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SUMMARY 

1. STRUCTURE OF MATERIALS 

1.1 Theoretical Research 

Our calculation of the electron-phonon interaction in niobium and 
the experimental confirmation obtained by measuring the phonon line 
width with neutrons was singled out by the American Institute of Physics 
for its newsworthiness. Our studies on electron-phonon interactions 
have allowed us to find a new correlation in the data on the electron- 
phonon contribution to thermal resistance, to accurately predict the 
high-temperature electrical resistivity of a transition metal for the 
first time, and to show why p-wave superconductivity is not observed in 
palladium. 

goal has been to calculate the electronic states for a real alloy system 
within this framework with no further simplifying approximations. We 
achieved this goal with our JWR-CPA calculations on copper-nickel 
alloys. Our CPA calculations on palladium hydride have explained the 
experimental measurements on that nonstoichiometric material very well. 

In the area of lattice defect theory, we have made continuous 
progress in radiation damage studies. We have analyzed the depth depen- 
dence of void swelling in self-ion-irradiated metals by using the 
generalized rate theory model of void swelling. Our finding that the 
deposited self-ions are the important physical source of the depth- 
dependent swelling is a significant result in view of the development of 
simulation experiments. We have also developed a unified rate theory 
model for the nucleation and growth of interstitial dislocation loops. 
This model has been used to interpret some of the results of electron 
irradiation experiments. 

various environments involves interactions that occur at the surface. 
Theoretical studies of this program are focused on atomic and molecular 
bonding with (metallic) surfaces with the goal to determine the relative 
roles of various surface characteristics (defects, "impurity overlayers," 
etc.) in chemisorption and molecular dissocation processes. This work 
is intended to provide an understanding of how features of the surface 
electronic structure affect adsorption and dissociation mechanisms. 

Since the coherent potential approximation was proposed in 1967, the 

An essential part of our understanding of the behavior of solids in 

1.2 X-Ray Diffraction Research 

Synchrotron radiation was employed in an attempt to detect super- 
heavy elements. Thresholds for elemental detectability were signifi- 
cantly reduced with this tunable excitation source. Analyses of x-ray 
diffraction data from monoclinic europia crystals are being coupled 
with improvements in our theoretical understanding of secondary extinc- 
tion effects. Studies of the effects of chemical environment on the 
crystal structure of monoclinic europia continue to suggest sensitivity 
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t o  water vapor.  Small  ang le  x-ray s c a t t e r i n g  experiments  w i t h  c o a l s ,  
polymers , and i r r a d i a t e d  metals are reviewed. 

1.3 Fundamental Ceramics S t u d i e s  

The e r o s i o n  of ceramics  i s  observed t o  invo lve  both  b r i t t l e  and 
p l a s t i c  p rocesses .  The s tudy  of ceramic commercial r e f r a c t o r i e s  and 
ceramic s i n g l e  c r y s t a l s  r e v e a l s  bo th  f r a c t u r e  and shear displacement  a t  
p a r t i c l e  impact s i tes .  I n  some c i r cums tances ,  m e l t i n g  i s  d e t e c t e d  a t  
t h e  damage s u r f a c e .  The s tudy  of t h e  micromineralogy and mic roporos i ty  
of c o a l s  i s  con t inu ing .  Near - inf ra red  microscopy has been used t o  r e v e a l  
m i c r o s t r u c t u r a l  f e a t u r e s  of c o a l  t h a t  are opaque i n  t h e  v i s i b l e  spectrum. 
F e a t u r e s  e x h i b i t i n g  b i r e f r i n g e n c e  and having v a r i a b l y  o r i e n t e d  domains 
were noted  by i n f r a r e d  microscopy. The mic roporos i ty  and micromineral  
s i z e s  were found t o  c o r r e l a t e  w e l l  w i th  e v a l u a t i o n s  of pore and mine ra l  
dimensions made by smal l  ang le  x-ray s c a t t e r i n g .  

1 .4  P r e p a r a t i o n  and S y n t h e s i s  of High-Temperature 
and  S p e c i a l  S e r v i c e  Materials 

We r e p o r t  cont inued  p rogres s  w i t h  t h e  i n t e r n a l  zone growth tech-  
n i q u e ,  which h o l d s  much promise a s  a means of s y n t h e s i z i n g  high- 
tempera ture  c r y s t a l s  and d i r e c t i o n a l l y  s o l i d i f i e d  e u t e c t i c s .  
Exper imenta l ly  we have confirmed t h e  p r e d i c t i o n s  of t h e  mathematical  
model t h a t  one can avoid  o r  reduce t h e  d i f f i c u l t i e s  a s s o c i a t e d  wi th  t h e  
thermal  i n s t a b i l i t y  by proper  s e l e c t i o n  of sample d i ame te r ,  g e n e r a t o r  
f requency ,  and p h y s i c a l  geometry. A t echn ique  w a s  developed t o  reduce 
t h e  adve r se  e f f e c t  of t h e  thermal  i n s t a b i l i t y  i n  Cr203-Mo compacts. 
Cons ide ra t ion  of t h e  thermodynamics of gas-metal r e a c t i o n s  y i e l d e d  two 
c r i t e r i a ,  which e s t a b l i s h  p r i n c i p l e s  of composi t ion c o n t r o l  and a l l o y i n g  
i n  metal oxide-metal  e u t e c t i c  composi tes .  These c r i t e r i a  have been used 
f o r  p r e d i c t i n g  t h e  s t a b i l i t y  and c o n t r o l l i n g  t h e  composi t ion of s e v e r a l  
b i n a r y  and t e r n a r y  e u t e c t i c s .  

composi te  growth from a t h i n  l i q u i d  f i l m  - as i n  edge-defined fi lm-fed 
growth - h a s  been developed. We r e p o r t  t h e  r e s u l t s  of a program t o  
d i r e c t i o n a l l y  s o l i d i f y  metal-metal bo r ide  and metal c a r b i d e  e u t e c t i c s .  
E x c e l l e n t  a l l i gnmen t  of WCoB lamellae have been ob ta ined  f o r  t h e  Co-WCoB 
system. The presence  of oxygen as an impur i ty  has  i n h i b i t e d  p rogres s  on 
t h e  Co-WC system. 
prepared  by l iqu id-phase  hot -press ing .  These hard  composi tes  have 
p o t e n t i a l  f o r  t o o l  a p p l i c a t i o n ,  and t h e i r  mechanical p r o p e r t i e s  are now 
be ing  s t u d i e d .  The large-diameter  hydrothermal  au toc lave  and fu rnace  
have been c o n s t r u c t e d .  Quartz c r y s t a l s  of s u f f i c i e n t  s i z e  f o r  d i r e c t  
measurement of t h e i r  e l e c t r o n i c  o s c i l l a t o r  q u a l i t y  have been grown. 
S i n g l e - c r y s t a l  boules  of Fe2SiOq ( f a y a l i t e )  up t o  10 mm i n  diameter  were 
grown by t h e  Czochra l sk i  method. The me l t ing  behavior  and p o s s i b l e  
d e f e c t  s t r u c t u r e  of t h e s e  c r y s t a l s  are r epor t ed .  By t h e  Bridgman 

A computer model of t h e  boundary-layer d i f f u s i o n  problem f o r  e u t e c t i c  

Dense composi tes  of WC-TiB2 and TiB2-Fe have been 
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method, RbCaF3, ThF4, ThC14, and ThBrq have been grown. Crystals of 
ThC14 were grown doped with 249Bk and ThBr4 was doped with Tb. 
resulting samples are used in an electron paramagnetic resonance and 
optical study of such crystals. 

The 

2. DEFORMATION AND MECHANICAL PROPERTIES 

2.1 Physical Metallurgy 

The shape memory effect (SME) in U-14 at. % Nb was characterized 
and found to be two-way. The strain recovery was associated with the 
a” (monoclinic) to y o  (tetragonal) phase transformation. At low strains 
a uranium alloy containing 7.5 wt % Nb and 2.5 wt % Zr exhibited pseudo- 
elasticity, underwent elastic twinning, and developed substantial tex- 
ture. Pole figures were used t o  identify the preferred orientations, 
which profoundly accentuated an aging-induced shape instability in this 
alloy. Factors such as lattice curvature, wide subgrain distributions, 
and deformation microstructure strongly influenced the recrystallization 
tendencies of homogeneously deformed tantalum single crystals. 

2.2 Grain Boundary Segregation and Fracture 

Fracture at 77 K shows phosphorus to segregate to grain boundaries 
and embrittle Fe-3% Si bicrystals. Grain boundary phosphorus concen- 
trations of 30 at. % were observed for specimens with an average con- 
centration of 1200 ppm. 

steel that contained creep cavities. An association of the impurities 
with the creep cavities was inferred. 

Phosphorus and sulfur were found on fracture surfaces of stainless 

3. PHYSICAL PROPERTIES AND TRANSPORT PHENOMENA 

3.1 Mechanisms of Surface and Solid-state Reactions 

Multiple modes of tritium diffusion in Ti02 were identified, and 
initial results of a parallel study of tritium diffusion in A1203 also 
suggested the existence of more than one mode of diffusion. Measurements 
of tracer diffusivities of Ni and Ti in NiO between 1000 and 1500°C 
verified doubly ionized Ni vacancies as the dominant defect in NiO and 
provided evidence of vacancy-impurity interactions. The theory of dif- 
fusion in an alloy in dissociative equilibrium was developed further, 
and the negative solute diffusivity enhancement observed in very dilute 
Pb-Cd alloys was interpreted as a reflection of the formation of 
i n t e r s t i t i a l - s u b s t i t u t i o n a l  solute pairs. Studies of diffusion in Pb-Ni 
and Sn-Au alloys are expected to provide additional information con- 
cerning dissociative diffusion mechanisms. Very pure (99.99%+) FeS was 
synthesized and used as the starting material for growing single 



crystals of FeS. 
sulfide scales formed on Fe at 700-900°C were continued. Highly accurate 
and reliable techniques for measuring oxidation kinetics at elevated 
temperatures (up to 1500°C) were developed, and a comparative study of 
the oxidation of zirconium and Zircaloy-4 was initiated. Oxygen dif- 
fusivities in the oxide and oxygen-stabilized alpha layer on Zircaloy-4 
were determined. 
cesses in terms of mass flow in a one-dimensional, multiphase, moving 
boundary system with finite geometry. 

Investigations of the kinetics and morphology of 

A computer program was written to model oxidation pro- 

3.2 Physical Properties Research 

A method was developed to calculate the lattice thermal conduc- 
tivity (A) of alloys as a function of temperature and composition from 
readily available data on atomic or molecular species in the alloy. 
h of SrF2 was measured from 80 to 400 K and the l/h results disagree 
by a factor of 3 with calculations using the Liebfried and Schloman 
equation. 
the of epoxy-containing materials at low temperatures. A correlation 
describing the interaction of phonons with conduction electrons is in 
fair agreement with a simple theoretical estimate. Measurements of the 
Soret effect of molten Ag-Te solutions show the heat of transport to 
decrease at high temperatures. The of commercially pure Nb was 
measured from 100 to 1400 K; the Lorenz ratio appears to be near Lo with 
a small lattice contribution. Analysis of measurements on alloys of 
50 Cu-50 Ni and 50 Ag-50 Pd (at. % )  when combined with calculated lattice 
contributions yield positive deviations from the Sommerfeld limit of the 
Lorenz function. Data analysis on two Cr-Fe alloys shows that the lat- 
tice contribution in Cr is significant. The total hemispherical emit- 
tance of black chromium coatings on copper was unstable at 580 K. Our 

measurements on a graphite X standard from 80 to 900 K agree to 
within ?2% with results by others. The thermal conductivity of ordered 
alloys is greater than that of disordered alloys for NiqMo and 
V(FeO. 22c00. 78) 3- 

The 

An apparatus was constructed to study the factors that influence 

3.3 Superconducting Materials 

A study of flux pinning by a single grain boundary in Nb bicrystals 
resulted in an unambiguous determination of the elementary pinning force 
between grain boundary and flux line. Since the grain boundaries were 
symmetric tilt boundaries, it could be concluded that the pinning 
interaction was not due to H anisotropy. Work on the strain sen- 
sitivity of the critical cur%t density, 
filamentary Nb3Sn conductors has shown the importance of Kirkendall 
voids in the region of the Nb3Sn-bronze interface and has indicated 
that short reaction times, resulting in smaller void densities and 
thinner Nb3Sn layers, are advantageous. Measurements of the critical 
field He 
shown la?ger changes in H 
transition temperature, TZ? Measurements of J e  and H 

of bronze-processed multi- Jc , 

in such materials as a function of temperature and strain have 
than would be expected from the variation of 

as functions of c2 
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temperature and strain in a monofilament bronze-processed conductor have 
indicated that much of the strain dependence of Jc  is due to changes in 
the fundamental properties H and I rather than to microstructural 
changes or cracks. c2 e 

4 .  RADIATION EFFECTS 

The Radiation Effects Program is organized to provide an under- 
standing of the effects of composition and microstrucutre on the struc- 
ture and properties of materials irradiated at elevated temperatures. 
Activities supported by the Division of Materials Sciences complement 
and support work sponsored by the Breeder Reactor and Magnetic Fusion 
Energy Programs by examining relatively simple systems and by conducting 
studies aimed at identifying mechanisms that control damage. 

