rb ides .  High concen t r a t ions  of s i l i c o n  
were d e t e c t e d  i n  a s s o c i a t i o n  wi th  t h e  f a u l t  p l ane  of t h e  Frank loop 
(Fig. 4 . 1 ) .  However, t h e  d i s t r i b u t i o n  of excess  s i l i c o n  nea r  t h e  loop 
w a s  n o t  s t r o n g l y  l o c a l i z e d  a t  t h e  f a u l t  p l ane ,  but w a s  more l i k e  a 
s p h e r i c a l  atmosphere surrounding t h e  loop.  The s i l i c o n  concen t r a t ion  
a t  t h e  f a u l t  p l ane  could no t  be measured d i r e c t l y ,  s i n c e  t h e  e x c i t e d  
volume contained f i n i t e  concen t r a t ion  g r a d i e n t s  i r r e s p e c t i v e  of t h e  
loop o r i e n t a t i o n .  I f  some reasonable  assumptions on t h e  n a t u r e  of t h e  
g r a d i e n t s  are made, t h e  s i l i c o n  concen t r a t ion  can be e s t ima ted  as 
3 . 5  w t  %. I n  a d d i t i o n ,  t h e  radiat ion-induced p r e c i p i t a t e  p a r t i c l e s  
were s i l i c o n - r i c h  and were t e n t a t i v e l y  i d e n t i f i e d  as possessing t h e  
M 2 3 C 6  s t r u c t u r e .  From t h e  s imilar i t ies  i n  composition, s i z e ,  and 
shape between t h e  f a u l t e d  loops  and t h e  p r e c i p i t a t e s ,  we p o s t u l a t e  
t h a t  continued s i l i c o n  seg rega t ion  occurs  a t  t h e  d i s l o c a t i o n  loops 
u n t i l  t h e  second-phase p r e c i p i t a t e  p a r t i c l e s  are generated.  

S p e c i f i -  

A t  h igh exposures,  

Since t h e  growth of t h e  d i s -  

Energy-dispersive x-ray mic roana lys i s  i n  an  a n a l y t i c a l  e l e c t r o n  

Th i s  technique 

4 . 1 . 3  Phase I n s t a b i l i t y  S t u d i e s  - R. W. Carpenter ,  Edward A. Kenik, 
and M. H. Yo0 

The understanding of phase i n s t a b i l i t y  i n  a l l o y s  undergoing ener- 
g e t i c  p a r t i c l e  i r r a d i a t i o n  is  e s s e n t i a l l y  an  ex tens ion  of phase t r a n s -  
formation theory i n t o  t h e  r eg ion  of l a r g e  p o i n t  d e f e c t  concen t r a t ion .  
Experimental neutron i r r a d i a t i o n  of aluminum-copper a l l o y s  con ta in ing  
coherent  p r e c i p i t a t e s  formed be fo re  i r r a d i a t i o n  has  shown t h a t  s i l i c o n ,  
formed by t r ansmuta t ion  of a small amount of t h e  aluminum i n  t h e  a l l o y ,  
p r e c i p i t a t e s  a t  t h e  i n t e r f a c e s  between t h e  i n i t i a l l y  coherent  p r e c i p i -  
ta te  and t h e  ma t r ix .  

a smaller amount of s i l i c o n  is  p r e c i p i t a t e d  on t h e  s u r f a c e s  of v o i d s  

1 

The s i l i c o n  p r e c i p i t a t e  i s  c r y s t a l l i n e ,  n o t  amorphous. I n  a d d i t i o n ,  

'R. W. Carpenter and M. H. Yoo, paper p re sen ted  a t  t h e  1977 AIME 
Annual Meeting, A t l a n t a ,  t o  be publ ished.  
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Fig. 4.1. Measured Silicon-to-Iron Count Ratio Profiles Typical 
for Faulted Dislocation Loop in LSlA Ion-Irradiated to 3 dpa at 900 K. 
(a) Burgers vector parallel to electron beam. (b) Burgers vector 
perpendicular to beam. Broken curve is linear approximation of actual 
silicon/iron profile. 

and in the matrix of the same alloy. 
aluminum is small, and this behavior could be interpreted as simply 
radiation-enhanced diffusion leading to silicon precipitation at the 
irradiation temperature, 325 K. 

Experiments were conducted2 on Ni-20 at. % Mo alloys with 4-MeV 
nickel ions and with 1-MeV electrons in the HVEM. A small amount of 
a new phase was formed and had a different lattice symmetry than any 
compounds known to form at the 20-at. % Mo composition. 
electron microscopy showed the composition of the new phase to be 
nearly 50 at. % Mo. 

The solubility of silicon in 

Analytical 

The formation of such a phase cannot be explained 

*R. W. Carpenter, E. A. Kenik, and R. J. Bayuzick, paper presented 
at the 1977 AIME Annual Meeting, Atlanta, to be published. 
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on the basis of equilibrium thermodynamics and radiation-enhanced dif- 
fusion, unless it is attributed to impurity contamination during irradia- 
tion and subsequent precipitation of a new phase. 
does not support this point of view. 

to sinks by diffusion of point defects, resulting in high local molyb- 
denum concentrations, 
because a new pseudo ''standard state" is defined when the alloy is 
in the displacive radiation field.4 The new "standard state" would 
take into account the high steady-state point defect concentration. 
Alloys of Ni-20 at. % Mo exhibit metastable short-range order (SRO) 
before attaining long-range order (LRO), the equilibrium state. Both 
types of order are detectable by electron diffraction methods. Our 
radiation effects experiments showed that SRO is stable under ion 
irradiation, but LRO is the stable phase under 1-MeV electron irradia- 
tion; thus, the concept of phase stability is demonstrated further. 
The instability of LRO under nickel-ion irradiation is attributed 
to the "mixing" effect of displacement cascades formed during heavy 
particle irradiation. 
irradiation. 

Further experimental work is being done on both alloy systems 
to develop a detailed description of the composition and crystallo- 
graphy of the phases formed under irradiation. The alloys being 
investigated are model systems. One of the primary reasons these 
particular alloy systems were chosen was their well-understood phase 
transformation behavior in the absence of irradiation. Some theore- 
tical calculations to model the irradiation behavior of the aluminum- 

Our present evidence 

The new phase may be considered a result of transport of molybdenum 

or possibly a shift in thermodynamic equilibrium 

Cascades are not formed during 1-MeV electron 
4 

copper alloys have begun. 1 

4.1.4 Effects of Chemical Ordering and Coherent Precipitation on Void 
Nucleation During Irradiation - R. W. Carpenter, Edward A .  Kenlk, 
and M. H. Yo0 

Last year we reported5 that a number of model alloys containing 
a fine, densely dispersed coherent precipitate having tetragonal 
strain symmetry exhibited strong resistance to void nucleation during 
neutron or 1-MeV electron irradiation. This work was extended to include 
chemical ordering effects on void nucleation. The LRO phase in nickel- 
molybdenum alloys is tetragonal, and the strains associated with SRO 
may also be expected to be tetragonal. Nickel-molybdenum alloys 

3N. Q. Lam et al., "Radiation-Induced Solute Segregation and Preci- 
pitation in Alloys," paper presented at the 1977 AIME Annual Meeting, 
Atlanta, to be published. 

4S. I. Maydet and K. C. Russell, "Precipitate Stability Under 
Irradiation: Point Defect Effects," J .  Nucz. Mater. 6 4 :  101-14 (1977). 

5R. W. Carpenter and J. C. Ogle, "Void Nucleation in Alloys," 
Metals and Ceramics Diu. Mater. S e i .  Annu. Prog. R e p .  June 30, 1976, 
ORNL-5182, pp. 60-1. 
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containing SRO or small-domain-size LRO were irradiated over the temp- 
erature range 675 to 950 K with 1-MeV electrons or 4-MeV nickel ions 
at exposures up to 100 dpa; transmission electron microscopy showed 
no evidence for void nucleation. Other nickel-molybdenum alloys, 
in which no diffraction evidence for any type of order was found, 
did nucleate voids under identical irradiation conditions. The latter 
alloys were more resistant to void swelling than elemental nickel, 
but voids were clearly present at 100 dpa and a large amount of swell- 
ing occurred for exposures of about 200 dpa (nickel ion irradiation) 
at 900 K. 

precipitation on void swelling resulted from the continuing research 
of Gessel and Rowcliffe.6 The void swelling response of Fe-21 at. % 
Ni-8 at. % Cr alloys was examined as a function of increasing aluminum 
additions. The irradiation conditions were 4-MeV nickel ions at 
925 K, to an exposure of 170 dpa. The swelling dropped precipitously 
when the aluminum concentration reached 7.8 at. %. Our electron micro- 
scopy examination of identical specimens isothermally aged at the 
irradiation temperature showed the alloy to contain small coherent 
precipitate particles ($4-nm-diam). Diffraction patterns from these 
alloys show the precipitate to be ordered. The weak Bragg superlattice 
maxima are consistent with an Ll2 superlattice. In addition, weak 
diffuse maxima, whose origin may be lattice strains, are found near the 
fundamental Bragg maxima. 

A further indication of the important influence of dense coherent 

This research is continuing. 

4.1.5 Characterization of 244Cm Oxide a Sources for Doping Irradiation 
Samples - N. H. Packan and W. A .  Coghlan 

During simulation of neutron radiation damage by heavy-ion bombard- 
ment the presence of gas atoms is desirable because helium that is 
produced by transmutation reactions plays an important role in nucleating 
voids and dislocation loops. The amount of helium that can be implanted 
into nickel f o i l s  by the alpha decay of a 244Cm source has been determined 
by vacuum fusion implanted test foils. In addition to these bulk helium- 
concentration measurements, alpha-alpha scattering measurements were 
performed. This technique determines the Concentration profile as a 
function of depth, thereby providing a much more sensitive test of our 
existing theoretical model for this process. These measurements confirm 
the uniform concentration region near the surface followed by the linearly 
decreasing region that is predicted by our model. However, the helium 
concentration values are not consistent with the vacuum fusion results. 
Much less helium is found in the samples measured by the alpha-alpha 
scattering. To see if the vacuum fusion results are consistent, we exposed 

G. Gessel and A .  F. Rowcliffe, paper presented at the International 6 

Conference on "Radiation Effects in Breeder Reactor Structural Materials," 
Scottsdale, Ariz., 1977, to be published in the proceedings. 
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two n e a r l y  i d e n t i c a l  n i c k e l  f o i l s  t o  a source  a t  room temperature  t o  
o b t a i n  expected v a l u e s  of 1 2  and 120 a t .  ppm H e .  The ana lyses  found 
12.8 and 131 a t .  appm. 
t r a t i o n  v a l u e s  found by alpha-alpha s c a t t e r i n g .  