A generalized rate theory model has been formulated to describe 
microstructural evolution during particle irradiation. The model 
accounts for temporal and spatial variations in defect production and 
thus is applicable to ion and electron irradiation situations. A theory 
of impurity trapping of point defects has been developed and incor- 
porated into the model. Effects of trapping on void nucleation and 
growth and on irradiation creep have been examined in detail. A quan- 
titative description of the temperature shift of swelling with changes in 
dose rate has been developed and applied to neutron and ion bombardment 
of nickel. A numerical technique for calculating diffusion of point 
defects to dislocation loops has been used to study stress-assisted dif- 
fusion. Faulted loops are found to act as stronger sinks than edge 
dislocations. Results have been used to calculate loop growth kinetics 
for nickel during electron irradiation. 

The effects of amount and method of injection of helium on void 
nucleation and growth during heavy-ion bombardment of nickel and of low- 
and high-swelling stainless steels are presented. Results depend on the 
material studied. A technique for simultaneously bombarding a material 
with hydrogen, helium, and heavy ions with only two accelerators is 
described. Effects of stress on the growth of bubbles of helium, intro- 
duced by injection from an accelerator, have been studied in a high- 
purity stainless steel. Bubbles located at special positions such as 
triple point junctions or grain boundaries grow significantly faster 
than those within the grains. Studies of heavy-ion damage in Ni-Mo 
alloys that maintain short-range order during irradiation have been 
extended to include effects of simultaneously injected helium, but still 
no swelling could be detected. A theory of point defect trapping at 
incoherent and semicoherent 8 ”  interfaces has been applied to swelling 
in A1-4% Cu alloys during neutron irradiation. The model predicts an 
extension of the time for the onset of swelling and end-of-irradiation 
swelling values that agree with experimental results. Microstructural 
studies of neutron damage in molybdenum, zirconium, and zirconium alloys 
are presented. Only dislocation loops, a substantial fraction of which 
are of vacancy character, are found in zirconium and its alloys. 
suggestion is offered that the preferential attraction of the loops for 
interstitials is very weak. Microstructural features have been related 
to tensile properties for highly irradiated 1100-0 and 6061 aluminum 

The 
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alloys. Initial results of the ORNL light-ion irradiation creep faci- 
lity are presented and shown to be consistent with other observations. 
Other applications of the facility are described. Specimen thickness in 
the range 25-200 um has been shown to have no influence on thermal creep 
rate. 

are described, including design of a double focusing magnetic sector 
electron energy l o s s  spectrometer for the analytical electron microscopes, 
software and hardware modifications to expand the capability of the PDP 
11/34 computer system, acquisition of specialized tilting, heating, and 
straining holders for the 1-NV electron microscope, and modifications to 
the 1-MV microscope for energy-dispersive x-ray analysis. In the area 
of electron microscopy research a systematic study of contamination pro- 
cesses occurring in high-current-density electron probes is presented 
along with instrument modifications to restrict the problem. The proce- 
dure for obtaining small-angle electron scattering patterns in the 
electron microscope is described and applied to the study of Hf-0 
clusters in an oxidized Ta4% W-2% Hf alloy. Weak-beam dark-field 
imaging has been used to reveal fine details of structural changes 
introduced by neutron irradiation of A l 4 %  Cu alloys. Calculations 
have suggested that the peak-to-background ratio for microanalysis by 
x-ray emission in TEM is reduced for increased accelerating voltage. An 
experiment to demonstrate this has been undertaken. 
micro-micro diffraction techniques have been used to identify positively 
Liz0 precipitate in Li-doped MgO. 
irradiation facility are described. 

tetraborate as the source of oxygen during the anodization of vanadium. 
The depth distribution of injected deuterium and helium has been measured 
as a function of implantation energy pattern, injection temperature, and 
subsequent nickel ion bombardment. The center of the distributions 
remains constant, but the distribution broadens as the injection tem- 
perature increases or nickel ion bombardment proceeds. 

Advances in the development of our capability in electron microscopy 

Moir; patterns and 

Improvements to the dual Van de Graaff 

The nuclear microanalysis facility has been used to identify sodium 

5. ENGINEERING MATERIALS SCIENCE 

5.1 Fundamentals of Welding and Joining 

Ferrite observed at room temperature in type 308 stainless steel 
weld metal is the untransformed 6-ferrite that formed during initial 
stages of solidificaiton. A study of solidification of model austenitic 
systems has begun. Formation of sigma phase can be prevented in welds 
by controlling the chromium equivalent. 
prevented by controlling the molybdenum content. Careful control of the 
solubility product, [C][Ti], is necessary in titanium-modified steels to 
prevent formation of stringers. Measured x-ray intensities of M23C6 do 
not appear to follow their predicted values. A new precipitate seen in 
type 321 stainless steel aged 17 years at 65OOC is similar to Fe2P and 
(Fe,Cr)zAs. 
precipitates on quenching Ni-C alloys; interpretation of internal friction 

Laves and chi phases can be 

A similar phase has been seen in irradiated steels. Carbon 
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measurements therefore needs revision. Thermodynamics of the fcc Fe-C 
system are re-analyzed; the activity coefficient of carbon in nickel was 
measured. 





1. STRUCTURE OF MATERIALS 

1.1 THEORETICAL RESEARCH - J. S. Faulkner 

We are developing a fundamental theoretical framework for condensed 

matter that makes it possible to synthesize the diversity of observed 

phenomena into a single internally consistent picture. The purpose of 

this development is to facilitate studies and applications in materials 

science. We used band-theory techniques based on multiple-scattering 

theory (MST) and the discrete variational method (DVM) to study the 

relation between the electronic states in crystals and their binding 

energy, physical properties, and superconducting properties. The full 

muffin-tin coherent potential approximation (CPA) is used for similar 

studies on random substitutional solid solutions and nonstoichiometric 

compounds. The physical and chemical properties of surfaces interacting 

with their environments are studied with layer and cluster techniques 

based on both MST and DVM. Lattice defect theory is used to develop an 

understanding of radiation effects and mechanical properties of solids. 

1.1.1 Electron-Phonon Contribution to the Phonon Linewidth in Nb: 
Theory and Experimentl~~ - W. H. Butler, H. G. Smith,j 
and N. Wakabayashi3 

Phonons have a finite lifetime and a nonzero energy width due to 

the electron-phonon interaction. 

calculations and experimental measurements of this line width for Nb. 

The calculations employ the rigid muffin-tin approximation and a 

realistic band structure. The measurements were done at low temperature 

to minimize the contributions to the line width from phonon-phonon 

interactions. The calculations predict and experiments confirm strong 

electron-phonon coupling for the longitudinal phonon modes in the [110] 

direction. 

In this paper we present theoretical 

1Summary of Phys. Rev. L e t t .  39: 1004 (1977). 
2This work has been singled out in the American Institute of 

Physics publication Physics News in 1977 as being unusually interesting 
and newsworthy. 

3Solid State Division. 

1 
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1.1.2 Electron-Phonon I n t e r a c t i o n  and La t t ice  Thermal Conduct iv i tv4  - 
W. H. B u t l e r  and R. K. W i l l i a m s  

Phonons i n  a metal have a f i n i t e  l i f e t i m e  due t o  t h e  emiss ion  of 

e l ec t ron -ho le  p a i r s .  This  process  l e a d s  t o  an  electron-phonon cont r ibu-  

t i o n ,  W t o  t h e  thermal  r e s i s t a n c e ,  which l i m i t s  t h e  l a t t i ce  thermal  

c o n d u c t i v i t y ,  ., We summarize t h e  a v a i l a b l e  exper imenta l  d a t a  on 

We,,, emphasizing u n c e r t a i n t i e s  and c o n t r a s t i n g  r e s u l t s  from d i f f e r e n t  

t y p e s  of experiments .  Methods f o r  o b t a i n i n g  b e t t e r  d a t a  are suggested.  

The a v a i l a b l e  d a t a  are i n  f a i r  agreement wi th  a s i m p l e  t h e o r e t i c a l  

e st  imate : 

e,, 
% 

lim(!2’ -+ 0 ) f l  (T/e,)2 = 0.21s1a1’3iVA(deg cm/watt)  , 
e,  

3 where s1, i s  t h e  atomic volume in- ;?  , fl i s  t h e  Fe rmi  energy d e n s i t y  of 

s ta tes  ( 1  s p i n )  i n  states/eV, and A i s  t h e  electron-phonon mass enhance- 

ment. The d e v i a t i o n s  from t h i s  l i m i t i n g  formula may prove u s e f u l  f o r  

unders tanding  t h e  electron-phonon i n t e r a c t i o n .  

1.1.3 C a l c u l a t i o n  of R e s i s t i v i t y  and Electron-Phonon Coupling i n  Pd5’ - 
F.  J. P i n s k i , /  P. B. A l l e n , /  and W. H. B u t l e r  

We have c a l c u l a t e d  electron-phonon p r o p e r t i e s  of pal ladium us ing  

KKR energy bands and wave f u n c t i o n s  and t h e  r i g i d  muff in- t in  e l ec t ron -  

phonon s c a t t e r i n g  ope ra to r .  The mass enhancement parameter  A i s  s m a l l ,  

0.29, sugges t ing  t h a t  s p i n  f l u c t u a t i o n s  e n t e r  i n  t h e  renormalized 

e l e c t r o n i c  s p e c i f i c  hea t .  However, r a t h e r  l i t t l e  c o n t r i b u t i o n  from s p i n  

f l u c t u a t i o n s  i s  necessa ry  t o  account  f o r  e i t h e r  t h e  l a r g e  magnitude of 

e l ec t r i ca l  r e s i s t i v i t y  o r  t h e  absence of supe rconduc t iv i ty .  The high- 

tempera ture  r e s i s t i v i t y  d e p a r t s  s t r o n g l y  from l i n e a r i t y  i n  T.  Mott 

a t t r i b u t e d  t h i s  t o  Fe rmi  smearing, bu t  prev ious  Fe rmi  smearing ca l cu la -  

t i o n s  are no t  convincing.  The room-temperature mean f r e e  pa th  i s  3.3 nm, 

4Abs t r ac t  o f  a paper  submi t ted  t o  PhysicaZ Review. 
5Abst rac t  of a t a l k  p re sen ted  a t  t h e  American Phys ica l  S o c i e t y  

6Supported i n  p a r t  by NSF Grant DMR76-82946. 
7Department of  Phys ic s ,  S ta te  U n i v e r s i t y  of New York, Stony Brook. 

meet ing i n  Washington, D.C., March 27-30, 1978. 
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which sugges t s  t h a t  " s a t u r a t i o n "  should be beginning by 1000 K. 

s i m p l e  phenomenological t r ea tmen t  of s a t u r a t i o n ,  w e  propose t h a t  t h e  

observed low-temperature T2 r e s i s t i v i t y 8  of magnitude 0 .31  pR m/K2 

persis ts  up t o  v e r y  h igh  temperature  but i s  hidden by s a t u r a t i o n .  

Using a 

1.1.4 Electron-Phonon C o n t r i b u t i o n  t o  Electr ical  R e s i s t i v i t y  and Super- 
conduct ing "P-Wave" T r a n s i t i o n  Temperature of Pdy - F. J. P insk i  .7 
P. B. Al len , '  and W. H. B u t l e r  

We p r e s e n t  f i r s t - p r i n c i p l e s  c a l c u l a t i o n s  of t h e  electron-phonon 

parameters  t h a t  govern t r a n s p o r t  and supe rconduc t iv i ty  i n  palladium. 

Our c a l c u l a t e d  r e s i s t i v i t y  i s  i n  good agreement wi th  experiment.  The 

"s-wave" coupl ing  c o n s t a n t  ( o r  mass enhancement) i s  0.41 and t h e  "p-wave" 

coupl ing  cons t an t  i s  -0.02, making t h e  e x i s t e n c e  of observable  e l ec t ron -  

phonon induced "p-wave" p a i r i n g  i n  pal ladium ve ry  doub t fu l .  

1.1.5 A Complete S o l u t i o n  of t h e  KKR-CPA Equat ions:  Cu-Ni Alloys9 - 
G. M. S tocks ,  W. M. Temmerman,l' and B. L. Gyorf fy lusL1 

We r e p o r t  on c a l c u l a t i o n s  of t h e  e l e c t r o n i c  s ta tes  i n  d i so rde red  

Cu N i l +  a l l o y s  based on a complete s o l u t i o n  of t h e  coherent  poten- 

t i a l  approximation f o r  a muff in- t in  model of t h e  a l l o y  p o t e n t i a l  

(KKR-CPA). 

t h a t  involved i n  multi-atom-per-unit-cell band s t r u c t u r e  c a l c u l a t i o n s .  

The c a l c u l a t e d  d e n s i t i e s  of s ta tes  ag ree  w e l l  w i th  t h e  r e s u l t s  of photo- 

emiss ion  and o t h e r  experiments .  The adequacy of prev ious  approximate 

KKR-CPA and averaged t -ma t r ix  c a l c u l a t i o n s  i s  d iscussed .  

c 

The computa t iona l  e f f o r t  r e q u i r e d  is  modest on t h e  scale of 

1.1.6 The Atomic Sphere Approximbtion t o  t h e  w - C P A :  E l e c t r o n i c  
S t r u c t u r e  of Paramagnet ic  CucNi1-C Al loys4  - W. M. Temmerman,lO 
B. L. Gyorffy, lU, l l  and G. M. S tocks  

We cons idered  t h e  Coherent P o t e n t i a l  Approximation (CPA) f o r  a 

s u b s t i t u t i o n a l l y  d i so rde red  a l l o y  c r y s t a l  p o t e n t i a l  of t h e  nonover- 

l a p p i n g  muff in- t in  form. We s i m p l i f i e d  t h e  KKR-CPA theo ry  us ing  the  

8J. T. Schriempf,  Phys. Rev. L e t t .  20: 1034-35 (1968). 
9Abs t r ac t  of a paper  submi t ted  t o  Physical Review Letters.  

l0H. H. W i l l s  Phys ics  Laboratory,  U n i v e r s i t y  of B r i s t o l ,  U.K. 
l P r e s e n t  a d d r e s s ,  Brookhaven Nat iona l  Laboratory,  Upton, New York. 
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Atomic Sphere Approximation (&A) of Andersen. 

damental  equa t ions  of t h e  t h e o r y  can be so lved  numer ica l ly .  The com- 

p u t a t i o n a l  e f f o r t  necessa ry  i s  no t  p a r t i c u l a r l y  l a r g e  on t h e  scale of 

modern band s t r u c t u r e  c a l c u l a t i o n s .  A s  an  i l l u s t r a t i o n  of our  method, 

w e  c a l c u l a t e d  t h e  Bloch s p e c t r a l  f u n c t i o n s  and t h e  p a r t i a l l y  averaged 

l o c a l  d e n s i t y  of states f o r  a number of a l l o y  p o t e n t i a l s  des igned  t o  

r e p r e s e n t  paramagnet ic  Cu N i l - c  a l l o y s .  

p o s s i b l e  w e  found good agreement wi th  prev ious  c a l c u l a t i o n s .  Our 

r e s u l t s  are a l s o  c o n s i s t e n t  w i th  v a r i o u s  exper imenta l  da t a .  

In  i t s  new form t h e  fun- 

Where comparison w a s  e 

1.1.7 C l u s t e r  C a l c u l a t i o n  of t h e  E l e c t r o n i c  S t r u c t u r e  of Oxygen 
Chemisorbed on t h e  Aluminum (111) Surface’ - G. M. S tocks  
and G. S. P a i n t e r  

I n  r e c e n t  y e a r s ,  cons ide rab le  i n t e r e s t  has  been focused on charac- 

t e r i z i n g  t h e  i n t e r a c t i o n  of  oxygen wi th  aluminum s u r f a c e s .  Recent 

exper imenta l  d a t a  sugges t  t h e  e x i s t e n c e  of  a chemisorbed s ta te  on t h e  

(111)  su r face .  Here w e  r e p o r t  r e s u l t s  from a f i r s t - p r i n c i p l e s  l i n e a r  

v a r i a t i o n a l  c a l c u l a t i o n  f o r  a c l u s t e r  r e p r e s e n t a t i o n  of oxygen on t h e  

(111)  aluminum s u r f a c e .  F e a t u r 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  are 

r e l a t e d  t o  expe r imen ta l ly  determined s p e c t r a l  s t r u c t u r e s .  The wave 

f u n c t i o n  components are analyzed t o  provide  informat ion  about chemisorp- 

t i v e  bonding i n  t h i s  system. 

1.1.8 Sur face  E l e c t r o n i c  S t r u c t u r e  of Cu-Ni Al loys  i n  a Thin Fi lm 
Model’ - G. S. P a i n t e r  and G. M. S tocks  

Copper-nickel a l l o y s  are among t h e  most wide ly  s t u d i e d  and b e s t  

c h a r a c t e r i z e d  of a l l o y s  i n  terms of t h e  bu lk  e l e c t r o n i c  s t r u c t u r e ,  but  

r e l a t i v e l y  l i t t l e  i s  understood about  t he  s u r f a c e  e l e c t r o n i c  s t r u c t u r e .  

We r e p o r t  h e r e  some c a l c u l a t i o n s  f o r  t h in - f i lm  r e p r e s e n t a t i o n s  of t h e  

Cu-Ni su r face .  Various f e a t u r e s  of t h e  s u r f a c e  f i l m  e l e c t r o n i c  s t ruc -  

t u r e  are compared wi th  cor responding  ones o f  t h e  bulk ,  as determined 

from c a l c u l a t i o n s  c a r r i e d  out  i n  t h e  coherent  p o t e n t i a l  approximation.  

These r e s u l t s  are used t o  d i s c u s s  t h e  bonding p r o p e r t i e s  of the  Cu-Ni 

a l l o y  s u r f a c e .  The u s e f u l n e s s  of bu lk  a l l o y  p r o p e r t i e s  f o r  d i s c u s s i o n  

of  s u r f a c e  c h a r a c t e r i s t i c s  i s  a s ses sed .  
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1.1.9 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 S tepped  Metal S u r f a c e s l L  - G. S. P a i n t e r  

It i s  wide ly  recognized  t h a t  s t r u c t u r e  s e n s i t i v i t y  of  s u r f a c e  pro- 

cesses i s  a r e f l e c t i o n  of  t h e  e l e c t r o n i c  s t r u c t u r e  of t h e  s u r f a c e  and is  

t h u s  coupled t o  t h e  geomet r i ca l  arrangement  of  s u r f a c e  atoms. The 

i n t e r a c t i o n s  t h a t  t a k e  p l a c e  between t h e  s u r f a c e  and an adso rba te  spe- 

c i e s  depend upon t h e  bonding among t h e  atoms of t h e  s u r f a c e ,  and t h i s  i n  

t u r n  i s  determined by t h e  s t r u c t u r a l  arrangement of t h e  s u r f a c e  atoms. 

S u r f a c e  i r r e g u l a r i t i e s  t h a t  a l ter  t h e  c o o r d i n a t i o n  number of a s u r f a c e  

atom are p a r t i c u l a r l y  e f f e c t i v e  i n  a l t e r i n g  t h e  bonding p r o p e r t i e s  of 

t h a t  atom. T h e o r e t i c a l  e l e c t r o n i c  s t r u c t u r e  c a l c u l a t i o n s  f o r  models 

chosen t o  r e p r e s e n t  f e a t u r e s  of  s tepped  s u r f a c e s  are summarized i n  t h i s  

p r e s e n t a t i o n .  Emphasis i s  p laced  on t h e  changes i n  t h e  l o c a l  d e n s i t i e s  

o f  s ta tes  and t h e  s u r f a c e  o r b i t a l s  induced by t h e  presence  of t h e  s t e p s .  

The r e s u l t s  a l s o  i n d i c a t e  how e l e c t r o n  d i s t r i b u t i o n s  i n  small a tomic 

c l u s t e r s  d i f f e r  from those  i n  t h e  atom and t h e  s o l i d .  

1.1.10 Bonding of Oxygen on Aluminum: R e l a t i o n  Between Energy-Band and 
C l u s t e r  Mode l s l j  - G. S. P a i n t e r  

A s t u d y  o f  some f a c t o r s  t h a t  i n f l u e n c e  t h e  p o s i t i o n  and shape of 

t h e  resonance bands of  a d s o r b a t e s  on s u r f a c e s  i s  p resen ted  wi th  emphasis 

upon t h e  case of  oxygen chemisorbed on aluminum. A twofold approach has  

been taken  t o  de te rmine  t h e  r e l a t i v e  r o l e s  of  l o c a l  and d e l o c a l i z e d  

e l e c t r o n  e f f e c t s :  t h e  energy-band s t r u c t u r e  f o r  a th in - f i lm  geometry i s  

c o r r e l a t e d  wi th  t h e  e igenva lue  spectrum from a "surface-molecule" 

c l u s t e r  model. 

upon a bond mechanism invo lv ing  o r b i t a l s  d i r e c t e d  p a r a l l e l  t o  t h e  s u r f a c e  

such  t h a t  t h e  l o c a l  bonding i n  t h e  c l u s t e r  model p rov ides  a reasonable  

d e s c r i p t i o n  of  t h e  resonance p o s i t i o n .  D e l o c a l i z a t i o n  of  t h e  s u b s t r a t e  

e l e c t r o n s  i n  t h e  p l ane  i s  found t o  provide  a b u l k l i k e  background a g a i n s t  

Oxygen r e s o n a k e  f e a t u r e s  are found t o  depend mainly 

\ 

which t h e  l o c a l i z e d  resonance i s  observed. 

2Ab st rac t o f a n  i n v i t e d  
Research  S o c i e t y  Symposium on 
Mass., Nov. 14-16, 1977. 

13Abst rac t  of  Phys.  Rev. 

paper  p re sen ted  a t  t h e  Materials 
C a t a l y s i s  and C a t a l y t i c  Materials, Boston, 

B 17: 662-71 (1978). 
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1.1.11 Bonding i n  a Cu (001) Monolayer4 - G. S. P a i n t e r  

R e s u l t s  of a f i r s t - p r i n c i p l e s ,  a l l -numer i ca l  l i n e a r  v a r i a t i o n a l  
The energy  band c a l c u l a t i o n  are p resen ted  f o r  a Cu (001)  monolayer. 

e l e c t r o n i c  s t r u c t u r e  i s  d i scussed  i n  terms of t h e  changes i n  d-bonding 

t h a t  accompany t h e  descent  i n  symmetry i n  going from t h e  bu lk  t o  t h e  

s u r f a c e .  The r e l a t i o n  of t h e  s p l i t t i n g s  and o rde r ing  of t h e  l e v e l s  t o  

t h o s e  of t h e  bu lk  f o l l o w  e x p e c t a t i o n s  based on s i m p l e  d-bonding con- 

s i d e r a t i o n s .  R e s u l t s  are compared wi th  those  from o t h e r  s t u d i e s ,  and 

some d i s c r e p a n c i e s  among ear l ie r  works are reso lved .  

1.1.12 Leve l  Order ing  of States  i n  a Cu (001) Monolayer4 - G. S .  P a i n t e r  

I n  p r e s e n t i n g  t h e i r  l a y e r  m u l t i p l e - s c a t t e r i n g  approach t o  t h e  

energy  band problem f o r  t h i n  f i l m s ,  Kar and Soven r e p o r t e d  t h a t  t h e  

o r d e r i n g  of l e v e l s  i n  t h e i r  c a l c u l a t i o n  f o r  a copper monolayer d i f f e r e d  

from previous  r e s u l t s  ob ta ined  by Kasowski. Some q u e s t i o n  a l s o  a r o s e  i n  

r e l a t i n g  t h e  d - l e v e l  s p l i t t i n g s  a t  t h e  s u r f a c e  t o  the  o r d e r s  of t h e  bu lk  

E and T l e v e l s .  This  comment sugges t s  t h a t  t h e s e  d i s c r e p a n c i e s  

arise from an i n c o n s i s t e n c y  i n  coord ina te  systems used by Kar and Soven. 

I t  i s  shown t h a t  w i t h i n  a c o n s i s t e n t  system, t h e  l e v e l  s p l i t t i n g s  and 

o r d e r i n g s  i n  Kar and Soven's r e s u l t s  f o l l o w  e x p e c t a t i o n s  based on s imple 

bonding c o n s i d e r a t i o n s .  The r e s u l t i n g  good agreement wi th  o t h e r  works 

s u p p o r t s  t h e  e s s e n t i a l  accuracy  of t h e  m u l t i p l e  s c a t t e r i n g  approach of 

Kar and Soven. 

g 29 

1.1.13 T h e o r e t i c a l  Models 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 
I n t e r a c t i o n s  a t  Sur face  I r r e g u l a r i t i e s L 4  - G. S. P a i n t e r  

The main purpose of t h i s  paper i s  t o  p r e s e n t  some r e s u l t s  of 

t h e o r e t i c a l  c a l c u l a t i o n s  of t h e  e l e c t r o n i c  s t r u c t u r e  of metal atomic 

c l u s t e r s  and t h i n  f i l m s  chosen t o  r e p r e s e n t  s u r f a c e  i r r e g u l a r i t i e s ,  t o  

show how f e a t u r e s  d i f f e r  from cor responding  ones of t h e  bu lk  and p e r f e c t  

s u r f a c e ,  and t o  o f f e r  sugges t ions  as t o  why t h e s e  d i f f e r e n c e s  occur .  

There are a number of e l e c t r o n i c  c h a r a c t e r i s t i c s  of u l t r a s m a l l  ( ~ 1  nm) 

c r y s t a l l i t e s  and s u r f a c e  s t r u c t u r a l  i r r e g u l a r i t i e s  ( s t e p s ,  k i n k s ,  e t c . )  

14Abst rac t  of paper  t o  a p p e a r  i n  Materials Research Bulletin. 
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t h a t  d i f f e r  remarkably from those  of t h e  p e r f e c t  su r f ace .  Th i s  paper 

w i l l  emphasize f e a t u r e s  t h a t  appear  t o  be g e n e r a l  r a t h e r  than  s p e c i f i c  

t o  t h e  case cons idered .  