We are n o t  y e t  a b l e  t o  exp la in  t h e  low concen- 

4.2 THEORETICAL STUDIES 

4.2.1 General  Rate Theory Model of Void Swell ing and Di s loca t ion  
Loop Growth i n  I r r a d i a t e d  Metals - M. H. Yoo, L. K. Mansur, 
and W. A. Coghlan 

We have i n i t i a t e d  a program t o  develop a gene ra l i zed  rate theory  
model of vo id  swe l l ing  and d i s l o c a t i o n  loop growth i n  metals under 
i r r a d i a t i o n  by f a s t  neu t rons  o r  by high-energy charged p a r t i c l e s .  
Based on t h e  r e c e n t  r a t e  theory  model7 t h a t  t a k e s  i n t o  account bo th  
temporal  and s p a t i a l  (one-dimension) dependence of loop growth and 
void  swe l l ing ,  an e f f i c i e n t  computer program w i l l  be  w r i t t e n  t o  inc lude  
t h e  fo l lowing  p h y s i c a l  e f f e c t s  on vo id  swel l ing :  (1) cascade damage, 
( 2 )  s e l f - i o n  depos i t i on ,  (3) s o l u t e  t r app ing  and seg rega t ion ,  (4) 
p r e c i p i t a t e  p a r t i c l e s ,  ( 5 )  evo lu t ion  of d i s l o c a t i o n  m i c r o s t r u c t u r e s ,  
(6)  vo id  coa lescence ,  ( 7 )  app l i ed  stress, and (8) pulsed i r r a d i a t i o n .  

We w i l l  t r y  t o  develop an  improved numerical  i n t e g r a t i o n  method 
f o r  s o l v i n g  a system of rate equat ions .  
app l i ed  t o  c o r r e l a t i o n  s t u d i e s  of vo id  swe l l ing  by s e l f - i o n  and neut ron  
i r r a d i a t i o n ,  and a l s o  of vo id  swe l l ing  d a t a  by s tep-he ight  measurement 
and t r ansmiss ion  e l e c t r o n  microscopy. 

The p r e s e n t  model w i l l  be  

4.2,2 Growth K i n e t i c s  and 'Preference  F a c t o r '  of Frank Loops i n  Nicke l  
During E lec t ron  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  

The growth k i n e t i c s  of i n t e r s t i t i a l - t y p e  Frank loops  i n  a t h i n  
f o i l  of h igh-pur i ty  n i c k e l  a t  725'K w a s  measured du r ing  e l e c t r o n  
i r r a d i a t i o n  i n  a H i t a c h i  high-vol tage e l e c t r o n  microscope ope ra t ing  
a t  650 keV. The exper imenta l  d a t a  w e r e  analyzed by use  of t h e  g e n e r a l  
rate theory  model,7 which t a k e s  i n t o  account  bo th  temporal  and s p a t i a l  
dependence of loop growth. 

t i o n  t i m e s  ranging  from 1 t o  62 min, w i t h  e l e c t r o n  exposures  as h igh  as 
0.24 dpa. 
s cop ica l ly .  

The p rogres s ive  growth of f a u l t e d  loops  w a s  observed a t  11 i r r a d i a -  

The f o i l  t h i c k n e s s  of 0.44 vm w a s  determined s tereomicro-  
The dep th  p o s i t i o n s  of 35 loops  were a l s o  determined. 

7M. H. Yoo, Dislocation Loop Growth and Void Swelling i n  Bounded 
Media by Charged Particle Damage, ORNLITM-5789 ( A p r i l  1977);  a l s o  
accepted f o r  p u b l i c a t i o n  i n  Journal of Nuclear Materials. 



7 2  

While t h e  l a r g e s t  and t h e  smallest loops among t h e  35 measured show 
t h e  t i m e  exponents of n = 0.9 and 0.5,  r e s p e c t i v e l y ,  t h e  mean loop 
r a d i i  y i e l d  n = 0.6. 
measured mean r a d i i  and t h e  c a l c u l a t e d  cu rves .  I n  t h e  depth p o s i t i o n  
dependence t h e  d a t a  p o i n t s  and t h e  c a l c u l a t e d  curves a g r e e  q u a l i t a -  
t i v e l y .  Through sys t ema t i c  v a r i a t i o n s  of t h e  vacancy mig ra t ion  energy, 
$, and t h e  p re fe rence  f a c t o r  of d i s l o c a t i o n s  f o r  s e l f - i n t e r s t i t i a l s ,  
6i, w e  w e r e  a b l e  t o  determine t h a t  
achieving r easonab le  consis tency between t h e  t h e o r e t i c a l  model and t h e  
experiment a1 d a t a .  

The t i m e  dependence a g r e e s  w e l l  between t h e  

= 1.2 e V  and 6; = 0.06 by 

4.2.3 E f f e c t  of Implanted I n t e r s t i t i a l s  on Swell ing During Self-Ion 
Bombardment - A .  D .  B r a i l s f o r d '  and L. K .  Mansur 

Bombardment of metals wi th  e n e r g e t i c  s e l f - i o n s  is  widely used 
t o  s imula t e  neutron i r r a d i a t i o n .  D i f f e rences  i n  t h e  r e s u l t i n g  swe l l ing  
may b e  due t o  t h e  proximity of a f r e e  s u r f a c e ,  d i f f e r e n c e s  i n  cascade 
s t r u c t u r e s  and bombardment temperatures ,  g r e a t l y  a c c e l e r a t e d  d e f e c t  
product ion r a t e s ,  and implan ta t ion  of i o n s  i n  t h e  s ecimen.' 
e f f e c t s  of s e l f - i o n  implan ta t ion  are examined h e r e .  

Gi = G,(l + E ) ,  r e s u l t s  from ion  implan ta t ion .  
t h e  n e t  i n t e r s t i t i a l  and vacancy product ion rates pe r  u n i t  volume and 
E is  t h e  n e t  number of i n t e r s t i t i a l s  produced p e r  i on  implanted a t  
a p o i n t .  An expres s ion  has  been de r ived  f o r  t h e  r e s u l t i n g  f r a c t i o n a l  
r e d u c t i o n  i n  swe l l ing  ra te  compared w i t h  t h e  case of no implanted 
i n t e r s t i t i a l s  ( E  = 0) i n  terms of material and i r r a d i a t i o n  parameters .  
S impl i f i ed  l i m i t i n g  expres s ions  are g iven  f o r  t h e  extreme c a s e s  where 

The 
7 0  

A h ighe r  product ion rate f o r  i n t e r s t i t i a l s  than vacanc ie s ,  
Here G i  and G, are 

- 1  

most d e f e c t s  are l o s t  

v a l i d  f o r  < 

by recombination o r  a t  s i n k s :  

( r  ecombina t i o n  
4 n B l  dominated) Y 

1, and 

' S c i e n t i f i c  Research S t a f f ,  Ford Motor Company, Dearborn, Mich. 

'Many of t h e s e  e f f e c t s  have been examined i n  t h e  Proceedings of the 
Vorkshop on Come Zation of Neutron and Charged Partic Ze Damage, (held 
June 8-10, 1976,  Oak Ridge, Tenn.), J. 0. S t i e g l e r ,  Comp., CONF-760673. 

Materials, c o n t a i n s  a more d e t a i l e d  examination of t h i s  problem. 
''A. D. B r a i l s f o r d  and L. K. Mansur, submitted t o  JourmZ of Nuclear 
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q Q 1 (sink dominated) , ( 2 )  2 v v v  
6 ( d V / d A )  

( d V / d N &  = 0 

where 

V = void volume fraction; 

A = G,, X time; 
g = ZvZd - ZiZv v d  , the bias; 

v i  
Z. = capture efficiencies of voids and dislocations for inter- 
23 v 

stitials and vacancies; 

rv and Nu = void radius and concentration; 

L = dislocation density; 

rl = 4RG /&K$&.",, which measures the recombination to sink l o s s  
" 3  3 

rate; 

?K< 
3 2,v = D ~ , v ( 4 ' r r r v N v Z ~ , v  + ZiYvL)  d , the l o s s  rates to sinks per 

= diffusion coefficient of interstitials, vacancies. 

interstitial, vacancy; and 

Di ,V 

At low temperature [Eq. (l)] the fractional reduction increases 
with E: and Gv but decreases with T and C K $ , v .  Using a typical E of 
3 X l o + ,  the results for a range of temperatures are given in Table 4 . 1 .  
The results are sensitive to the value of li$, the vacancy migration 
energy. The conservative value of 1 eV is used (using 1.4 eV, often 
quoted for nickel, more than doubles the value of fractional reduction 
shown for 45OOC). 

Table 4.1. Effect of Implanted Interstitials on 
Fractional Reduction in Swellinga 

Irradiation Recombination/Sink Fractional 
Temperature Loss Rate Parameter, Swelling Reduction 

( " C )  n 6 ( d V / d A )  / ( d V / d A )  E = O  

4 0 0  
450 
500 
550 
600 

257 
78 
28 
11 

5 

0.24  
0.13 
0.08 
0.05 
0.03 

a Parameter values used in these computations are 
E = 3 x 1 0 - 4 ,  Z$ = 1.0, zf = 1.01, D, = 19 exp(-Em/kr>m/s, 

= 1 eV, k = Boltzmann's constant, R / W {  = 10 /m , 
Gf2 = defects/atom s ,  where 52 f atomic volume. 

202, 2 
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Where sinks dominate, Eq.  (2) applies. Taking the largest reason- 
able & of (ref. 10)  and the smallest reasonable g of the 
reduction in swelling rate is less than about 20% if 4?~Z$Z>~rli , /L is 
not much greater than unity. This latter condition is satisfied in 
many cases. l 1  
are present, saturation in swelling can be reached" at V = ( ~ L / E ) ~ /  
3 ( 4 ~ r N ~ ) ~ .  

However, in unusual cases when L is very low but voids 

These results support the following conclusions: 
1. 
2. Below the peak swelling temperature, the fractional reduction 

Deposited interstitials decrease swelling at all temperatures. 

in swelling increases with decreasing temperature. 
low temperatures, normalized to the peak swelling, is lower for self- 
ion bombardment than for neutron or electron irradiations. 

3 .  When sinks dominate, the fractional decrease in swelling is 
not sensitive to temperature. Also, under these conditions swelling 
will saturate at V = ( g L / & )  3 / 3 ( 4 ~ N v )  2 .  This is normally such a high 
value as to be nonphysical. In rare cases where dislocation density 
becomes low because of recovery, as for example in pure nickel bombarded 
to high doses, the saturation swelling may be as low as 10%. 