1.1.14 A Genera l ized  Model of Void Swel l ing  - The Depth-Dependent 
Swel l ing  by Se l f - Ion  I r r ad ia t ion1 '  - M. H. Yo0 

The depth  dependence of  vo id  swe l l ing  i n  s e l f - i o n - i r r a d i a t e d  pure 

metals has  been i n v e s t i a g t e d  by us ing  t h e  g e n e r a l  ra te  theo ry  model of 

v o i d  swel l ing16 t h a t  i nc ludes  t h e  e f f e c t s  of displacement  cascades  and 

depos i t ed  se l f - ions .  Three major phys i ca l  sou rces  of t h e  depth- 

dependent vo id  swe l l ing  are i d e n t i f i e d  as t h e  f r e e  s u r f a c e ,  t h e  d i sp lace -  

ment damage, and t h e  depos i t ed  se l f - ions .  Example c a l c u l a t i o n s  f o r  

n i c k e l  s e l f - ion  damage wi th  i o n  energy i n  MeV r ange  show t h a t  t h e  depo- 

s i t e d  s e l f - i o n s  produce a s u b s t a n t i a l  p e r t u r b a t i o n  on the  swe l l ing  pro- 

f i l e  expected on t h e  b a s i s  of  t h e  damage p r o f i l e  a l o n e ,  and t h a t  t he  

s u r f a c e  e f f e c t  on void  swe l l ing  i s  r e l a t i v e l y  small. The s i g n i f i c a n c e  

of  t h e  c a l c u l a t e d  r e s u l t s  i s  d i scussed  i n  view of t h e  development of 

s imula t i o n  ex pe r imen t a1 techniques  . 
1.1.15 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 l e c t r o n  I r r a d i a t i o n 1 '  - 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  type Frank loops  i n  a t h i n  f o i l  

of h i g h  p u r i t y  N i  a t  45OOC w a s  measured dur ing  e l e c t r o n  i r r a d i a t i o n  i n  

an HVEM o p e r a t i n g  a t  650 kV. The depth  p o s i t i o n s  of t h e  loops  wi th  

r e s p e c t  t o  t h e  f o i l  s u r f a c e s  were determined by s tereomicroscopy.  The 

exper imenta l  d a t a  were analyzed by use of t h e  g e n e r a l  rate theo ry  model16 

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  dependence of loop  

growth. It is  found from 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  loops  f o r  s e l f -  

i n t e r s t i t i a l s ,  6;' t h a t  $ = 1 . 2  e V  and 6; = 0.06 t o g e t h e 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 the  exper imenta l  

d a t a .  

15Abst rac t  of paper  submi t ted  t o  Journal of Nuclear Materials. 
16M. H. Yoo, "Di s loca t ion  Loop Growth and Void Swell ing i n  Bonded 

Media by Charged Par t ic le  Damage," J .  NucZ. Mater. 68: 1 9 3 2 0 4  (1977). 
17Abst rac t  o f  Philos. Mag. 36: 1305-15 (1977). 
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1.1.16 Nuc lea t ion  and Growth of I n t e r s t i t i a l  D i s l o c a t i o n  Loops i n  
I r r a d i a t e d  F o i l s i 8  - M. H. Yo0 

A u n i f i e d  rate t h e o r y  model of t h e  homogeneous n u c l e a t i o n  of 

i n t e r s t i t i a l  d i s l o c a t i o n  loops  and t h e i r  subsequent  growth under irra- 

d i a t i o n  i s  formulated.  It i s  assumed t h a t  s e l f - i n t e r s t i t i a l s ,  vacan- 

c i e s ,  and d ivacanc ie s  are mobile ,  and d i - i n t e r s t i t i a l s  and i n t e r s t i t i a l  

c l u s t e r s  of h ighe r  h i e r a r c h y  are a l l  immobile. The r e a c t i o n  ra te  
c o n s t a n t s  f o r  t h e  d e f e c t  c l u s t e r s  are p r e s c r i b e d  i n  terms of  t h e  e f f ec -  

t i v e  c a p t u r e  r a d i i .  A f t e r  a c h a r a c t e r i s t i c  n u c l e a t i o n  t i m e ,  which 

depends on dose rate,  tempera ture ,  f o i l  t h i c k n e s s ,  and s i n k  s t r e n g t h ,  

t h e  loop  growth i s  t r e a t e d  by t h e  p r e v i o u s l y  proposed growth model 

( S e c t .  1.1.15). The c a l c u l a t e d  r e s u l t s  of n u c l e a t i o n  k i n e t i c s  on p o i n t  

d e f e c t s  and t h e i r  c l u s t e r s  are d i r e c t l y  a p p l i e d  as t h e  i n i t i a l  con- 

d i t i o n s  f o r  t h e  growth c a l c u l a t i o n .  Example c a l c u l a t i o n s  f o r  Al and N i  

f o i l s  i r r a d i a t e d  i n  a high-vol tage e l e c t r o n  microscope are d iscussed .  

1.1.17 S l i p ,  Twinning, and F r a c t u r e  i n  Hexagonal Close-Packed C r y s t a l s 1 9  - 
M. H. Yo0 

The r o l e  of deformation twinning i n  t h e  c r a c k  i n i t i a t i o n  of hcp 

c r y s t a l s  is  i n v e s t i g a t e d  by t h e o r e t i c a l l y  ana lyz ing  va r ious  p o s s i b l e  

s l i p - t w i n  and twin-twin i n t e r a c t i o n s .  For 16 e lementa l  metals, opera- 

t i v e  deformation modes o f  s l i p  and twin systems are p r e d i c t e d  on t h e  

b a s i s  of c r y s t a l l o g r a p h i c  and e l a s t i c  p r o p e r t i e s  of d i s l o c a t i o n s .  

Cleavage h a b i t  p l anes  are p r e d i c t e d  by cons ide r ing  both the a n i s o t r o p i c  

e l a s t i c  e n e r g i e s  of s l i t  c racks  and t h e  i n t e r a t o m i c  f o r c e s  e s t ima ted  

from t h e  e l a s t i c  c o n s t a n t s .  For t h e  most f e a s i b l e  combinat ions of s l i p -  

twin and twin-twin i n t e r a c t i o n s ,  t h e  p o s s i b i l i t y  of n u c l e a t i n g  e i t h e r  a 

new twin o r  a c r a c k  i s  examined i n  terms of t h e  or ien ta t ion-dependent  

stress c o n c e n t r a t i o n  f a c t o r s .  

t h e  r epor t ed  exper imenta l  d a t a  and d i scussed  i n  view of  t h e  f r a c t u r e  

s t r e n g t h  and d u c t i l i t y  of p o l y c r y s t a l l i n e  hexagonal metals. 

The c a l c u l a t e d  r e s u l t s  are compared wi th  

18Abst rac t  of t a l k  g iven  a t  I r r a d i a t i o n  E f f e c t s  Sess ion  of 107th 

19Abst rac t  of a n  i n v i t e d  t a l k  t o  be g iven  a t  a s p e c i a l  s e s s i o n  on 
AIME Annual Meeting, Denver, Colorado, February  26-March 2, 1978. 

"The Role of  Twinning i n  F r a c t u r e  of Metals and Al loys ,"  t h e  F a l l  
Meeting of AIME, S t .  Louis ,  Mo., Oct. 15-19, 1978. 
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1.1.18 E l e c t r o n i c  S t a t e s  i n  Metals and Alloys20 - J. S. Faulkner  

Techniques f o r  c a l c u l a t i n g  t h e  e l e c t r o n i c  s ta tes  i n  condensed 

matter have developed so  r a p i d l y  i n  r e c e n t  yea r s  t h a t  s t a t e m e n t s  con- 

c e r n i n g  what can o r  cannot  be achieved  may w e l l  be ou t  of d a t e  s h o r t l y  

a f t e r  t h e y  are made. 

One of  t h e  most e x c i t i n g  r e c e n t  achievements  i n  t h i s  area i s  t h e  

development of  computa t iona l  t echn iques  f o r  c a r r y i n g  out  f u l l  muff in- t in  

coherent-potential-approximation (CPA) c a l c u l a t i o n s  of t h e  e l e c t r o n i c  

s t a t e s  of s u b s t i t u t i o n a l  s o l i d  s o l u t i o n s  by Malcolm Stocks.  Th i s  i s  t h e  

cu lmina t ion  of t h e  e f f o r t s  of many people  a t  Oak Ridge and t h e  

U n i v e r s i t y  of  B r i s t o l  i n  England. 

The purpose of t h i s  t a l k  i s  t o  d i s c u s s  t h e  r e l a t i o n s h i p  between 

t h i s  and o t h e r  r e c e n t  developments t o  t r ans fo rma t ions  and phase s t a b i -  

l i t y  i n  real  a l l o y  systems.  From phase diagrams t h e  materials s c i e n t i s t  

can  o b t a i n  u s e f u l  i n s i g h t s  i n t o  t h e  macroscopic p r o p e r t i e s  of a l l o y s .  I 

w i l l  d i s c u s s  some ways i n  which t h e  weal th  of  d e t a i l  i n  t h e  modern 

c a l c u l a t i o n s  can be used t o  g e t  even more in fo rma t ion  about such p r o p e r t i e s .  

1.1.19 S c a t t e r i n g  Theory and C l u s t e r  Ca lcu la t ions21  - J. S. Faulkner  

It i s  shown t h a t  a formula due t o  Lloyd f o r  t h e  d e n s i t y  of s ta tes  

of  a c l u s t e r  of muf f in - t in  p o t e n t i a l s  can be de r ived  ve ry  e a s i l y  from a 

theorem i n  formal  s c a t t e r i n g  t h e o r y  t h a t  w a s  proved by Krein. Some 

q u e s t i o n s  i n  t h e  u s u a l  i n t e r p r e t a t i o n  of t h e  formulae are d i scussed  i n  

t h e  l i g h t  o f  Krein '  s theorem and a l s o  t h e  time-delay ope ra to r .  

Genera l ized  J o s t  f u n c t i o n s  are in t roduced  and used t o  f u r n i s h  a p i c t u r e  

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

1.1.20 K r e i n ' s  Theorem and C l u s t e r  C a l c u l a t i o n s 5  - J. S. Faulkner  

A theorem due t o  M. G. Krein22 i s  shown t o  provide  a mathemati- 

c a l l y  r i g o r o u s  d e r i v a t i o n  of  Lloyd ' s  formula f o r  t h e  d e n s i t y  of s ta tes  

20Abst rac t  of  paper  p re sen ted  a t  TMS (AIME) A l l o y  Phase S t a b i l i t y  

21Abstract  of J .  Phys .  C 10: 4661 (1977). 
22M. G. Kre in ,  "0 Formule Sledov v 

Seminar, Chicago, O c t .  26, 1977. 

T e o r i i  Vozmushchenii," Mat. Sb. 
33: 597-626 (1953). 
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of  a c l u s t e r  of  scatterers.  Other  a s p e c t s  of  t h i s  problem are d i s c u s s e d  

i n  t h e  l i g h t  of  t h i s  d e r i v a t i o n .  

1.1.21 Coherent  P o t e n t i a l  Approximation Ca lcu la t ion5  f o r  PdHx - 
D. A. Papacons tan topoulos ,LJ  B. M. Kle in ,LJ  
L. L. B ~ y e r , ~ ~  and J. S. Faulkner  

The a n g u l a r  momentum components of t h e  d e n s i t y  of s ta tes  (DOS) f o r  

sub - s to i ch iomet r i c  PdH, were c a l c u l a t e d  by t h e  cohe ren t  p o t e n t i a l  

approximat ion  (CPA). 

improved Sla te r -Kos ter  f i t  t o  f i r s t  p r i n c i p l e s  APW c a l c u l a t i o n s  ,25 was 

used.  The CPA DOSs have been used t o  c a l c u l a t e  t h e  electron-phonon 

i n t e r a c t i o n  as a f u n c t i o n  of hydrogen c o n c e n t r a t i o n  X. The r e s u l t s  are 

i n  good agreement wi th  experiment  and c o n s i s t e n t l y  v e r i f y  p rev ious  

 calculation^,^^ i n  which t h e  r i g i d  band model was used. 

t h e  c o e f f i c i e n t  of  t h e  e l e c t r o n i c  s p e c i f i c  h e a t ,  Y, w a s  c a l c u l a t e d  as a 

f u n c t i o n  of  x and agreed  w e l l  w i th  experiment.26 

A t i g h t  b inding  form24 o f '  t h e  CPA, based on an  

I n  a d d i t i o n ,  

1.2 X-RAY DIFFRACTION RESEARCH - H. L. Yakel 

Although exper iments  t o  d e t e c t  superheavy e lements  w i th  energy- 

tuned  synchro t ron  r a d i a t i o n  as t h e  source  of e x c i t a t i o n  f o r  x-ray 

f l u o r e s c e n c e  gave n e g a t i v e  r e s u l t s ,  t h e  t echn iques  developed dramati-  

c a l l y  improved t h e  s e n s i t i v i t y  of  f l u o r e s c e n c e  ana lyses .  A d d i t i o n a l  

a p p l i c a t i o n s  of synchro t ron  r a d i a t i o n  i n  materials s c i e n c e  r e s e a r c h  are 

proposed. 

23N9val Research Laboratory,  Washington, D.C. 
24J. S. Fau lkne r ,  " E l e c t r o n i c  States  of  Sub-Stoichiometr ic  

Compounds and App l i ca t ion  t o  Pal ladium Hydride," P h y s .  Rev. B 13: 

25D. A. Papaconstantopoulos  e t  a l . ,  "Band S t r u c t u r e  and 

26C. A. Mackliet, D. J. G i l l e s p i e ,  and A. I. S c h i n d l e r ,  " S p e c i f i c  

2391-97 (1976). 

Supe rconduc t iv i ty  of  PdDx and PdH,," P h y s .  Rev. B 17: 141-50 (1978) .  

Heat, Electr ical  Res i s t ance ,  and Other  P r o p e r t i e s  of Superconduct ing 
Pd-H Al loys ,"  J .  P h y s .  mem. soZids 37: 379-88 (1976); G. Wolf, 
M. Zimmermann, and K. Bohmhammel, "The Molar Heat Capac i ty  of Non- 
Superconduct ing PdH, i n  t h e  Temperature Range from 2 t o  7 K," P h y s .  
S ta tus  SoZid i  ( a )  37: 179-82 (1976).  
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The s t r u c t u r e  of  a monocl inic  eu rop ia  c r y s t a l ,  p r o t e c t e d  from the  

atmosphere,  has  been r e f i n e d  from an  e x t e n s i v e  x-ray d i f f r a c t i o n  in ten-  

s i t y  d a t a  set. These d a t a  are being used t o  tes t  methods f o r  e s t i m a t i n g  

secondary e x t i n c t i o n  e f f e c t s ,  w i t h  both  t h e  Zachar iasen  approximation 

and an exact s o l u t i o n  of t h e  Darwin t r a n s f e r  equat ions .  The l a t t e r  

approach has  been f a c i l i t a t e d  by development of computat ional  techniques  

whereby t h e  e x a c t  s o l u t i o n  may be a p p l i e d  t o  real crystal  shapes.  

P rogres s  i n  small-angle x-ray s c a t t e r i n g  r e s e a r c h  on c o a l s ,  poly- 

mers, and i r r a d i a t e d  metal i s  r epor t ed .  The a b i l i t y  of t h e  10-m scat- 

t e r i n g  ins t rument  t o  measure a n i s o t r o p i c  s c a t t e r i n g  a t  h igh  d a t a  

a c q u i s i t i o n  rates proved c r u c i a l  i n  experiments  on polymer c r y s t a l l i z a -  

t i o n .  S t u d i e s  of v i t r i n i t e s  from h i g h - v o l a t i l e  bituminous c o a l s  gave 

q u a n t i t a t i v e  d e s c r i p t i o n s  of t h e  d i s t r i b u t i o n  of micropores ,  mesopores, 

and microminera ls  i n  t h e s e  materials. Experiments w i th  i r r a d i a t e d  

molybdenum sugges t  t h e  importance of s c a t t e r i n g  from s m a l l  i r r a d i a t i o n -  

induced d i s l o c a t i o n  loops  i n  t h e  o v e r a l l  s c a t t e r i n g  p a t t e r n .  

1.2.1 The C r y s t a l  S t r u c t u r e  of Monoclinic Europium Sesquioxide  - 
H. L. Yakel 

An untwinned monocl inic  europium sesquioxide  c r y s t a l  w i th  l i t t l e  

mosaic spread  w a s  ob ta ined  from NaF-grown material t h a t  had been kept  i n  

a he l ium- f i l l ed  d r y  box. The c r y s t a l  w a s  i n s e r t e d  i n t o  a g l a s s  

c a p i l l a r y ,  which w a s  then  s e a l e d  i n  t h e  d r y  box. With an automated 

d i f f r a c t o m e t e r  ( M o  K a  x r a d i a t i o n )  in a 0 -  28 scan mode 7000 ind i -  

v i d u a l  x-ray d i f f r a c t i o n  d a t a  were c o l l e c t e d  from t h i s  c r y s t a l .  P r e c i s e  

l a t t i ce  c o n s t a n t s  were measured w i t h  d a t a  t o  s c a t t e r i n g  ang le s  of 163"; 

t h e s e  are l i s t e d  i n  Table  1.1. Recorded d a t a  w e r e  c o r r e c t e d  f o r  

Loren tz ,  p o l a r i z a t i o n ,  and p h o t o e l e c t r i c  a b s o r p t i o n  e f f e c t s .  A t  a l a te r  

s t a g e  i n  t h e  a n a l y s i s ,  e f f e c t s  due t o  secondary e x t i n c t i o n  were a l s o  

e s t ima ted .  Ful l -mat r ix  l i n e a r  l ea s t - squa res  c a l c u l a t i o n s ,  based on a 

s t r u c t u r e  der ived27 f o r  Sm2O3, confirmed t h e  e s s e n t i a l  o u t l i n e s  of 

t h e  model. P re l imina ry  atomic p o s i t i o n  coord ina te s  f o r  monocl inic  

27D. T. Cromer, "The C r y s t a l  S t r u c t u r e  of Monoclinic Sm2O3," 
J .  Phys. aem.  61: 7 5 3 5 5  (1957).  
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Table  1.1. Lat t ice  Parameters 
of Monoclinic Europium Sesquioxide  

Quan t i t  y Value 

Space group 

(Eu203) / c e l l  

X-ray d e n s i t y ,  Mg/m 3 

1.41105 (2)  

0.36021(1) 

0.88080(2) 

100.037 (1)  

0.44084 (3)  

C 2 / m ,  C2,  o r  On 

6 

7.9536(5) 

eu rop ia  are g iven  i n  Table  1.2. Some modest improvements i n  t h e  custo-  

mary measures of agreement between observed and computed s t r u c t u r e  fac- 

t o r s  were ob ta ined  when t h e  re f inements  were c a r r i e d  out  i n  t h e  

n o n c e n t r i c  space groups C2 o r  Cm r a t h e r  t han  C2/m. 

D i f f r a c t i o n  d a t a  from t h i s  well-formed c r y s t a l  would seem t o  pro- 

v i d e  a u s e f u l  tes t  f o r  c u r r e n t  t h e o r i e s  and p r a c t i c e s  of e x t i n c t i o n  

c o r r e c t i o n .  To d a t e ,  our  c a l c u l a t i o n s  have shown t h a t :  (1) least  

s q u a r e s  re f inements  of t h e  b a s i c  d i f f r a c t i o n  d a t a  a l o n e ,  based on 

Zachar iasen '  s t r ea tmen t  of e x t i n c t i o n 2 8  as  extended by Coppens and 

Hamilton,29 l e a d  t o  a s t a t i s t i c a l l y  p r e f e r r e d  e x t i n c t i o n  model that is 

d i f f i c u l t  t o  r e c o n c i l e  w i th  phys ica l  r e a l i t y ;  ( 2 )  i n t e n s i t i e s  measured 

a t  s e v e r a l  a n g l e s  of  r o t a t i o n  about  t h e  d i f f r a c t i o n  v e c t o r  of an 

e x t i n c t i o n - a f f e c t e d  r e f l e c t i o n  va ry  i n  a manner t h a t  ag rees  wi th  t h e  

more p h y s i c a l l y  s e n s i b l e  e x t i n c t i o n  model; and ( 3 )  wh i l e  e i t h e r  model 

28W. H. Zachar iasen ,  "A General Theory of X-Ray D i f f r a c t i o n  i n  

29P. Coppens and W. C. Hamilton, "Aniso t ropic  E x t i n c t i o n  
C r y s t a l s , "  Acta CrystaZZogr. 23: 558-64 (1967). 

C o r r e c t i o n s  i n  t h e  Zachar iasen  Approximation," Acta CrystaZZogr. A26: 
71-83 (1970). 
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Table  1 . 2 .  P re l imina ry  Atomic P o s i t i o n  a Coordina tes  f o r  Monoclinic Eu 0 2 3  

Coordina te  
Atom 

X Y z 

Eu(U 0.13470(1) 0 .5  0.48971(2) 

Eu(2) 0.18972 (1) 0.5 0.13761(2) 

Eu(3) 0.46636(1) 0.5 0.18962 (2) 

O ( 1 )  0.1291(2) 0.0 0.2856(3) 

O(2) 0.3248 (2)  0.5 0.0269 (3)  

O(3) 0.2963(3) 0.5 0.3733(4) 

o(4)  0.4735 (2)  0 .0  0.3433 (3)  

O(5) 0.0 0.5 0.0 

a Refinements based on space  group C2/m. 

f o r  e x t i n c t i o n  must improve t h e  f i t  between obse rva t ions  and ca l cu la -  

t i o n s ,  n e i t h e r  should be t r u s t e d  t o  r e f l e c t  real f e a t u r e s  of t h e  

c r y s  t a1 . 
1.2.2 The S t a b i l i t y  of t h e  Room-Temperature S t r u c t u r e  of Monoclinic 

Eu7Olj - H. L. Yakel 

P rev ious ly  r e p o r t e d  obse rva t ions  have i n d i c a t e d  t h a t  c r y s t a l s  of 

monocl inic  eu rop ia  may i n t e r a c t  w i th  a normal a tmospheric  component 

(probably  wa te r )  t o  produce a small t r i c l i n i c  d i s t o r t i o n  of t h e  l a t t i ce .  

The p r o t e c t e d  monocl inic  eu rop ia  c r y s t a l ,  from which e x t e n s i v e  d i f f r a c -  

t i o n  d a t a  have been c o l l e c t e d ,  w i l l  be d e l i b e r a t e l y  exposed t o  water 

vapor  i n  an e f f o r t  t o  confirm t h i s  change. 

Confusion concerning t h e  thermodynamically s t a b l e  form of Eu2O3 

a t  room tempera ture  may be connected wi th  t h e  e x t e n t  t o  which t h e  

material has  r e a c t e d  wi th  i t s  environment.  We have r epor t ed  high- 

tempera ture  x-ray d i f f r a c t i o n  experiments  w i th  unpro tec ted  monocl inic  
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material i n  which about  h a l f  of t h e  d i f f r a c t i o n  specimen w a s  i r r e v e r -  

s i b l y  conver ted  t o  t h e  cub ic  m o d i f i c a t i o n  between 500 and 800OC. 

S i m i l a r  experiments  w i th  p r o t e c t e d  monocl inic  Eu2O3 showed no s i g n i -  

f i c a n t  convers ion  i n  t h e  same tempera ture  range. These r e s u l t s  sugges t  

t h a t  t h e  s t a b l e  form of Eu2O3 a t  room temperature  i s  monocl inic  and,  

f u r t h e r ,  t h a t  r e a c t i o n ,  probably  wi th  water vapor ,  may f a c i l i t a t e  a 

t h e r m a l l y  a c t i v a t e d  t r ans fo rma t ion  t o  t h e  cub ic  form. 

1.2.3 A Refinement of t h e  C r y s t a l  S t r u c t u r e  of Orthorhombic Zinc  
Chloride3" - H. L. Yakel and J. Brvnestad31 

The s t r u c t u r e  of orthorhombic z i n c  c h l o r i d e  has  been r e f i n e d  by 

leas t  squa res  c a l c u l a t i o n s  based on s i n g l e - c r y s t a l  x-ray d i f f r a c t i o n  

d a t a .  A l l  f e a t u r e s  of t h e  p re l imina ry  model were confirmed; t h e  tetra- 

h e d r a l  environment of z i n c  i o n s  i s  q u i t e  r e g u l a r ,  w i th  Zn-C1 d i s t a n c e s  

va ry ing  about 0.227 nm by no more than  1 pm and C1-Zn-C1 a n g l e s  

d e p a r t i n g  from t h e  i d e a l  t e t r a h e d r a l  a n g l e  by no more than  2O. 

1.2.4 The C o r r e c t i o n  of I n t e g r a t e d  I n t e n s i t y  Measurements f o r  Secondary 
E x t i n c t i o n  - B. S. Borie  

To reduce measurements of d i f f r a c t i o n  m a x i m u m  i n t e g r a t e d  in ten-  

s i t i es  t o  exper imenta l  va lues  of  t h e  s t r u c t u r e  f a c t o r s ,  one must 

unders tand  and c o r r e c t  f o r  t h e  phenomenon of e x t i n c t i o n .  Secondary 

e x t i n c t i o n ,  c h a r a c t e r i s t i c  of c r y s t a l s  of moderate p e r f e c t i o n ,  accoun t s  

f o r  t h i s  e f f e c t  i n  most c r y s t a l s .  The p a i r  of coupled p a r t i a l  d i f f e r e n -  

t i a l  equa t ions  t h a t  govern t h e  i n t e n s i t y  d i s t r i b u t i o n s  due t o  secondary 

e x t i n c t i o n  w i t h i n  a c r y s t a l  have r e c e n t l y  been so lved  without  approxima- 

t i o n  by Werner.32 

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

may be inco rpora t ed  i n  s t anda rd  computer r educ t ions .  

We are concerned wi th  t h e  sys t ema t i c  a p p l i c a t i o n  of 

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

s e c t i o n  i n t o  r e g i o n s  such  t h a t  p a r t i c u l a r  forms of t h e  Werner s o l u t i o n  

30Abstract  of  n o t e  submi t ted  f o r  p u b l i c a t i o n  t o  Inorganic Chemistq. 
31Chemistry Div is ion .  
32S. A. Werner, "Ex t inc t ion  i n  Mosaic C r y s t a l s , "  J. AppZ. Phys. 