The swelling at 

12 

4.2.4 Assessment of the Theory of Void Growth - L. K. Mansur 

A review and critical assessment of the theory of void growth have 
been completed. 
of the Workshop on Correlation o f  Neutron and Charged Particle Damage 
held at the Oak Ridge National Laboratory in June 1976.  Areas requiring 
further development are defined. The mathematical framework underlying 
numerical computations needed in modeling the behavior of voids and 
other elements in the microstructure is developed, and analytic expres- 
sions are given for certain limiting cases. 

Future improvement in capability to extrapolate and translate 
low-dose neutron data and high-dose charged particle data to predictions 
for high-dose neutron irradiations requires: 
1. an understanding of the complex evolution of dislocation structure 

2 .  an understanding of the detailed mechanisms of impurity action. 

These are described in a paper13 in the Proceedings 

with dose and temperature, and 

llL. K. Mansur, K. Farrell, and J. 0. Stiegler, "Comparison of Void 
Growth Kinetics in Irradiated Stainless Steels and Pure Metals," Trans. 
Am. NucZ. Soc. 21: 163-64  ( 1 9 7 5 ) .  

is found in R. Bullough, B. L. Eyre, and K. Krishan, Proc. Roy. Soe. 
(London) A346: 81 ( 1 9 7 5 ) .  

pp. 61-109 in Proc. Workshop Correlation Neutron Charged Particle Damage 
(held at Oak Ridge National Laboratory, June 8-10, 19761 ,  CONF-760673. 

2A similar effect due to vacancy retent ion in collapsed cascades 

13L. K. Mansur, "Void Growth Kinetics: An Assessment of the Theory," 
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I n  p a r t i c u l a r ,  c u r r e n t  models f o r  t h e  e f f e c t s  of impuri ty  seg rega t ion  
t o  s i n k s  on p o i n t  d e f e c t  c a p t u r e  e f f i c i e n c i e s  need t o  be combined wi th  
t h e  conceptual ly  s e p a r a t e  e f f e c t s  of impuri ty  t r app ing  and impuri ty  
d e p l e t i o n  due t o  seg rega t ion  on p o i n t  d e f e c t  recombination i n  t h e  matr ix .  

t i o n  development w i t h  dose can be a n t i c i p a t e d ,  and where t h e  void growth 
ra te  a t  low-dose neu t ron  o r  high-dose charged p a r t i c l e  cond i t ions  are  
a v a i l a b l e ,  high-dose neutron swe l l ing  can be p r e d i c t e d  s u c e s s f u l l y  wi th  
t h e  p rev ious ly  developed theory f o r  t h e  growth and coalescence of vo ids .  

I n  f r equen t  cases where vo id  n u c l e a t i o n  has  ceased, where d i s l o c a -  

4.2.5 In f luence  of a Sur face  Coating on Void Formation - L. K. Mansur 
and W ,  G. Wolfer14 

I m p u r i t i e s  o f t e n  a l ter  radiat ion-induced swe l l ing  behavior of 
metals, and t h e  mechanisms by which t h i s  might occur are under s tudy .  
One mechanism by which seg rega t ion  may a f f e c t  swe l l ing  behavior i s  
through t h e  point-defect  image i n t e r a c t i o n .  The i n t e r a c t i o n  between 
p o i n t  d e f e c t s  and t h e  coated void has  r e c e n t l y  been derived.? '  
pi1rpose of t h i s  r e p o r t  i s  t o  summarize i t s  e f f e c t  on c a p t u r e  e f f i c i e n c i e s  
of vo ids  f o r  p o i n t  d e f e c t s  and u l t i m a t e l y  on void n u c l e a t i o n  and growth; 
a more d e t a i l e d  r e p o r t  i s  a v a i l a b l e .  

However, f o r  t h e  coated vo id ,  t h e  p re fe rence  i s  reve r sed .  T h i s  produces 
r educ t ions  i n  c r i t i c a l  energy and c r i t i c a l  s i z e  and accompanying sub- 
s t a n t i a l  i n c r e a s e s  i n  void n u c l e a t i o n  rate. I n  a d d i t i o n  when t h e  
s p e c i f i c  s u r f a c e  energy is  decreased,  an  e f f e c t  which u s u a l l y  occurs  
wi th  seg rega t ion ,  t h e  n u c l e a t i o n  rate responds w i t h  extreme s e n s i t i -  
v i t y ,  t h u s  f u r t h e r  f avor ing  t h e  coated void.  S i m i l a r l y ,  t h e  growth 
ra te  of t h e  coated void i s  enhanced and t h e  growth k i n e t i c s  are changed 
wi th  r e s p e c t  t o  t h e  ba re  void.  

Void c o a t i n g s  are expected t o  occur widely on t h e  b a s i s  of thermo- 
dynamic requirements  f o r  adso rp t ion  a t  s u r f a c e s  as w e l l  as impuri ty  
drag due t o  radiat ion-induced p o i n t  d e f e c t  f l u x e s .  Thus, t h e s e  concepts 
may have some u t i l i t y  i n  suggest ing i n t e r p r e t a t i o n s  of i r r a d i a t i o n -  
induced swe l l ing  behavior i n  terms of p r o p e r t i e s  of i m p u r i t i e s  i n  
segregated l a y e r s .  I n  a d d i t i o n ,  t h e  p o s s i b i l i t y  is  r a i s e d  t h a t  swe l l ing  
could be reduced by in t roduc ing  i m p u r i t i e s  t h a t  would t r a p  seg regan t s  
i n  t h e  ma t r ix  o r  by forming p r e c i p i t a t e s .  

The 

1 6  

Bare vo ids  e x h i b i t  a p re fe rence  f o r  i n t e r s t i t i a l s  over vacanc ie s .  

4Department of Nuclear Engineering, Un ive r s i ty  of Wisconsin, 
Madison. 

"W. G. Wolfer and L. K. Mansur, Phys. Status SoZid i  37(a ) :  

16L.  K. Mansur and W. G ,  Wolfer, Influence of a Surface Coating 
211-22 (1976). 

on Void Fornation, OFWL/TM-5670, i n  p r e p a r a t i o n .  
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4.3 FACILITY, EQUIPMENT, AND EXPERIMENT DEVELOPMENT 

4.3.1 ORNL Heavy-Ion Bombardment F a c i l i t y  

4.3.1.1 The Dual-Ion I r r a d i a t i o n  F a c i l i t y  - G. F. Wells," M. B. L e w i s ,  
and N. H. Packan 

A 0.4-MeV Van de  Graaff i on  a c c e l e r a t o r  is  now o p e r a t i o n a l  i n  t h e  
5-MV Ion Bombardment Laboratory.  
t o r  connects  w i t h  t h e  new r a d i a t i o n  damage chamber t o  pe rmi t  helium o r  
o t h e r  l i g h t  i o n s  t o  be i n j e c t e d  a t  15' o f f  normal inc idence  i n t o  specimens 
t h a t  are being s imultaneously bombarded wi th  heavy i o n s .  
t u r e  of t h e  c o n t r o l  system of t h e  small a c c e l e r a t o r  is  t h a t  i t  d i s t r i -  
b u t e s  t h e  i n j e c t e d  l i g h t  i o n s  uniformly throughout t h e  volume of material 
t h a t  is  being sub jec t ed  t o  displacement damage by t h e  heavy-ion beam. 
Th i s  d i s t r i b u t i o n  is  achieved by ramping t h e  energy of t h e  l i g h t  i o n s  
cont inuously and a u t o m a t i c a l l y  over t h e  range 0.2 t o  0.4 MeV a t  60-s 
i n t e r v a l s  (20-s and 6-s c y c l e s  w i l l  be  a v a i l a b l e  l a t e r ) .  Ramping i s  
accomplished by a l i n e a r  o r  "sawtooth" v a r i a t i o n  of t h e  c u r r e n t  i n  t h e  
analyzing magnet. 
s l i t  whose s i g n a l  i s  received by t h e  Van de Graaff energy s t a b i l i z i n g  
c i r c u i t ,  f o r c i n g  t h e  VdG energy t o  change such as t o  minimize t h e  s l i t  
s i g n a l  and maintain t h e  i n i t i a l  beam d i r ec2 ion .  
t i e s  from 0 .1  t o  100 nA are a v a i l a b l e  w i t h  un i fo rmi ty  of beam i n t e n s i t y  
maintained w i t h i n  510% over t h e  e n t i r e  energy range and 53% over  80% 
of t h e  energy range. 

from t h e  small a c c e l e r a t o r  can be switched t o  an i o n ' s c a t t e r i n g  chamber. 
Here t h e  beam, co l l ima ted  t o  about 1 mm2, impinges upon a t a r g e t  t h a t  
can be o r i en ted  in one d i r e c t i o n  re la t ive t o  t h e  beam. Sur face  b a r r i e r  
d e t e c t o r s  are mounted i n s i d e  t h e  s c a t t e r i n g  chamber t o  measure t h e  p r e c i s e  
energy of i o n s  s c a t t e r i n g  from t h e  t a r g e t .  P l ans  are being made t o  use  
t h i s  chamber t o  implant and measure gases  i n  metal and o t h e r  t ypes  of 
t a r g e t s .  P re l imina ry  measurements of helium implanted i n  n i c k e l  are 
p r e s e n t l y  being c a r r i e d  o u t ,  and s t u d i e s  have been i n i t i a t e d  w i t h  
R. A .  P e r k i n s ,  Surface and S o l i d  State  React ion Group, t o  measure oxygen 
d i f f u s i o n  p r o f i l e s  i n  vanadium by a nuc lea r  r e a c t i o n  method. 