45: 3246-54 (1974). 
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o b t a i n  i n  each  r eg ion .  

a p p r o p r i a t e  f o r  a r e g i o n  may be used t o  f i n d  i n t e g r a t i o n  c o n s t a n t s  

appear ing  i n  t h e  s o l u t i o n .  

propagate  from reg ion  t o  r eg ion  a c r o s s  the  c r y s t a l .  

c a l c u l a t e  i n t e n s i t y  d i s t r i b u t i o n s  wi th in  a c r y s t a l  as a f u n c t i o n  of a 
s i n g l e  d imens ionless  e x t i n c t i o n  parameter - t he  r a t i o  of t h e  scat- 

t e r i n g  s t r e n g t h  t o  t h e  a b s o r p t i o n  c o e f f i c i e n t .  We have a p p l i e d  these  

resu l t s  t o  a c r y s t a l  of s i m p l e  square  c r o s s  s e c t i o n .  

We have shown how boundary c o n d i t i o n s  

We have shown how these  boundary c o n d i t i o n s  

We are a b l e  t o  

We are c u r r e n t l y  a t t empt ing  t o  f i n d  a r igo rous  e x t i n c t i o n  correc-  

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

c o r r e c t  f o r  secondary e x t i n c t i o n  a r e c e n t l y  ga thered  set  of i n t e g r a t e d  

i n t e n s i t y  measurements f o r  europia .  

We are a l s o  t r y i n g  t o  

1.2.5 Synchrotron R a d i a t i o n - a s  an  E x c i t a t i o n  Source f o r  X-Ray 

M. 0. Krause , j l  S. Ra1nan,~5 R. V. G e n t r ~ , ~ ~ ’ H .  L. Yakel,  
and J. B. ha sting^^^ 

Fluorescence  A n a l y s i s j j  - C. J. Sparks ,  Jr Enzo Ricci, 34 

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 

f l u x ,  which was used as a n  e x c i t a t i o n  source  f o r  mult ie lement  x-ray 

f l u o r e s c e n c e  a n a l y s i s  (XRF). This  experiment w a s  conducted a t  t h e  

S tan fo rd  Synchrotron Radia t ion  Labora tory  t o  measure t h e  concen t r a t ion  

t h a t  could  be d e t e c t e d  wi th  t h e  unique p r o p e r t i e s  of synchro t ron  

r a d i a t i o n .  Compared wi th  convent iona l  x-ray sources ,  synchro t ron  

r a d i a t i o n  is  much more i n t e n s e ,  h i g h l y  co l l ima ted ,  n e a r l y  l i n e a r l y  

p o l a r i z e d ,  and pulsed.  Both t h e  cont inuous photon spectrum and t h a t  

monochromated wi th  a curved g r a p h i t e  c r y s t a l  ( fol lowed by c o l l i m a t i o n )  

t o  produce a focused beam of about-37-keV x rays  con ta in ing  

%7 k 1 O 1 O  photons /s  i n  an  area 0.45 by 1 nun were used t o  e x c i t e  the  

f l u o r e s c e n c e  spectrum. Th i s  exceeded t h e  i n t e n s i t y  from convent iona l  

33Abstract  of a paper  g iven  a t  t h e  26th Annual Denver X-Ray 

34Ana ly t i ca l  Chemistry Div is ion .  
35Physics Divis ion.  
36Vis i t i ng  s c i e n t i s t  from Columbia Union Col lege ,  Takoma Park,  

37Present  a d d r e s s ,  Brookhaven Nat iona l  Laboratory,  Upton, N.Y. 

Conference on App l i ca t ions  of X-Ray Ana lys i s ,  Aug. 3-5, 1977, Denver, Colo. 

Md . 
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1.5-kW x-ray sources  by a f a c t o r  of 300. Various samples and NBS 

r e f e r e n c e  s t a n d a r d s  were analyzed and t h e  r e s u l t s  compared w i t h  p ro ton  

and convent iona l  x-ray source  e x c i t e d  f luo rescence  a n a l y s i s .  De tec t ion  

l i m i t s  f o r  s e v e r a l  e lements  were determined t o  be i n  t h e  range  of 1 pg 

g ) ,  w i t h  c o n c e n t r a t i o n  l i m i t s  of about  10 p a r t s  p e r  b i l l i o n  by 

weight  (ppb).  An ou t s t and ing  advantage of synchro t ron  r a d i a t i o n  is  t h e  

improved s e n s i t i v i t y  f o r  small samples  and f o r  macroanalys is  compared 

w i t h  convent iona l  x-ray sources  and a thousandfold r e d u c t i o n  i n  t h e  

h e a t  d i s s i p a t e d  i n  t h e  samples f o r  similar d e t e c t i o n  l i m i t s  w i th  proton- 

e x c i t e d  XRF(P1XE). Synchrotron r a d i a t i o n  f o r  XRF a n a l y s i s  w i l l  permit  

d e t e c t i o n  l i m i t s  t o  10 f g  g )  and c o n c e n t r a t i o n  l i m i t s  t o  less 

t h a n  a ppb wi th  improved in s t rumen ta t ion  f o r  record ing  the  f l u o r e s c e n t  

s i g n a l  . 
A scanning x-ray microprobe based on t h e  s m a l l  source  s i z e  and t h e  

i n t e n s i t y  of synchro t ron  r a d i a t i o n  w i l l  g i v e  c o n c e n t r a t i o n  l i m i t s  t h a t  

a re  those  achieved wi th  e l e c t r o n  microprobes.  Elemental  d i s t r i -  

b u t i o n s  i n  materials,  envi ronmenta l ,  and b i o l o g i c a l  samples can be 

determined wi th  s p a t i a l  r e s o l u t i o n  below a few micrometers.  

1.2.6 Evidence Agains t  Superheavy Elements  i n  Giant-Halo I n c l u s i o n s  
Re-Examined w i t h  Synchrotron Rad ia t ion j8  - C. J. Sparks,  Jr. 
S. Raman,j' E .  Ricci , j4  R. V. Gentry,36 and M. 0. Krause31 

The g i an t -ha lo  i n c l u s i o n  19D r e p o r t e d  t o  show t h e  s t r o n g e s t  evi-  

dence f o r  superheavy e lements  on t h e  b a s i s  of proton-induced x-ray 

f l u o r e s c e n c e  has  been re-examined wi th  =55 t i m e s  g r e a t e r  s e n s i t i v i t y  by 

employing synchro t ron  r a d i a t i o n  as t h e  e x c i t i n g  source .  It i s  shown 

c o n c l u s i v e l y  t h a t  a t  c o n c e n t r a t i o n  l e v e l s  of -5  x lo8 atoms p e r  inc lu-  

s i o n ,  superheavy elements  are no t  p r e s e n t  i n  GH19D o r  i n  numerous o t h e r  

g i a n  t- ha lo  i n c l u s i o n s  s t u d i e d  . 
The d e t e c t i o n  of c h a r a c t e r i s t i c  x r ays  is  one of t h e  b e s t  methods 

f o r  i d e n t i f y i n g  t h e  atomic number (2) of a new element .  Proton-induced 

x-ray emission (PIXE) techniques  were employed r e c e n t l y  by Gentry e t  a1.39 

38Abstract  of Phys. Rev. Lett. 40: 507-11 (1978). 
39R. V. Gentry e t  a l . ,  "Evidence f o r  Pr imordia l  Superheavy 

Elements ,"  Phys. Rev. L e t t .  37: 11-15 (1976). 
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a t  t h e  F l o r i d a  State  U n i v e r s i t y  (FSU) tandem Van de Graaff  a c c e l e r a t o r  

t o  o b t a i n  ev idence  f o r  t h e  p o s s i b l e  presence  of superheavy e lements  (SHE) 

i n  g i an t -ha lo  (GH) monazi te  i n c l u s i o n s .  Spurred by t h i s  r e p o r t ,  which 

i f  found c o r r e c t  would have impor tan t  exper imenta l  and t h e o r e t i c a l  con- 

sequences ,  s e v e r a l  s e a r c h e s  have been under taken ,  a l l  wi th  n e g a t i v e  

r e s u l t s .  The many samples searched  were chosen because of t h e i r  s i m i -  
l a r i t y  t o  those  examined p rev ious ly ,  but  none were g ian t -ha lo  inc lu-  

s i o n s .  The re fo re ,  i t  w a s  d e s i r a b l e  t o  examine t h e  o r i g i n a l  GH 

i n c l u s i o n s  15, 19A, and 19D i n  o r d e r  t o  remove any v e s t i g i a l  doubts .  

Unfo r tuna te ly ,  GH15 w a s  l o s t  i n  sample t r a n s f e r  a t  FSU, and GH19A was 

l o s t  th rough ove rhea t ing  a t  H a r w e l l ,  l e av ing  on ly  GH19D f o r  conf i rma t ion  

a t t e m p t s .  I n  t h e  p r e s e n t  Let ter ,  we d e s c r i b e  an improved experiment a t  

SSRP, i n  which we s t u d i e d  19D and numerous o t h e r  GH samples wi th  r eco rd  

l e v e l s  of s e n s i t i v i t y ,  a g a i n  w i t h  n e g a t i v e  r e s u l t s  f o r  t h e  presence  of 

SHE. I n  p a r t i c u l a r ,  no ev idence  f o r  SHE (2 = 1 2 6 )  was found a t  a sen- 

s i t i v i t y  l e v e l  50 t o  100 times b e t t e r  than  t h e  ev idence  r epor t ed  from 

p r o t o n  e x c i t a t i o n .  

1.2.7 X-Ray Cross  S e c t i o n s  f o r  M i c r o a n a l y t i c a l  D e t e c t i o n  Limi ts40  - 
C. J. Sparks ,  Jr. 

X-ray d i f f r a c t i o n  and f l u o r e s c e n c e  d e t e c t i o n  of  s m a l l  amounts of 

matter depends on t h e  v a r i o u s  c r o s s  s e c t i o n s  f o r  x-ray i n t e r a c t i o n s .  A s  

c r o s s  s e c t i o n s  f o r  v a r i o u s  x-ray i n t e r a c t i o n s  have been t a b u l a t e d  and 

source  s t r e n g t h s  f o r  x-ray tubes  are g e n e r a l l y  known, w e  can r e a d i l y  

c a l c u l a t e  t h e  s i g n a l  from t h e  d i f f r a c t e d  and f l u o r e s c e n t  i n t e n s i t i e s .  

W e  combine t h i s  i n fo rma t ion  w i t h  t h e  c h a r a c t e r i s t i c s  of t h e  exper imenta l  

arrangement  ( t h e  k ind  o f  sample, x-ray f lux ,  backgrounds, d e t e c t o r  e f f i -  

c i e n c i e s ,  and x-ray energy  r e s o l u t i o n  of t h e  experiment)  t o  a r r i v e  a t  

t h e  lower weight  l i m i t s  f o r  t h e  de t e rmina t ion  of t h e  s t r u c t u r e  and ele- 

men ta l  composi t ion of  small s i n g l e  c r y s t a l s ,  p o l y c r y s t a l s ,  second phases  

embedded i n  a matrix, and s u r f a c e  f i l m s .  

It i s  shown t h a t  background r a d i a t i o n  g e n e r a l l y  becomes t h e  u l t i -  

mate l i m i t a t i o n  t o  t h e  amount of material t h a t  can be de t ec t ed .  Compton 

40Abst rac t  of an i n v i t e d  paper  g iven  a t  t h e  American C r y s t a l l o g r a p h i c  
A s s o c i a t i o n  meet ing March 19-24, 1978, U n i v e r s i t y  of  Oklahoma, Norman. 
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and thermal  d i f f u s e  scatter are major c o n t r i b u t i o n s  t o  t h e  backgrounds 

benea th  d i f f r a c t i o n  s i g n a l s  f o r  p o l y c r y s t a l l i n e  samples,  whereas t h e  

i n c i d e n t  x-ray f l u x  de te rmines  t h e  d e t e c t a b l e  l i m i t  f o r  s i n g l e  c r y s t a l s .  

Bremsstrahlung genera ted  i n  t h e  sample by pho toe jec t ed  e l e c t r o n s  is an 

impor tan t  background beneath f l u o r e s c e n t  l i n e s .  With conven t iona l  x-ray 

s o u r c e s ,  d i f f r a c t i o n  p a t t e r n s  can be measured f o r  s i n g l e  c r y s t a l s  less 

t h a n  l p m  diam and weighing a few picograms. 

p o l y c r y s t a l l i n e  sample would be r e q u i r e d  f o r  d e t e c t i o n  by d i f f r a c t i o n .  

F l u o r e s c e n t  d e t e c t i o n  l i m i t s  are about  10 pg a t  c o n c e n t r a t i o n s  of 

(weight ) .  P o s i t i o n - s e n s i t i v e  d e t e c t o r s  and 2 T  d e t e c t o r s  f o r  

measuring complete Debye d i f f r a c t i o n  r i n g s  can speed t h e  d a t a  co l l ec -  

t i o n .  Powerful x-ray sources  such  as synchro t ron  r a d i a t i o n  can push t h e  

d e t e c t i o n  l i m i t s  s t i l l  lower. 