One beam l i n e  from t h e  small accelera- 

A unique f ea -  

Th i s  a c t i o n  causes  t h e  bean: t o  s t r i k e  a d e f i n i n g  

Light- ion beam intensi-  

An a d d i t i o n a l  f e a t u r e  i s  an  a u x i l i a r y  beam l i n e  i n  which t h e  beam 

4.3.1.2 General F a c i l i t y  Improvements - N .  H. Packan, R. A. Buhl, 
M. B. L e w i s ,  and G. F. Wells17 

A s  p a r t  of a g e n e r a l  f a c i l i t y  upgrading, a new damage chamber w a s  
i n s t a l l e d  and p u t  i n t o  o p e r a t i o n  du r ing  t h e  r e p o r t i n g  pe r iod .  
up t o  s i x  s e p a r a t e  specimen modules, each con ta in ing  as many as n i n e  

With i t ,  

7Physics Div i s ion .  
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3-mm-diam d i s k  specimens, can be i o n  bombarded be fo re  r e load ing  specimens. 
Cross-checked temperature  monitor ing i s  provided by thermocouples and 
i n f r a r e d  pyrometry. 
s t a b i l i t y  i n  ho ld ing  t h e  s e l e c t e d  temperature  w i t h i n  l 0 C  over multihour 
bombardment runs.  Aux i l i a ry  equipment on t h e  chamber inc ludes  a r e s i d u a l  
gas  ana lyze r  and a mask d r i v e  mechanism, whose main f u n c t i o n  i s  t o  
assess t h e  beam s p a t i a l  un i fo rmi ty  w i t h  a n  a r r a y  of small  a p e r t u r e s .  
The mask can a l s o  be used t o  uncover p r o g r e s s i v e l y  t h e  middle and upper 
rows of t h e  3 X 3 specimen a r r a y  du r ing  a s i n g l e  bombardment, t h u s  obtain-  
i ng  up t o  t h r e e  d i f f e r e n t  damage l e v e l s  i n  one run.  The new chamber i s  
rough-pumped by l i q u i d  n i t r o g e n  s o r p t i o n  pumps; h igh  vacuum [low Pa 

The appa ra tus  has  demonstrated an  e x t r a o r d i n a r y  

t o r r )  range] is  maintained wi th  a 1 m 3 / s  cryopump. 
I n  o t h e r  f a c i l i t y  mod i f i ca t ions ,  t h e  beam l i n e  s e c t i o n  between t h e  

f i n a l  focus ing  l e n s  and t h e  new r a d i a t i o n  damage chamber was r ep laced  
w i t h  l a r g e r  diameter e l e c t r o p o l i s h e d  s t a i n l e s s  s teel  tubing having 
ultrahigh-vacuum j o i n t s  and i s  now pumped t o  Pa  (lo-' t o r r )  by a 
second cryopump. The i o n  source on t h e  5-MV Van de Graaff has been 
modified s o  t h a t  t h r e e  d i f f e r e n t  beam s p e c i e s  can be s e l e c t e d  a t  t h e  
c o n t r o l  console .  The system has been t e s t e d  i n  e x t r a c t i n g  beams of 
5 e N i + ,  51V+, and 4He2+ by remote c o n t r o l .  

4.3.1.3 I n i t i a l  Damage Simulat ion Experiments i n  t h e  Dual-Ion I r r a d i a t i o n  
F a c i l i t y  - K. Farrel l  and N. H. Packan 

Late i n  t h i s  r e p o r t i n g  pe r iod  a 400-keV Van de  Graaff a c c e l e r a t o r  
was a t t a c h e d  t o  t h e  5 MeV Van d e  Graaff machine t o  permit  simultaneous 
i n j e c t i o n  of l i g h t  i o n s  i n t o  t h e  damaged r e g i o n  of specimens undergoing 
heavy-ion displacement damage. This  a l lows some c r i t i ca l  experiments 
t o  r e s o l v e  ques t ions  on t h e  r o l e  and e f f e c t s  of gases  on displacement 
damage. We have performed t h e  i r r a d i a t i o n s  f o r  two such experiments.  
The f i r s t  i s  concerned w i t h  t h e  e f f e c t s  of helium on void formation i n  
pure n i c k e l ;  h e r e  w e  are comparing t h e  behavior of helium i n j e c t e d  a t  
room temperature  wi th  t h a t  of helium i n j e c t e d  s imultaneously wi th  heavy 
i o n  damage a t  e l e v a t e d  temperature t o  see which more closely resembles 
t h e  damage s t r u c t u r e s  i n  neu t ron - i r r ad ia t ed  n i c k e l .  Th i s  i s  an ex tens ion  
of an on-going program c o r r e l a t i n g  r a p i d  ion  damage wi th  neutron damage. 
The second experiment is  a new one aimed a t  one of t h e  most c r i t i c a l  
ques t ions  f a c i n g  materials performance i n  t h e  f i r s t  w a l l  of a magnetic 
f u s i o n  r e a c t o r :  What w i l l  be t h e  e f f e c t ( s )  of t h e  h igh  He/dpa r a t i o ?  
I n  a f u s i o n  dev ice  undergoing bombardment wi th  14-MeV neu t rons  t h e  r a t i o  
of t h e  helium product ion rate t o  t h e  displacement damage ra te  w i l l  be 
about  20 a t .  ppm/dpa, roughly 100 times t h a t  i n  f a s t - f i s s i o n  r e a c t o r s .  
A t  p re sen t  t h e  only way t o  reproduce t h e s e  r a t i o s  i s  wi th  a d u a l  i o n  beam 
f a c i l i t y .  The re fo re ,  w e  have taken a high-puri ty  s t a i n l e s s  s t e e l ,  
known t o  b e  h i g h l y  s e n s i t i v e  t o  swe l l ing ,  and have bombarded i t  t o  two 
He/dpa r a t i o s ,  0.2 and 20, a t  s e v e r a l  dpa l e v e l s  up t o  70 and a t  tempera- 
t u r e s  of 850, 900, and 950 K. The peak swe l l ing  temperature  wi th  cold- 
p r e i n j e c t e d  helium i s  900 K. 
specimens and have bombarded them w i t h  n i c k e l  i o n s  a t  900 K t o  compare 
t h e  e f f e c t s  of pre- and s imultaneously i n j e c t e d  helium. The microstruc-  
t u r e s  of t h e s e  specimens w i l l  be  s t u d i e d  s h o r t l y .  

We have included some co ld -p re in j ec t ed  
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4.3 .1 .4  Operat ions - M. B. L e w i s ,  M. B. Inman, and F. K. McGowan17 

During t h e  p a s t  year  t h e  5-MV Ion Bombardment F a c i l i t y  w a s  used t o  
make 73 n i c k e l  i on  bombard..lent experiments vary ing  from 1 t o  300 dpa/ 
bombardment. Damage rates were f r e q u e n t l y  about 35 dpa /h r ,  equ iva len t  
t o  a f luence  of approximately 5 X n/m2 (>0.1 M e V ) .  Experiments 
were performed w i t h  groups from Westinghouse, General  Electr ic ,  and t h e  
OWL Sol id  S t a t e  Div is ion  as w e l l  as by Metals and Ceramics Div i s ion  
personnel  i n  t h e  breeder  r e a c t o r  a l l o y  development and materials s c i e n c e  
r e s e a r c h  groups.  

4 . 3 . 2  Simula t ion  of Neutron I r r a d i a t i o n  Creep - T.  C .  Re i l ey ,  
P.  G. Jung,18 R. L.  Auble,17 and M. G. Duncan'' 

During t h i s  year  t h e  major accomplishment w a s  t h e  completion of 
our appa ra tus ,  which uses  a beam of l i g h t  i o n s  (60-MeV a lpha  p a r t i c l e s  
from t h e  Oak Ridge Cyclotron,  ORIC) t o  s imula t e  neut ron  i r r a d i a t i o n  
c reep ,  This  c o n s t r u c t i o n  was :  f i n i s h e d  by t h e  l a t te r  p a r t  of December, 
i n  t i m e  f o r  t h e  las t  cyc lo t ron  experiment of t h i s  r e p o r t i n g  pe r iod .  
(ORIC w i l l  resume ope ra t ions  i n  t h e  mid-summer, 1977, a l lowing  f u r t h e r  
experiments . )  
schematic  of the system. 

The f i r s t  w a s  concerned 
p r imar i ly  w i t h  beam handl ing and c h a r a c t e i i z a t i o n .  An i o n i z a t i o n  moni- 
t o r i n g  device  w a s  a l s o  t e s t e d  as a secondary measure of beam c u r r e n t s .  
The second experiment,  i n  December, was performed t o  monitor  t h e  f u n c t i o n  
of s e v e r a l  components of t h e  system, inc lud ing  t h e  d a t a  a c q u i s t i t i o n  
system and modified v e r s i o n  of t h e  temperature  c o n t r o l  system. The 
r e s u l t s  from t h i s  experiment2'  i nd ica t ed  t h a t  t h e  specimen temperature  
dur ing  ope ra t ion  a t  f u l l  beam could be c o n t r o l l e d  t o  about  0.005 K ,  
and t h a t  t h e  thermal  t r a n s i e n t s  associated w i t h  complete beam l o s s  w e r e  
n e g l i g i b l e  a f t e r  about 0.2 s. An i n f r a r e d  pyrometer,  which scanned t h e  
specimen dur ing  i r r a d i a t i o n ,  showed an accep tab le  temperature  g r a d i e n t  
i n  t h e  specimen (-510 K ) .  Seve ra l  components of t h e  appa ra tus  have been 
modified on t h e  b a s i s  of ope ra t ing  exper ience ;  t h e s e  inc lude  t h e  load  
a p p l i c a t i o n  system, t h e  s tandard  r e s i s t o r  (used t o  r e f e r e n c e  t h e  specimen 
r e s i s t a n c e ) ,  and a mul t ip lex ing  device  t o  a l low g r e a t e r  d a t a  f low 
c a p a b i l i t i e s .  The appa ra tus  i s  now ready f o r  i r r a d i a t i o n  c reep  experiments .  

c reep  t e s t i n g  of t h i n  specimens t o  determine t h e  e f f e c t s  of specimen 
th i ckness  (25-200 pm) and environment (vacuum v s  helium) on creep  r a t e ,  

F igure  4.2 shows t h e  appa ra tus  and Fig .  4.3  shows a 

Two cyc lo t ron  experiments were performed. 

Several suppor t  i n v e s t i g a t i o n s  were i n i t i a t e d .  One, t h e  thermal  

"Vis i t ing  S c i e n t i s t  from KFA, J c l i c h ,  West Germany. 

"Consultant,  Un ive r s i ty  of Tennessee. 

OM. G. Duncan, Precision Rec t i f i er  Detectors for AC Resistance 
Bridge Measurements ~ t h  AppZication t o  Temperature Control Systems 
for Irradiation Creep Experiments, ORNL/TM-5715 (May 1977) . 
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Fig. 4.2.  I r r a d i a t i o n  Creep Apparatus i n  P l a c e  a t  t h e  Oak Ridge 
Isochronous Cyclotron. 
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Fig .  4 . 3 .  Schematic I l l u s t r a t i o n  of Components of I r r a d i a t i o n  Creep Apparatus.  
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has progressed21 to the point where we have demonstrated for type 316 
stainless steel at 813 K that bulk properties can be duplicated in 
vacuum or helium with specimens as thin as 25 pm. This is essential 
for the irradiation creep simulation experiments, in which thin specimens 
(75-125 pm) will be used. 
modification of an existing creep machine to accept thin, spring-loaded 
specimens. 
from first principles, the factors that differ in the displacement process 
between neutron and light-ion irradiation and also affect the irradiation 
creep rate. 

There is evidence 22'23 that, according to the calculated dpa rates, 
light ions are about 10 times as effective in enhancing the irradiation 
creep rate as are fast neutrons. 

controlled system to monitor thermal creep experiments in the irradiation 
creep apparatus. This is to allow thermal creep experiments to proceed 
when the cyclotron is not available. Also, irradiation creep specimens 
were completed and sent to the EBR-I1 for preirradiation (to a fluence 
of 2 x 
Specimens of structural, developmental, and pure materials are being 
irradiated. 

An important part of this effort was the 

Another supporting project has begun in which we compare, 

Other support work includes the development of a microprocessor- 

to 4 x 1026/m2, >0.1 MeV) for later testing in the apparatus. 

4.3.3 Analytical Electron Microscopy (AEM) 

4.3.3.1 Optimum Operating Modes for an Analytical Electron Microscope - 
R. W. Carpenter, J. Bentley, and Edward A. Kenik 

A comprehensive experimental investigation of all static and scanning 
beam imaging and diffraction modes of a modern AEM was made during the 
past year 24,25 to determine the optimum operating modes for analysis of 

~ 

T. C, Reiley and P. G. Jung, "The Simulation of Irradiation Creep," 2 1  

presented at the International Conference on Radiation Effects in 
Breeder Reactor Structural Materials, Scottsdale, Arizona, June 1977; to 
be published in the proceedings. 

private communication. 
22J. L. Straalsund, Hanford Engineering Development Laboratory, 

23R. J. McElroy, AERE, Harwell, UK, private communication. 

24R. W. Carpenter, J. Bentley, and E. A .  Kenik, "Analytical Electron 
Microscopy Investigation of Structural and Spatial Composition Variation 
in Lamellar Multiphase Alloys," pp. 411-22 in Scanning Electron Micro- 
scopy, Vol. I (Proc. Workshop Analytical Electron Microscopy), IIT 
Research Institute, Chicago, March 1977. 

Diffraction to Alloy Phase Transformations," (Summary) pp. 398-99 in 
34th Ann. Proc. Electron Microscopy Soc. h e r . ,  (Miami Beach), G .  W. Bailey, 
ed., Claitor's Publishing Division, Baton Rouge, 1976. 

5R. W. Carpenter, "Application of Transmission Scanning Electron 
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lattice defects and local composition variations in crystalline alloy 
specimens. 

A lamellar two-phase alloy with the composition Cu-4 wt % Ti was 
used to investigate most of the operating modes of the instrument. The 
microstructure was composed of thin plates of an ordered Cu-Ti inter- 
metallic phase formed by isothermal precipitation in the fcc matrix. 
The interfaces are flat and sharp on (111) matrix planes and formed 
ideal objects to examine the response of the energy-dispersive x-ray 
and scanning transmission (STEM) imaging systems. A typical example 
of normal transmission imaging in diffraction contrast is shown in 
Fig. 4 . 4 ,  for which the specimen was tilted to reveal the dislocation 
structure in the incoherent precipitate-matrix interface. This imaging 
mode was found to be the best and fastest for analysis of geometric 
lattice defects. Scanning imaging modes were found to be superior for 
use during chemical analysis of different small regions in the micro- 
structure for two reasons. First, when an area is selected for chemical 
analysis in STEM and the electron-probe scan is stopped on the chosen 
area for measurement of the emitted characteristic x-ray spectrum, 
maximum spatial resolution is possible because the incident electron 
probe diameter can be reduced to about 2 nm in this imaging mode. Second, 
the surface topography of the specimen area in which chemical analyses 
are performed can be directly examined in the secondary electron imaging 
mode. Local variations in thickness can result in erroneous chemical 

Fig. 4 . 4 .  Bright-Field Diffraction-Contrast Transmission Electron 
Micrograph. Note interfacial dislocations in interface between matrix 
and lamellar intermetallic compound. Scale marker = 0.1. urn. 
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analyses .  An example of both t h e s e  imaging modes i s  shown i n  Fig.  4.5 
f o r  t h e  lamallar two-phase Cu-4 w t  % T i  a l l o y .  
po l i shed  d i f f e r e n t i a l l y  during t h i n n i n g  t o  e l e c t r o n  t ransparency,  w i th  
t h e  ordered phase p o l i s h i n g  more slowly. The s u r f a c e  r e l i e f  between 
t h e  ordered p l a t e s  and ma t r ix  w a s  found t o  be ~ ~ 2 0  nm from SEM s t e r e o  
p a i r s .  

shown i n  Fig.  4.6. F igu re  4 .6 (a )  shows an  STEM image of lamellar 
p l a t e s ,  and Fig.  4.6(b) a T i  Ka l i n e  scan  corresponding t o  t h e  l i n e  
A-By i n  Fig.  4 .6 (a ) .  The two c o n t r a s t  f e a t u r e s  marked T i n  Fig.  4 .6 (a )  
are twin boundaries  i n  t h e  copper-rich ma t r ix ,  n o t  lamellar p r e c i p i t a t e .  
Note t h e  one-to-one correspondence between r e g i o n s  of l a r g e  amplitude 
on t h e  T i  Ka l i n e  scan and t h e  ordered lamellar p r e c i p i t a t e s ,  and t h e  
i n d i c a t i o n  of s l i g h t  t i t a n i u m  s e g r e g a t i o n  t o  twin boundaries i n  
Fig.  4 .6(b) .  The width of t h e  t h i n n e s t  n e a r l y  edge-on lamellar p l a t e s  
i n  Fig.  4 .6(a)  i s  about 60 nm, and t h e  f o i l  t h i ckness  i s  about 150 nm. 
One can see t h a t  t h e  x-ray l i n e  scan has more than adequate  r e s o l u t i o n  
t o  d e l i n e a t e  t h e s e  r eg ions  of high t i t an ium concen t r a t ion .  

p i t a t e  and from an ad jacen t  m a t r i x  area are shown i n  Fig.  4.7.  
s p e c t r a  were taken wi th  t h e  microscope ope ra t ing  i n  t h e  STEM mode wi th  
a s t a t i o n a r y  probe. 
i s  20.3 k 2.0 a t .  % T i ,  corresponding t o  n e a r l y  CusTi. Fu r the r  d e t a i l s  
on x-ray a n a l y s i s  are given i n  Sect .  4.3.3.2. 

The two phases were 

Typ ica l  microchemical a n a l y s i s  r e s u l t s  from t h e  same specimen are 

Energy-dispersive x-ray s p e c t r a  taken from a s i n g l e  lamellar p r e c i -  
These 

The composition of t h e  ordered lamellar p r e c i p i t a t e  

Fig.  4.5. Scanning Images of Lamellar Two-Phase Alloy. (a )  Scanning 
t ransmission image showing s e v e r a l  g r a i n s ;  (b) SEM secondary e l e c t r o n  
image of specimen s u r f a c e ,  same area as ( a ) .  Note t h e  obvious p r o j e c t i o n  
of ordered plates  above t h e  m a t r i x  s u r f a c e .  S c a l e  marker = 1 pm. 



Fig.  4 . 6 .  Lamellar Mic ros t ruc tu re .  
(a )  STEM image. 
f i l e  a l o n g  l i n e  AB shown i n  (a). 
t i m e  = 100 s, rate meter l i n e  c o n s t a n t  = 
1 s. S c a l e  marker = 200 nm. T marks 
twinned matrix. 

(b) T i  Ka x-ray l ine  pro- 
Scan Fig.  4 . 7 .  Energy-Dispersive X-Ray 

Spec t r a  from Ordered P r e c i p i t a t e  P l a t e  
of Width About 60 nm. (b)  From ad ja -  
c e n t  matrix r e g i o n  of about 150 nm 
width.  
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Severa l  d i f f e r e n t  e l e c t r o n  d i f f r a c t i o n  methods w e r e  i n v e s t i g a t e d .  
They a l l  could produce e x c e l l e n t - q u a l i t y  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  
from s e l e c t e d  areas above about 600 nm diam ( s e l e c t e d  area d i f f r a c t i o n )  
down t o  about 1 0  nm diam (micro-micro d i f f r a c t i o n )  from a s i n g l e  ordered 
p l a t e .  Large-angle convergent-beam d i f f r a c t i o n  p a t t e r n s  and small-angle 
e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  can a l s o  be produced e a s i l y .  A unique 
f e a t u r e  of t h i s  a n a l y t i c a l  e l e c t r o n  microscope i s  t h e  c a p a b i l i t y  f o r  
measurement of e l e c t r o n  i n t e n s i t y  i n  d i f f r a c t i o n  p a t t e r n s  o r  images, 
using Grigson scanning c o i l s  and a p h o t o m u l t i p l i e r  d e t e c t i o n  system. 
An example of t h e  method is  shown i n  Fig.  4.8, which i s  t h e  (020) mat r ix  
maximum wi th  two d i f f u s e  sa te l l i t e  peaks from a Cu-4 w t  % T i  a l l o y ,  aged 
t o  form a modulated s t r u c t u r e .  Vertical d e f l e c t i o n  of t h e  h o r i z o n t a l  
t r a c e s  is p r o p o r t i o n a l  t o  t h e  d i f f r a c t e d  i n t e n s i t y  d i s t r i b u t i o n  i n  recip- 
r o c a l  space.  The curved l i n e s  around t h e  i n t e n s i t y  maxima are i s o i n t e n -  
s i t y  contours .  The angular  displacement of t h e  s a t e l l i t e  peaks from t h e  
(020) Bragg peak i s  q u i t e  small, but t hey  are s t i l l  w e l l  r e so lved ,  showing 
t h a t  e x c e l l e n t  angu la r  r e s o l u t i o n  can be obtained wi th  t h i s  method. 

l i t y  i n  i r r a d i a t e d  a l l o y s ,  which i s  desc r ibed  i n  Sec t .  4.1.3. 
This  instrument  i s  proving ind i spensab le  i n  t h e  s tudy  of phase s t a b i -  

Fig.  4.8. Transmission Scanning E lec t ron  D i f f r a c t i o n  (TSED) P a t t e r n  
Taken a t  Large Camera Length on (020) Bragg Maximum of Spinodal ly  Decom- 
posed Cu-4 w t  % T i  Alloy. a = 4.7 X r ad .  