A f e w  micrograms of 

1.2.8 C a l c u l a t i o n  of X-Ray Fluorescence  Cross  S e c t i o n s  f o r  K and L 
She1 l s4 l  - M. 0. Krause , j l  E. R icc i , j4  C. J. Sparks,  Jr., 
and C. W. Nes tor ,  Jr.42 

Exact expres s ions  are  g iven  f o r  t h e  K and L x-ray f l u o r e s c e n c e  

c r o s s  s e c t i o n s .  Hole t r a n s f e r  between t h e  L s u b s h e l l s  is  cons idered  and 

l e a d s  t o  a s u b s t a n t i a l  enhancement of t h e  c r o s s  s e c t i o n s  f o r  x r ays  of 

t h e  L2 and L 3  emiss ion  series. Absolute  va lues  of Ka and L a  c r o s s  sec- 
t i o n s  are c a l c u l a t e d  f o r  a l l  e lements  and four  e x c i t a t i o n  e n e r g i e s ,  

namely Ge K 

241Am =  ̂ 59.6 keV. 

10.0 keV, Mo K a  2 17.44 keV, Ag K 22.5 keV, and 

With c u r r e n t l y  a v a i l a b l e  va lues  f o r  s u b s h e l l  p h o t o i o n i z a t i o n  c r o s s  

s e c t i o n s ,  x-ray emiss ion  ra tes ,  f luo rescence  y i e l d s ,  and Coster-Kronig 

y i e l d s ,  i t  i s  now p o s s i b l e  t o  c a l c u l a t e  K and L x-ray f l u o r e s c e n c e  c r o s s  

s e c t i o n  v a l u e s  w i t h  s u f f i c i e n t  accuracy  t o  s e r v e  t h e  many areas i n  which 

photo-exci ted c h a r a c t e r i s t i c  x r ays  p l a y  a r o l e .  

41Abst rac t  of Adu. X-Ray Anal. 21: 119-27 (1978). 
42Computer Sc iences  Div is ion .  
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1.2.9 Uses of Synchro t ron  R a d i a t i o n  f o r  Materials Sc ience  Research43 - 
C. J. Sparks ,  Jr. 

X r a y s  are a wide ly  a p p l i e d  probe f o r  determining t h e  s t r u c t u r e  of 

m a t e r i a l s  t o  l e a d  t o  a b e t t e r  unders tanding  of t h e i r  p h y s i c a l  and chemi- 

ca l  p r o p e r t i e s .  An x-ray source  103-104 times more i n t e n s e  than  

conven t iona l  sou rces  permi ts  major advances i n  materials s c i e n c e  

r e s e a r c h  thought  imposs ib le  a few y e a r s  ago. Th i s  i n t e n s e  x-ray source  

i s  genera ted  by e l e c t r o n s  c i r c u l a t i n g  i n  synchro t rons  o r  s t o r a g e  r i n g s .  

I n  a d d i t i o n  t o  t h e  i n t e n s i t y ,  t h e  synchro t ron  r a d i a t i o n  has  o t h e r  advan- 

t a g e s  compared wi th  convent iona l  sources :  i t  i s  pu l sed ,  l i n e a r l y  

p o l a r i z e d ,  and h i g h l y  co l l ima ted  i n  a p lane ,  and it has a broad energy 

spectrum ( 1  e l k 5 0  keV). 

x-ray source  i s  j u s t  beginning t o  be a v a i l a b l e  f o r  r e s e a r c h ,  s e v e r a l  

promising a p p l i c a t i o n s  have been made t o  materials sc i ence .  

Although t h e  i n t e n s e  synchrotron-produced 

X r a y s  i n t e r a c t  w i t h  matter e i t h e r  by s c a t t e r i n g ,  which g i v e s  

in fo rma t ion  on t h e  s t r u c t u r a l  arrangements of t h e  atoms and/or  molecu- 

les ,  o r  by photo-e jec t ing  e l e c t r o n s ,  which provides  t h e  b a s i s  f o r  photo- 

e l e c t r o n ,  Auger, and x-ray spec t roscopy of materials. Thus, many 

exper imenta l  t echniques  w i l l  b e n e f i t  from provid ing  new s t r u c t u r a l  and 

a n a l y t i c a l  in format ion  on more d i l u t e  systems,  i nc lud ing  s t u d i e s  of 

time-dependent phase t r ans fo rma t ion ,  s u r f a c e s ,  d e f e c t  s t r u c t u r e s ,  and 

l o c a l i z e d  atomic arrangements  i n  matter. 

Advances i n  o u r  unders tanding  of c a t a l y s i s ,  amorphous and l i q u i d  

matter,  and atomic environments of atoms have a l r e a d y  emerged from s tu-  

d i e s  of  t h e  x-ray a b s o r p t i o n  edges of e lements  i n  a l l o y s  and compounds. 

The improved s igna l - to-noise  r a t i o s  achieved by e j e c t i n g  e l e c t r o n s  wi th  

x-rays i n s t e a d  of e l e c t r o n s  have permi t ted  more d e t a i l e d  s t u d y  of 

materials s u r f a c e s .  

43Abst rac t  of  a n  i n v i t e d  paper a t  1977 F a l l  Meeting of TMS-AIME, 
O c t .  23-27, 1977, Chicago. 
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1.2.10 Recent  Developments i n  X-Ray and Neutron Small-Angle S c a t t e r i n g  
Ins t rumen ta t ion  and Data Analys is44  - J. Schelten4’ and 
R. W. Hendricks 

The developments i n  i n s t r u m e n t a t i o n  and d a t a  a n a l y s i s  t h a t  have 

occur red  i n  t h e  f i e l d  of small-angle  x-ray and neu t ron  s c a t t e r i n g  s i n c e  

1973 are  reviewed. For x r a y s ,  t h e  cone camera c o l l i m a t i o n  system was 

inven ted ,  synchro t rons  and s t o r a g e  r i n g s  were demonstrated t o  be i n t e n s e  

s o u r c e s  of x r a d i a t i o n ,  and one- and two-dimensional p o s i t i o n - s e n s i t i v e  

d e t e c t o r s  were i n t e r f a c e d  t o  cameras wi th  both  p o i n t  and l i n e  col l ima-  

t i o n .  

Grenoble machines were improved, new D-11 t ype  in s t rumen t s  were b u i l t  o r  

are  under c o n s t r u c t i o n  a t  s e v e r a l  s i t e s ,  double-crys ta l  i n s t rumen t s  were 
s e t  up, and v a r i o u s  new machines have been proposed. S i g n i f i c a n t  

p rogres s  i n  d a t a  a n l a y s i s  and e v a l u a t i o n  has  been made through app l i ca -  

t i o n  of mathematical  t echniques  such  as t h e  use of s p l i n e  f u n c t i o n s ,  

e r r o r  minimiza t ion  w i t h  c o n s t r a i n t s ,  and l i n e a r  programming. S e v e r a l  

unusua l  s p e c i a l  experiments  - w h i c h  invo lve  t h e  a n i s o t r o p y  of t h e  

s c a t t e r i n g  p a t t e r n ,  g r a v i t a t i o n a l  e f f e c t s ,  moving scatterers, and f a s t  

t ime- s l i c ing  dynamic experiments  - are d iscussed .  

For neu t rons ,  t h e  c o l l i m a t o r s  and d e t e c t o r s  on t h e  J G l i c h  and 

1.2.11 The ORNL 10-m Small-Angle X-Ray S c a t t e r i n g  Camera 9.  - Camera 
Con t ro l  Programs4b - R. W. Hendricks 

Program SAX and i t s  a s s o c i a t e d  programs OW and MOT are high- 

p r i o r i t y ,  prequeued, nonres iden t  foreground t a s k s ,  which run under t h e  

MODCOMP I1 MAX I11 o p e r a t i n g  system t o  provide  complete u s e r  c o n t r o l  of 

t h e  ORNL 10-m small-angle x-ray s c a t t e r i n g  camera. 

44Accepted f o r  p u b l i c a t i o n  i n  Journal of AppZied Crystal Zography. 
4 5 1 n s t i t u t  fiir Fes tkErper f  orschung d e r  Kernforschungsanlage,  

46Abst rac t  of ORNL/TM-6342, vo l .  9, i n  p re s s .  
517 JGlich,  West Germany. 
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1.2.12 MicroEorosi ty  and Micromineralogy of V i t r i n i t e  i n  a Bituminous 
Coal4'  - J. S. L in ,  R. W. Hendricks,  L. A. Harris, and 
c. s. Yust 
- 

Small-angle x-ray s c a t t e r i n g  (SAXS) and t r ansmiss ion  e l e c t r o n  

microscopy (TEM) have been used t o  s tudy  t h e  mic roporos i ty  and micromi- 

ne ra logy  of  v i t r i n i t e  i n  a h i g h - v o l a t i l e  bituminous c o a l  ( I l l i n o i s  No. 6 ) .  
Micropores  and f i n e  m i n e r a l s  w i t h  s i z e s  ranging between 1 and 100 nm 

were observed. The m i n e r a l s ,  p r i m a r i l y  s i l i ca tes ,  were he terogeneous ly  

d i s t r i b u t e d  i n  l a y e r s  para l le l  t o  t h e  bedding p lane  of t h e  coa l .  The 

r a d i i  of g y r a t i o n ,  s u r f a c e  area,  volume f r a c t i o n ,  and s i z e  d i s t r i b u t i o n  

of  micropores ,  mesopores,  and f i n e - s i z e  m i n e r a l s  were obta ined  from an 

a n a l y s i s  of t h e  SAXS curves .  The t o t a l  volume f r a c t i o n  of t h e s e  com- 

ponents  w a s  determined from t h e  i n t e g r a t e d  i n t e n s i t y  t o  be 0.09 t 0.02. 

The s i z e  d i s t r i b u t i o n s  were found t o  be t r imoda l  w i th  peaks a t  3.0, 10, 

and 22 nm. 

and mesopores, r e s p e c t i v e l y .  The s p e c i f i c  s u r f a c e s  a s s o c i a t e d  wi th  each 

peak are  140 ? 20, 3 ? 1, and 10 k 3 m / g ,  r e s p e c t i v e l y ,  w h i l e  t h e  

corresponding volume f r a c t i o n s  are 0.004 2 0.001, 0.026 f 0.005, and 

0.056 +_ 0.018, r e s p e c t i v e l y .  Comparison of t h e  r e s u l t s  from SAXS and 

TEM showed good agreement. 

These peaks are a s s o c i a t e d  wi th  micropores ,  microminerals ,  

2 

1.2.13 Small-Angle S c a t t e r i n g  S t u d i e s  of Voids i n  Neutron I r r a d i a t e d  
Molybdenum4/ - S. L ~ U , ~ ~  J. M ~ t e f f , ~ ~  R. W. Hendricks,  
and J. S. L in  

Disks of molybdenum were i r r a d i a t e d  i n  t h e  Oak Ridge Research 

Reac tor  t o  a f a s t -neu t ron  f l u e n c e  of about  1 x 

t u r e s  between 220 and 900°C. The d e f e c t  s t r u c t u r e  i n  t h e  neutron- 

i r r a d i a t e d  specimens w a s  determined by t r ansmiss ion  e l e c t r o n  microscopy 

(TEM) t o  c o n s i s t  o f  bo th  d i s l o c a t i o n  loops  and small v o i d s  a t  the  lower 

i r r a d i a t i o n  tempera tures ,  whereas e s s e n t i a l l y  on ly  v o i d s  were observed 

a t  t h e  h ighe r  i r r a d i a t i o n  tempera tures .  

n/m2 a t  tempera- 

Small-angle x-ray s c a t t e r i n g  

47Abs t r ac t  of paper  accepted  f o r  p u b l i c a t i o n  i n  Journal of 

48Department of Materials Science and M e t a l l u r g i c a l  Engineer ing ,  
A p p l i e d  Crystallography. 

U n i v e r s i t y  o f  C i n c i n n a t i ,  C i n c i n n a t i ,  Ohio. 
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(SAXS) measurements were made w i t h  t h e  ORNL 10-m small-angle x-ray 

camera u s i n g  Mo Ka r a d i a t i o n .  

and SAXS r e s u l t s  f o r  t h e  void  s izes  and degree  of s w e l l i n g  has been 

o b t a i n e d  i n  t h o s e  samples c o n t a i n i n g  e s s e n t i a l l y  o n l y  vo ids .  

f o r  samples c o n t a i n i n g  both  small v o i d s  and d i s l o c a t i o n  loops ,  t h e  

v a l u e s  of  bo th  vo id  s i z e s  and t h e  degree  of s w e l l i n g  as determined by 

SAXS were c o n s i s t e n t l y  l a r g e r  t h a n  those  ob ta ined  by TEM. We b e l i e v e  

t h a t  t h e  p re sence  of t h e  small i r r a d i a t i o n - i n d u c e d  loops  c o n t r i b u t e s  a 

s i g n i f i c a n t  f r a c t i o n  of t h e  x-ray s c a t t e r i n g .  