4.3.3.2 Energy-Dispersive X-Ray Analysis  i n  an  AEM - Edward A. Kenik 
and J. Bentley 

A simple method f o r  t h i n  f o i l  a n a l y s i s  i n  an  a n a l y t i c a l  e l e c t r o n  
microscope (AEM) i s  based on t h e  r a t i o  of x-ray peak i n t e n s i t i e s .  I f  t h e  
specimen i s  s u f f i c i e n t l y  t h i n  t h a t  x-ray abso rp t ion  and f luo rescence  i n  
t h e  f o i l  can be ignored,  t h e  r a t i o  of t h e  c o n c e n t r a t i o n s  is  given by: 
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where Ci is the concentration, I; is the peak intensity, and K represents 
the relative total system efficiency for production and detection. 
constant can be evaluated from relative intensity measurements of a 
iarge number of alloys or compounds from which a calibration curve can 
be constructed. 
alloy composition is known, is to perform a large area scan at a suitable 
foil thickness and calculate K from the observed intensity ratio. 

There is some controversy ' 6 y ' 7  about the importance of x-ray absorp- 
tion in thin foils, and several published methods for calculation of the 
effect are incorrect. The magnitude of the absorption correction can be 
calculated' from 

This 

An alternative and often simpler method, when the base 

sin I) lapo = ut cos @ - exp(-pt cos $/sin $1 1 , 

where l ab  and Io  are the detected intensities with and without absorption, 
1-1 is the absorption coefficient, t is the foil thickness, $ is the x-ray 
take-off angle, and @ is the angle between the foil normal and the beam 
direction. In practice a number of effects cause complications, which 
must be recognized before this simple procedure for analysis can be 
performed. 
from constituent elements of the specimen environment). The origin of 
these extraneous x rays is the fluorescence of the nonspecimen components 
by scattered electrons or by x rays produced in the specimen or elsewhere 
in the microscope. An obvious solution is the use of low-atomic-number 
materials in the specimen environment, particularly the specimen holder. 
The design and construction of a beryllium specimen holder is detailed 
below. 

The second complicating effect is x-ray-induced fluorescence of the 
specimen, which leads to x-ray intensities different from those charac- 
teristic of electron excitation and thus results in incorrect intensity 
ratios, as well as poor spatial resolution for analysis.2e 
intensities for a homogeneous alloy, such as Ni-20 at. % Mo, are plotted 

The first is the presence of "system peaks" (signals arising 

If x-ray 

26J. Bentley and E. A. Kenik, "Energy Dispersive X-Ray Measurements 
of Thin Metal Foils," pp. 426-27 in 34th  Ann. Proc. Electron Microscopy 
Soc. Amer., G. W. Bailey, ed., Clartor's Publishing Division, New Orleans, 
1976. 

27J. Bentley and E. A. Kenik, "Reply to 'Comments on Energy Disper- 
sive X-ray Measurements on Thin Metal Foils,'" Scr. MetaZZ. 11: 261-63 
(1977) .  

28E. A. Kenik and J. Bentley, "Influence of X-Ray Induced Fluorescence 
on Energy Dispersive X-Ray Analysis of Thin Foils," accepted for publication 
in 35th Annual Proceedings of Electron Microscopy of America, Boston, 
Massachusetts, 1977. 
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as a f u n c t i o n  of f o i l  t h i c k n e s s ,  two e f f e c t s  are noted (Fig.  4 . 9 ) .  
f i n i t e  x-ray spectrum i s  ob ta ined  even when t h e  specimen is  no t  i n t e r c e p t -  
i n g  t h e  e l e c t r o n  beam, a so-cal led "in-hole" spectrum s i n c e  t h e  beam 
passes  through a h o l e  i n  t h e  specimen. 
depends on f o i l  t h i ckness .  I d e n t i f i c a t i o n  of t h e  o r i g i n  of t h e  ' 'in-hole" 
spectrum is  based on the  behavior  of t h e  spectrum wi th  d i f f e r e n t  f i l a m e n t  
emission c u r r e n t  and condenser a p e r t u r e s .  The "in-hole" count ra te  is  
e s s e n t i a l l y  independent of probe c u r r e n t  when changes are produced by 
d i f f e r e n t  a p e r t u r e s  a t  cons t an t  f i l amen t  emission but  depends s t r o n g l y  
on f i l amen t  emission c u r r e n t  f o r  cons t an t  probe c u r r e n t .  Such dependences 
are i n c o n s i s t e n t  w i th  t h e  "in-hole" spectrum a r i s i n g  from e l e c t r o n  "tails" 
and i n d i c a t e  x-ray-induced f luo rescence  of t h e  specimen. These u n c o l l i -  
mated x-rays are  energy analyzed by s c a t t e r i n g  them o f f  a Mylar f i l m  i n t o  
t h e  spectrometer  while  t h e  e l e c t r o n s  pas s  through a ho le  i n  t h e  Mylar f i l m .  
The "in-hole" spectrum s o  obtained c o n t a i n s  x-ray s i g n a l s  from t h e  spec i -  
men ho lde r  and s c a t t e r e d  l e a d  and molybdenum x r a y s  from t h e  i l l u m i n a t i o n  
s y s  t e m  . 

The observed dependence of x-ray i n t e n s i t y  r a t i o  on f o i l  t h i ckness  
arises from t h e  f i n i t e  ' 'in-hole" coun t s ,  which are l a r g e r  f o r  h ighe r  
energy x-rays, and i s  c o n s i s t e n t  w i th  x-ray-induced f luo rescence .  This  
e f f e c t  can be c o r r e c t e d  by s u b t r a c t i n g  t h e  "in-hole" counts  from t h e  
i n t e g r a t e d  i n t e n s i t i e s  and r e c a l c u l a t i n g  t h e  r a t i o s .  

A 

I n  a d d i t i o n ,  t h e  i n t e n s i t y  r a t i o  
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( a )  I n t e g r a t e d  counts  v e r s u s  f o i l  t h i c k n e s s ,  t. 
i n t e n s i t i e s .  For each r a t i o  t h e  upper curve shows uncorrected d a t a ,  and 
t h e  lower curve shows d a t a  c o r r e c t e d  by s u b t r a c t i o n  of x-ray-induced 
f luo rescence .  

(b) Ra t ios  of i n t e g r a t e d  
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Another x-ray-induced f luo rescence  e f f e c t  i s  a s s o c i a t e d  wi th  x r a y s  
generated i n  t h e  specimen h o l d e r ,  e i t h e r  by backsca t t e red  e l e c t r o n s  
t rapped i n  t h e  o b j e c t i v e  l e n s  f i e l d  o r  by x r a y s  from t h e  i l l u m i n a t i o n  
system. X r a y s  from t h e  ho lde r  induce f luo rescence  of t h e  specimens, 
r e s u l t i n g  i n  i n c o r r e c t  i n t e n s i t y  r a t i o s  f o r  a n a l y s i s .  
Mo a l l o y ,  t h e  Mo-Ni K a  r a t i o  w a s  determined t o  be 0.155 i n  a bronze 
ho lde r  and 0.183 i n  a beryl l ium ho lde r .  
t h e  bronze holder  ar ise  from f luo rescence  of t h e  n i c k e l  induced by t h e  
Cu Kf3 x r a y s .  The use  of low-Z specimen h o l d e r s  t h u s  has  two advantages:  
t h e  removal of extraneous "system peaks" and t h e  minimization of t h i s  
e f f e c t .  

Seve ra l  mod i f i ca t ions  t o  t h e  e x i s t i n g  AEM have been made t o  minimize 
t h e  spu r ious  e f f e c t s  descr ibed above and s i m p l i f y  microchemical a n a l y s i s .  

1. Simultaneous s t r u c t u r a l  and EDS a n a l y s i s  of a c r y s t a l l i n e  spec i -  
men r e q u i r e s  t h e  use  of a double t ilt  h o l d e r  i n  o rde r  t o  ach ieve  d e s i r e d  
d i f f r a c t i o n  cond i t ions  f o r  specimen imaging and t o  achieve t h e  optimum 
x-ray take-off ang le .  The holder  material should no t  c o n t r i b u t e  any 
"system peaks" t o  complicate t h e  spectrum o r  t o  cause anomalous f l u o r e s -  
cence of t h e  specimen. The design should al low a wide range of t i l t  
a n g l e s ,  while  avoiding shadowing of e i t h e r  t h e  e l e c t r o n  beam o r  t h e  detec-  
t o r .  
b u i l t  of beryl l ium. 
by g r e a t e r  t han  90%. 

x-ray-induced f luo rescence  of t h e  specimen, t h e  a s s o c i a t e d  degrada t ion  
of s p a t i a l  r e s o l u t i o n ,  and t o  t h e  gene ra t ion  of "system peaks." These 
x r ays  are generated by t h e  d e c e l e r a t i o n  of e l e c t r o n s  by t h e  condenser 
a p e r t u r e  material. To absorb a l a r g e r  p o r t i o n  of t h e s e  x r a y s ,  t h e  
f i x e d  and movable condenser a p e r t u r e s ,  100- and 25-w.m molybdenum, respec- 
t i v e l y ,  were changed t o  0.51-mm platinum. A f o u r f o l d  r e d u c t i o n  i n  bo th  
t h e  x-ray f l u x  from t h e  condenser assembly and t h e  in-hole spectrum w a s  
achieved. 

c u r r e n t  i n c i d e n t  upon t h e  specimen. To ach ieve  t h i s  a s m a l l  Faraday 
cup w a s  designed and b u i l t  f o r  i n s t a l l a t i o n  i n  t h e  viewing chamber of 
t h e  AEM. The cup has  a grounded s h i e l d  and i s  complete wi th  a g r i d  f o r  
suppres s ion  of secondary e l e c t r o n s .  Phosphor on t h e  upper s u r f a c e  of t h e  
s h i e l d  and t h e  l o c a t i o n  of t h e  cup on t h e  beam s t o p  a i d  i n  r a p i d  and 
a c c u r a t e  p o s i t i o n i n g  ( o r  complete removal) re la t ive t o  t h e  beam. A s  
w e l l  as measuring probe c u r r e n t s  f o r  no rma l i za t ion  i n  x-ray a n a l y s e s ,  t h e  
Faraday cup a l s o  al lows a b s o l u t e  d i f f r a c t e d  i n t e n s i t y  measurement. 

For t h e  Ni-20 a t .  % 

The excess  n i c k e l  coun t s  f o r  

A modi f i ca t ion  of t h e  s t anda rd  double tilt ho lde r  w a s  designed and 
System peaks,  p r i m a r i l y  copper and t i n ,  were reduced 

2. X r a y s  generated i n  t h e  condenser assembly c o n t r i b u t e  t o  t h e  

3 .  It is  o f t e n  d e s i r a b l e  t o  be a b l e  t o  measure t h e  e l e c t r o n  probe 

4 . 3 . 4  High-Voltage E lec t ron  Microscopy - R. W. Carpenter  and 
Edward A. Kenik 

During t h e  p a s t  yea r  t h e  HVm w a s  used as a r e s e a r c h  t o o l  t o  s tudy  
phase i n s t a b i l i t y  and void n u c l e a t i o n ,  p r i m a r i l y  i n  nickel-base b ina ry  
a l l o y s  and n i c k e l .  Th i s  work i s  s t i l l  i n  p rogres s ;  c u r r e n t  r e s u l t s  are 
desc r ibed  i n  Sects. 4 . 1 . 3  and 4 . 1 . 4 .  Modi f i ca t ions  t o  t h e  column vacuum 
system t o  improve high-temperature performance are desc r ibed  below. A 
b r i e f  p r o g r e s s  r e p o r t  on t h e  conversion t o  s ide -en t ry  specimen s t a g e  i s  
a l s o  given.  



89 

4.3.4.1 Modification of the Vacuum System 

Residual gases in the column of a high-voltage electron microscope 
cause undesirable chemical reactions with specimens under observation, 
especially when a hot stage is used and the specimen is maintained at 
elevated temperature during observation. A hot stage is usually used 
for high-temperature deformation, void swelling radiation damage, and 
phase transformation experiments. We have observed surface contamina- 
tion of many specimens during high-temperature void swelling experiments 
from such chemical reactions, when the pressure at the specimen region 
was in the mid-10-4-Pa torr) range. The largest contributors to 
undesirable chemical reactions in the residual column vacuum were ana- 
lyzed with a mass spectrometer and found to be oxygen and water vapor. 
As a first step to reduce the problem, the HVEM column was completely 
disassembled, and the vacuum seals were renewed in all critical regions. 
Additional pumping capacity in the form of a high-capacity low-backstreaming 
diffusion pump was added to the column. 
pressure to 50 VPa ( 4  X torr). Further improvements were obtained 
by fitting an additional liquid nitrogen cryopump between the camera 
chamber and the specimen chamber and by fitting a helium cryopump in the 
specimen chamber. After these additional modifications the pressure 
was measured with a nude ionization gage in the specimen chamber and found 
to be 11 VPa (8 X lo-’ torr). This is the lowest specimen chamber pres- 
sure ever reported for a conventional HVEM. The column on any HVEM is 
very large, and leaks in the vacuum system are very difficult to locate. 
Obviously, maintaining an operating pressure of 11 VPa (8 X lo-* torr) 
requires continuous monitoring of the system for leaks. Plans are 
presently being made for permanent installation on the column of a mass 
spectrometer for this purpose. 

This reduced the specimen region 

4.3.4.2 Modification of the Stage to Side-Entry Configuration 

Last year we reported that side-entry conversion for the existing 
HVEM was feasible. The specifications f o r  the conversion were written 
and a contract for the conversion was let to Gatan, Inc. The necessary 
equipment for the conversion is now being installed in the microscope. 
Further equipment installation will occur later in the year. The modi- 
fication should be complete near the end of the calendar year. 

4.4 COOPERATIVE STUDIES WITH UNIVERSITIES AND OTHER RESEARCH ORGANIZA- 
TIONS - K. Farrell 

A number of our studies on radiation damage are being made with the 
cooperation of personnel at other research establishments. Usually this 
involves examination of specimens provided to the investigator from ORNL 
experiments. 

At the University of Cincinnati, J. Moteff and a Ph.D. student, 
J. Stubbins, have completed their examination of various grades of 
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molybdenum neutron i r r a d i a t e d  a t  temperatures  i n  t h e  range 490 t o  1170 K ,  
and are p repa r ing  a series of r e p o r t s  on t h e  f i n d i n g s .  

Specimens of zirconium and Z i rca loy  have been s t u d i e d  by D.  Northwood 
a t  Chalk River  Nuclear L a b o r a t o r i e s ,  Canada. Very few v o i d s  were found; 
t h e  d a t a  are now being a s ses sed  f o r  p u b l i c a t i o n .  

A. J o s t s o n s  a t  t h e  Lucas Heights  Laboratory,  A u s t r a l i a ,  h a s  com- 
p l e t e d  h i s  p o r t i o n  of work on t h e  f l u e n c e  dependence of damage i n  pu re  
aluminum and d i l u t e  aluminum-silicon and aluminum-indium a l l o y s .  L i t t l e  
o r  no e f f e c t s  of t h e  a l l o y i n g  elements were observed a t  t h e  100 a t .  ppm 
l e v e l .  Examination of v a r i o u s  grades of n e u t r o n - i r r a d i a t e d  zirconium 
and t i t a n i u m  i s  proceeding. 

Microscopy is s tudy ing  neutron damage i n  magnesium-aluminum a l l o y s .  

s e n t  t o  J. D.  McGervey, Case Western Reserve U n i v e r s i t y ,  t o  expand h i s  
p o s i t r o n  a n n i h i l a t i o n  experiments w i th  R.  W. Hendricks. 

base  a l l o y s  has  j u s t  begun wi th  C .  L. Snead, Jr . ,  of Brookhaven 
Na t iona l  Laboratory.  We hope t o  determine vacancy formation e n e r g i e s  and 
vacancy-alloying element binding e n e r g i e s  i n  u n i r r a d i a t e d  a l l o y s .  Speci- 
mens from t h e s e  a l l o y s  are  a l s o  being i r r a d i a t e d  wi th  neu t rons  t o  see i f  
t h e r e  i s  any sys t ema t i c  change i n  s t r u c t u r e  t h a t  can be c o r r e l a t e d  wi th  
t h e  p o s i t r o n  a n n i h i l a t i o n  d a t a .  

J .  Narayan, ORNL So l id  S t a t e  D i v i s i o n ,  has  used t h e  ion  bombardment 
f a c i l i t y  t o  s tudy  low-temperature d e f e c t  s t r u c t u r e s  i n  s t a i n l e s s  s teel  
s i n g l e  c r y s t a l s  and t o  s tudy  damage i n  MgO. 

R. L.  McConville of t h e  Un ive r s i ty  of I l l i n o i s  Center  f o r  E lec t ron  

Neutron-irradiated specimens of pure A l ,  A1-Si, and A1-Mg have been 

A program of p o s i t r o n  a n n i h i l a t i o n  s t u d i e s  of d i l u t e  b ina ry  n i c k e l -  
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1. STAFF ASSIGNMENTS 

R. L.  Beatty from Fundamental Ceramics Studies to Swiss Federal 
Institute for Reactor Research (EIR), Wurenlingen, Switzerland; 
July 1976-July 1977. 

D. N. Braski from Radiation Effects and Microstructural Analysis 
Group to Institut fer Festkkperforschung , Kernforschungsanlage , Jiilich, 
FRG; September 1976-August 1977. 

C. C. Koch from Superconducting Materials to ORNL Central 
Management Offices; October 1976. 

J. S. Faulkner from Theoretical Research to Visiting Professor, 
H. H. Wills Physics Laboratory, University of Bristol, England; 
September 1976September 1977. 

C. B. Finch from Crystal Physics to Institut de Physique Nuclgaire, 
d'orsay, France; May 1977-September 1977. 

T. G. Godfrey from Physical Properties Group to ORNL Fossil Energy 
Program assigned to Pittsburgh Energy Research Center; September 1976- 
September 1977. 

2. GUEST ASSIGNMENTS 

P. Jung, Institut fiir Festk%perforschung, Kernforschungsanlage, 
Jclich, FRG; June 1976July 1977. 

H. P. Krautwasser, Institut fer Reaktorwerkstoffe, Kernforschungsanlage, 
Jclich, FRG; May 1975-November 1976. 

H. C. Freyhardt , Institut fer Metallphysik, Universitgt GGttingen, 
Germany; August-September 1976. 

B. L. Gyorffy, H. H. Wills Physics Laboratory, University of 
Bristol, England, to Theoretical Research; July-September 1976. 

E. Ricci, ORNL Analytical Chemistry Division, internal sabbatical 
leave to X-Ray Diffraction Research; October 1976September 1977. 

M. G.  Duncan, doctoral student from University of Tennessee; 
June 1976-March 1977. 

H. M. Loretto, University of Birmingham, England, to Radiation 
Effects Program; Summer 1977. 

Joseph Mansur, Cornel1 University; Summer 1977. 

Thomas Klimowicz, Massachusetts Institute of Technology; Summer 1977. 

D. C. Reiter, Thiel College; Summer 1977. 

D. J. Bradley, Oak Ridge Associated Universities doctoral student 
from University of Michigan; June 197kAugust 1977. 
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3. STAFF CHANGES 

J .  Brynestad from Fundamental Ceramics S t u d i e s  t o  Chemistry 
Div i s ion ;  October 1976. 

C .  F. Yen from Massachusetts I n s t i t u t e  of Technology t o  
Fundamental Ceramics S t u d i e s ;  February 1977. 

James Bentley from Unive r s i ty  of Birmingham, England, t o  
Rad ia t ion  E f f e c t s ;  January 1977. 

G. M. Stocks from Unive r s i ty  of B r i s t o l  t o  T h e o r e t i c a l  Research; 
December 1976. 

W. Oliver from U n i v e r s i t y  of Tennessee t o  S t a b i l i t i e s  of Micro- 
phases;  March 1977. 

R. D .  Carlson from Unive r s i ty  of Tennessee, Oak Ridge Graduate 
School of Biomedical Sciences,  t o  Small-Angle X-Ray S c a t t e r i n g  S t u d i e s ;  
September 1976. 

4 .  ORNL-UT J O I N T  APPOINTMENTS FOR ACADEMIC YEAR 1976-1977 

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

C .  J .  McHargue, P r o f e s s o r ,  M e t a l l u r g i c a l  Engineering. 

R.  A .  Vandermeer, Assoc ia t e  P r o f e s s o r ,  M e t a l l u r g i c a l  Engineering. 

R. W. Carpenter ,  A s s i s t a n t  P r o f e s s o r ,  M e t a l l u r g i c a l  Engineering. 

W. A. Coghlan, A s s i s t a n t  P r o f e s s o r ,  M e t a l l u r g i c a l  Engineering. 
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5. PRESENTATIONS AT TECHNICAL MEETINGS 

Compiled by Julia L. Bishop 

"Carbon 76" International Carbon Conference, Baden-Baden, West Germany, 
June 28-July 2, 1976 

P. Krautwasser, H. Nickel," and C .  S. Yust, "Influence of Heat 
Treatments on the Microstructure of Pyrocarbon Coatings" 

P. Krautwasser, H. Nickel,* and C. S. Yust, "The Influence of 
Annealing on the Microstructure of Pyrocarbon Coatings" 

9th International Metallographic Society Meeting, Seattle, Washington, 
July 25-28, 1976 

L. A. Harris, "The Use of Reflectivity Standards in an Image 
Analysis System'' 

L. A. Harris,* D. N. Braski, and C. S. Yust, "Electron Microscopy 
of Coal Constituents" 

34th Annual Meeting of the Electron Microscopy Society of America, 
Miami Beach, Florida, August 9-13, 1976 

J. Bentleyft and E. A .  Kenik, "Energy Dispersive X-Ray Measurements 
of Thin Metal Foils" 

D. N. Braski, "High Resolution SEM Fractography of Te-Embrittled 
Has telloy-N" 

R. W. Carpenter, "Application of Transmission Scanning Electron 
Diffraction to Alloy Phase Transformations" 

P. S. Sklad and J. Bentley,* "Changes in the Distribution and 
Morphology of y' Precipitate in Neutron Irradiated PE-16" 

Summer Meeting of the American Crystallographic Association, Evanston, 
Illinois, August 10-13, 1976 

R. W. Hendricks, "Recent Experimental Results from the ORNL 10 meter 
Small-Angle X-Ray Scattering Spectrometer" 

P. Krautwasser" and R. W. Hendricks, "Application of SAXS for 
Characterization of Pyrocarbon Coatings'' 

J. S. Lin,* E. L. Fuller, Jr., and R. W. Hendricks, "Studies of 
Catalysts: Cobalt-Molybdate" 

L. B. Shaffer* and R. W. Hendricks, "Report of the IUCr Commission 
on Crystallographic Apparatus International Project for the 
Calibration of Absolute Intensities in Small-Angle X-Ray Scattering" 

R. H. Stinson, T. Kurg,* P. R. Sweeney, and R. W. Hendricks, "A 
Study of the Structure of Collagen Fibrils by Small-Angle X-Ray 
Scattering" 

*Speaker. 



94 

Applied Superconductivity Conference, Stanford University, Palo Alto, 
California, August 17-20, 1976 

D. S. Easton, "Stress Effects on the Current Densities of 
Commercial Conductors at 4.2 K in Magnetic Fields" 

C. C. Koch* and H. C. Freyhardt, "Fluxoid Pinning in Bulk 
Niobium by Voids Produced During Neutron Irradiation" 

D. M. Kroeger,* D. S. Easton, and A. Moazed, "Stress-Induced 
Heating in Commercial Conductors and Its Possible Influence on 
Magnet Perf ormancell 

U. Roy, A. DasGupta," and C. C. Koch, "Preparation and Super- 
conducting Properties of LiTi204" 

Sixth International Materials Symposium, University of California, 
Berkeley, California, August 24-27, 1976 

L. A. Harris," D. N. Braski, and C. S. Yust, "A Study of Factors 
Affecting Elemental Analyses by STEM" 

H. P. Krautwasser, R. L, Beatty, V. J. Tennery, and C. S. Yust,* 
Comparison of Pyrolytic Carbon Microstructures Derived from 
MAPP-Gas and Propylene" 

International Conference on Positron Annihilation, Helsingor, Denmark, 
August 1976 

V. W. Lindberg, J. D. McGervey," and R. W. Hendricks, "Positron 
Lifetimes in Voids and Other Defects in Neutron-Irradiated 
Aluminum'' 

Sixth European Congress on Electron Microscopy, Jerusalem, 
September 12-17, 1976 

G .  S. Bauer* and R. W. Carpenter, "Hydrogen Induced Twinning 
in Thin Nickel Foils" 

TMS-AIME Fall Meeting, Niagara Falls, New York, September 20-23, 1976  

R. W. Carpenter, "Structural Transformation During Oxide 
Precipitation in Refractory Metal Alloys" 

D. S. Easton,* D. M. Kroeger, and A. Moazed, "Temperature 
Increases in Superconducting Composites as a Result of Tensile 
Strain'' 

A .  DasGupta,* U. Roy, and C. C. Koch, "Superconductivity in 
LiT i20 I+ If 

C. C. Koch* and D. S. Easton, "Mechanical Behavior and Stress 
Effects in Superconductors - A  Review" 

C. J .  McHargue" and J. L. Scott, "Materials Requirement for 
Fusion Reactors'' 

R. A. Perkins" and R. A .  Padgett, Jr., "Oxygen Diffusion in 
Niobium and Niobium-Zirconium Alloys" 
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R. A. Perkins, "Oxidation Diffusion in 6-Zircaloy" 

C. L. White, "A Spectrum of Sites Approach to Grain Boundary 
Segregation'' 

Electrochemical Society Fall Meeting, Las Vegas, Nevada, October 17-22, 
1976 

J. V. Cathcart, "The Role of Stress Effects in the Oxidation 
Behavior of High-Temperature Alloys" 

International Conference on Properties of Atomic Defects in Metals, 
Argonne National Laboratory, Argonne, Illinois, October 18-22, 1976 

R. W. Hendricks, "A Model for the Mechanism of Void Formation 
in Neutron Irradiated High-Purity Aluminum" 

V. W. Lindberg, J. D. McGervey, and R. W. Hendricks," "Positron 
Lifetimes in Voids and Other Defects in Neutron Irradiated 
Aluminum" 

L. K. Mansur* and W. G. Wolfer, "Influence of a Surface Coating 
on Void Formation" 

M. H. Yoo* and J. 0 .  Stiegler, "Point Defect Interactions and 
Growth of Dislocation Loops" 

American Chemical Society Southeastern Regional Meeting, Gatlinburg, 
Tennessee, October 27-29, 1976 

J. S .  Lin,* E. L. Fuller, Jr., and R. W. Hendricks, "Small-Angle 
X-Ray Scattering: Cobalt-Molybdate Catalyst" 

C. J. Sparks, Jr., "Quantitative, Multi-Element X-Ray 
Fluorescence Analysis" (Invited Paper) 

Geological Society of America Annual Meeting, Denver, Colorado, 
November 8-11, 1976 

L. A. Harris" and C. S. Yust, "A Study of the Submicron Minerals 
in Coal" 

Modcomp Users Meeting, Fort Lauderdale, Florida, December 6-8, 1976 

R. W. Hendricks, J. S. Lin, N. A. Betz, and R. L. Stephenson," 
"Software to Augment the Capability of Modcomp Computers Through 
Interaction with a Large Computing Center" 

R. W. Hendricks and J. C. Twichell, "Kigh-Speed Memory Increment 
Hardware for the Modcomp 11" (presented by R. L. Stephenson) 

American Crystallographic Association Meeting, Asilomar, California, 
February 21-25, 1977 

H. L. Yakel* and L. A. Harris, "Can Crystallographers Convert 
to Coal?" 
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AIME Annual Meeting, Atlanta,  Georgia,  March 6-10, 1977 

D. J .  Bradley, J.  M. Le i tnake r , "  and F. H. Horn, "The P r e c i p i t a t i o n  
of Carbon i n  Nickel and Nickel-Titanium Alloys" 

R .  W. Carpenter* and G. S. Bauer, "Hydrogen-Induced Deformation 
i n  Nickel  Fo i l s "  

R. W. Carpenter* and M. H. Yoo, "The E f f e c t s  of Semicoherent 
P r e c i p i t a t i o n  on Segregat ion and Void Swelling i n  Neutron- 
I r r a d i a t e d  A1-Cu Alloys" 

R. W .  Carpenter ,  E .  A. Kenik,* and R. J. Bayuzick, "The E f f e c t  
of I r r a d i a t i o n  on Void Swelling and Chemical Order i n  Ni-Mo, 
Ni -V,  and N i - T i  Alloys" 

A. DasGupta," Y .  T. Chou, C .  C .  Koch, and D .  M. Kroeger, "Role 
of Grain Boundaries i n  Supporting Large C r i t i c a l  Currents"  

D .  S. Easton, " S t r e s s  E f f e c t s  i n  a Var i e ty  of Nb3Sn Superconducting 
Composites" 

J .  M. Le i tnake r , "  D .  J .  Bradley, and D .  N .  B rask i ,  "The Composition 
of Some Cubic P r e c i p i t a t e s  i n  N i - B a s e  Alloys" 

M. H. Yoo, "Void Swelling i n  Bounded Media by Charged Pa r t i c l e  
Damage" 

1977 March Meeting, American Phys ica l  Soc ie ty ,  San Diego, C a l i f o r n i a ,  
March 21-24, 1977 

S .  K. Baczek," R. S. S t e i n ,  R.  D .  Carlson,  and R.  W .  Hendricks,  
"Deformation S t u d i e s  of Polyethylene Using Small-Angle X-Ray 
Sca t t e r ing"  

W. H. But ler* and P. B.  Allen,  "E lec t ron ic  Con t r ibu t ion  t o  t h e  
Phonon Lidewidth i n  Nb" 

A. DasGupta," Y.  T .  Chou, C .  C .  Koch, and D. M. Kroeger, "Flux 
Pinning by C r y s t a l  Boundary i n  Niobium B i c r y s t a l s "  

D.  R. Lloyd, C .  M. Quinn, N .  V. Richardson, R. Jordan,  G.  M. Stocks,* 
B. L. Gyorffy,  and W. E. Temmerman, "Angle-Resolved Photoemission 
Spec t r a  from a Disordered C u N i  Alloy" 

T. S. Lundy, "Have S h o r t - c i r c u i t i n g  D i f f u s i o n  Phenomena Been 
Short-Changed?" 

R.  A. McKee, "Solute  and Vacancy Di f fus ion  f o r  an Alloy i n  
D i s s o c i a t i v e  Equilibrium" 

G. S. P a i n t e r ,  "Surface S t u d i e s  of Chemisorptive Bonding" 

G. M. Stocks,* B. L. Gyorffy,  W. E. Temmerman, E .  S.  Gu i l i ano ,  
and R. Ruggeri ,  "The Coherent P o t e n t i a l  Approximation f o r  
Nonoverlapping Muffin-Tin P o t e n t i a l s :  App l i ca t ions  t o  Disordered 
CuNi and MoNb Alloys" 

M. H. Yoo, "Dislocat ion Loop Growth and Void Swell ing i n  Bounded 
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