S a t i s f a c t o r y  agreement between t h e  TEM 

However, 

1.2.14 A Dynamic S tudy-of  t h e  C r y s t a l l i z a t i o n  of P ~ l y e t h y l e n e ~ ~  - 
J. M. S c h u l t ~ , ' ~  J. S .  L i n ,  and R. W. Hendricks 

C r y s t a l l i z a t i o n  of a l i n e a r  po lye thy lene  from t h e  m e l t  w a s  fo l lowed 

i n  s i t u  w i t h  t h e  ORNL 10-m SAXS camera. Specimens were r a p i d l y  cooled  

i n  t h e  x-ray beam i n  tandem b i rdcage  f u r n a c e s  from approximate ly  180°C 

t o  tempera tures  between 115 and 126"C, and s c a t t e r i n g  p a t t e r n s  were 

reco rded  f o r  30 s i n  50-s i n t e r v a l s .  Because of t h i s  r e l a t i v e l y  high- 

speed  d a t a  a c q u i s i t i o n ,  w e  could o b t a i n  d a t a  i n  t i m e  p e r i o d s  t h a t  were 

s h o r t  compared w i t h  t h e  rate of change of t h e  s c a t t e r i n g  p a t t e r n s .  The 

SAXS curves  showed shapes  t h a t  changed con t inuous ly  du r ing  c r y s t a l l i z a -  

t i o n .  The s c a t t e r i n g  cu rves  are t h e  s u p e r p o s i t i o n  of a zero-angle peak 

and  a Bragg maximum. Gu in ie r  p l o t s  of t h e  zero-angle peak man i fe s t  

s c a t t e r i n g  by lamellae of c o n s t a n t  t h i c k n e s s .  The t h i c k n e s s  v a l u e  i s  

n e a r l y  t h a t  expec ted  f o r  c r y s t a l l i t e s  a t  t h e s e  c r y s t a l l i z a t i o n  tem-  

p e r a t u r e s .  A model i n  which s k e l e t a l  s p h e r u l i t e s  form and then la te r  

f i l l  i n  i s  c o n s i s t e n t  w i t h  t h e s e  r e s u l t s .  Decreasing SAXS i n t e n s i t y  and 

changing Bragg peak i n t e n s i t i e s  i n d i c a t e  c r y s t a l  t h i c k e n i n g  du r ing  

c o o l i n g  t o  room tempera ture .  

49Department of Chemical Engineer ing ,  U n i v e r s i t y  of Delaware, 
Newark. 



23 

1.2.15 E f f e c t  of C r y s t a l l i z a t i o n  T i m e  on t h e  P r o p e r t i e s  of Melt- 
C r y s t a l l i z e d  Polye thyleneDU - M. A. McCready,4y 
J. M. S c h ~ l t z , ~ ~  J. S. L in ,  and R. W. Hendricks 

L inea r  po lye thylene  w a s  c r y s t a l l i z e d  i s o t h e r m a l l y  from the  m e l t .  

Specimens were removed a t  d i f f e r e n t  c r y s t a l l i z a t i o n  times and quenched 

t o  room temperature .  The d e n s i t y ,  s t a t i c  mechanical p r o p e r t i e s ,  and 

small-angle  x-ray s c a t t e r i n g  (SAXS) behavior  of t h e s e  specimens were 

measured a t  room temperature .  The d e n s i t y  and Young's modulus inc reased  

w i t h  c r y s t a l l i z a t i o n  t i m e ,  whereas t h e  upper y i e l d  po in t  decreased wi th  

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

c r y s t a l l i z a t i o n  t i m e  i nc reased .  Concurren t ly ,  t h e  b read th  of t h e  SAXS 

peaks ,  t h e i r  Bragg a n g l e s ,  and t h e  i n t e g r a t e d  i n t e n s i t y  decreased.  

Changes i n  t h e  r a t i o  of second- and f i r s t - o r d e r  peak i n t e n s i t i e s  were 

a l s o  noted. On t h e  b a s i s  of t h e  SAXS and d e n s i t y  d a t a ,  i t  was concluded 

t h a t  t h e  th i cken ing  of e x i s t i n g  c r y s t a l s  competes wi th  t h e  c r e a t i o n  of 

new c r y s t a l l i t e s  between t h e  o l d e r  ones,  A t  r e l a t i v e l y  low c r y s t a l l i z a -  

t i o n  times, numerous new c r y s t a l s  can form dur ing  quenching t o  room tem-  

p e r a t u r e ,  whereas quenching a f t e r  prolonged c r y s t a l l i z a t i o n  r e s u l t s  

p r i m a r i l y  i n  t h e  a d d i t i o n a l  t h i cken ing  of e x i s t i n g  c r y s t a l s .  No change 

i n  t h e  d e n s i t y  of  t h e  amorphous material was found. A model i s  given 

A zero-angle peak g r a d u a l l y  d isappeared  as 

whereby 

through 

1.2.16 

t h e  upper y i e l d  stress is  coupled t o  these  morphological  changes 

t h e  th i ckness  of t h e  r e s u l t i n g  amorphous l a y e r s .  

K i n e t i c s  of Lamellar Thickening During I so the rma l  C r y s t a l l i z a t i o n  
of Polyoxymethylene From t h e  M e l t ' l  - P. H. Karr,'L P. 
Predecki, 'L R. W. Hendricks,  and J. S. Lin 

Samples of polyoxymethylene (De l r in  500, an = 35,000-40,000, 

and D e l r i n  100, Mn = 65,000-70,000) were i s o t h e r m a l l y  c r y s t a l l i z e d  

from t h e  melt a t  v a r i o u s  t empera tu res ,  T,, from 151 t o  161°C and 

c r y s t a l l i z a t i o n  t i m e s ,  t,, from 5 s t o  10 h.  

The lamellar c r y s t a l  t h i c k n e s s ,  r ,  and t h e  long pe r iod ,  R, a t  room 

tempera ture  were determined by t h e  f a s t -hea t ing - ra t e  (150O0C/min) 

50Submitted t o  Journal of Polymers: 
51Submitted t o  Journal of Macromolecular Science. 
52Department of Chemistry,  U n i v e r s i t y  of Denver, Denver, Colo. 
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m e l t i n g  t empera tu re  method and t h e  ORNL 10-m smal l -angle  x-ray scat- 

t e r i n g  system. 

i n c r e a s e s  w i t h  Tx and molecular  weight .  

w i t h  l o g  tx, s u g g e s t i n g  t h a t  as c r y s t a l s  form from t h e  m e l t  t hey  

t h i c k e n  a t  t h e  expense of i n t e r l a m e l l a r  amorphous material. 

f a c e  f r e e  e n e r g i e s  of 40.8 _+ 3.1 and 43.8 -t 2 . 3  m J / m 2  were ob ta ined  

f o r  D e l r i n  500 and 100, r e s p e c t i v e l y .  Arrhenius  p l o t s  were made of t h e  

lamellar t h i c k e n i n g  ra te  a t  f i x e d  v a l u e s  of tx and a t  f i x e d  v a l u e s  

of 5 .  Assuming a s i n g l e - r e l a x a t i o n - t i m e  p r o c e s s ,  t h e  former gave act i -  

v a t i o n  e n e r g i e s  of 130 k 1 2  and 106 2 13 kJ/mol (31.2 5 2.8 and 

25.3 _+ 3.0 kca l /mol)  f o r  D e l r i n  500 and 100, r e s p e c t i v e l y ,  i n  agreement 

w i t h  v a l u e s  r e p o r t e d  f o r  t h e  a r e l a x a t i o n .  

e n e r g i e s  f o r  t h i c k e n i n g  i n  t h e  r ange  0.4 t o  1 . 3  MJ/mol (100-300 kca l /mol)  

These e n e r g i e s  i n c r e a s e d  l i n e a r l y  wi th  5 and were l a r g e r  f o r  t h e  lower 

molecular  weight polymer a t  t h e  same 5 .  
s u p p o r t s  a t h i c k e n i n g  mechanism i n  which a l l  t h e  r e p e a t  u n i t s  i n  a 

s i n g l e  t r a v e r s e  of t h e  c r y s t a l  by a c h a i n  are s imul t aneous ly  a c t i v a t e d .  

The molecular  weight dependence of t h e  f o l d  s u r f a c e  ene rgy  and t h e  

The v a l u e  of R does n o t  change a p p r e c i a b l y  w i t h  tx b u t  

However, < i n c r e a s e s  l i n e a r l y  

Fold s u r -  

The l a t t e r  gave a c t i v a t i o n  

T h i s  l i n e a r  dependence of C 

a c t i v a t i o n  e n e r g i e s  s u g g e s t s  t h a t  the  presence  of c r y s t a l l i n e  c h a i n  ends 

a t  c r y s t a l  s u r f a c e s  reduces  t h e  d i l a t a t i o n a l  s t r a i n  a t  t h e  c r y s t a l - t o -  

amorphous i n t e r f a c e .  

1.2.17 Mel t ing  Temperature and Lamellar Thickening  During I s o t h e r m a l  
C r y s t a l l i z a t i o n  of Bulk Polyoxymethylene33 - P. H. K a d L  
P. Predecki ,3L R. W. Hendr icks ,  and J. S. Lin 

Changes i n  lamellar morphology du r ing  i so the rma l  c r y s t a l l i z a t i o n  

have  been s t u d i e d  w i t h  an improved me l t ing  tempera ture  method and a 

r a p i d  small-angle x-ray s c a t t e r i n g  (SAXS) method f o r  polyoxymethylene of 

two molecular  weights :  

and 65,000-70,000, r e s p e c t i v e l y .  Samples were i s o t h e r m a l l y  

c r y s t a l l i z e d  a t  v a r i o u s  t empera tu res ,  

v a r i o u s  t i m e s ,  

10-m camera was used f o r  t h e  SAXS study. D e t a i l e d  a n a l y s i s  of the  d a t a  

D e l r i n  500 and 100 having nR = 35,000-40,OOO 

from 151 t o  16loC,  and f o r  Tx’ 
from 5 s t o  10 h i n  a n  o p t i c a l  hot  s t a g e .  The ORNL t, 

53Abstract of Polymer Preprints 19(1):  572-77 (1978). 
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showed t h a t  ( 1 )  t he  SAXS long  per iod  of polyoxymethylene does no t  change 

a p p r e c i a b l y  w i t h  c r y s t a l l i z a t i o n  t i m e  but  i n c r e a s e s  wi th  c r y s t a l l i z a t i o n  

tempera ture  and molecular  weight ,  ( 2 )  t he  lamellar crystal  th i ckness  

changes l i n e a r l y  w i t h  l o g  t,, ( 3 )  the  f o l d  s u r f a c e  f r e e  energy 

dec reases  s l i g h t l y  w i t h  T,  and i n c r e a s e s  wi th  molecular  weight ,  and 

( 4 )  t he  a c t i v a t i o n  e n e r g i e s  f o r  t h i cken ing  are 105 t o  130 kJ/mol 

(25-31 kcal /mol)  a t  f i x e d  t, and i n  t h e  range of 0.63 t o  1.05 MJ/mol 

(150-250 kcal /mol)  a t  f i x e d  lamellar c r y s t a l  t h i ckness .  

1.2.18 The Use of A n i s o t r o p i c  Small-Angle X- ray^ S c a t t e r i n g  Data f o r  t h e  
Study of Deformation of Polymer Systems’” - S. K. Baczek,34 
R. S. S t e in ,34  R. D. Carlson,33 and R. W. Hendricks 

We have performed deformation experiments  us ing  the  ORNL 10-m 

small-angle  x-ray s c a t t e r i n g  camera i n  which samples  of po lye thylene  

were deformed t o  v a r i o u s  s t r a i n  r a t i o s  up t o  1.83 and the  i n c r e a s i n g l y  

a n i s o t r o p i c  s c a t t e r i n g  p a t t e r n s  were recorded.  The Hermans o r i e n t a t i o n  

f u n c t i o n  w a s  computed f o r  each  s t r a i n  and the  r e s u l t s  i n d i c a t e  t h a t  t he  

p r e d i c t i o n s  of an  o v e r a l l  a f f i n e  model are fol lowed over  t h e  e n t i r e  

e l o n g a t i o n  range s t u d i e d ,  bu t  t h a t  l o c a l i z e d  p o s i t i o n a l l y  dependent 

p rocesses  t h a t  d e v i a t e  from a f f i n e n e s s  occur .  

1.2.19 P o s i t r o n  L i f e t i m e s  i n  Voids and Other  Defec t s  i n  Annealed, 
Neut ron- I r rad ia ted  Aluminum’b - J. D. McGervey,’/ 
V. W. Lindberg,’/ and R. W. Hendricks 

A s i n g l e  c r y s t a l  of aluminum was i r r a d i a t e d  a t  55°C t o  a f a s t  

f l u e n c e  of  4.96 x 

were annealed a t  tempera tures  between 150 and 350OC. The void s i z e s  and 

s w e l l i n g  were measured by small-angle  x-ray s c a t t e r i n g ,  and p o s i t r o n  

l i f e t i m e s  were measured a f t e r  each  annea l .  Below 310°C, where vo ids  

n/m2 i n  t h e  HFIR. Pieces  of  t he  specimen 

54The Polymer Research I n s t i t u t e ,  Polymer Science and Engineer ing 
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were p r e s e n t ,  t h r e e  p o s i t r o n  l i f e t i m e s  were observed,  cor responding  t o  

a n n i h i l a t i o n s  from p o s i t r o n s  i n  t h e  bulk,  t hose  t rapped  i n  v o i d s ,  and 

t h o s e  t rapped  i n  some o t h e r  d e f e c t ,  hypothes ized  t o  be small vacancy- 

s i l i c o n  c l u s t e r s .  Above 31OoC, o n l y  bu lk  and d e f e c t  a n n i h i l a t i o n s  were 

ob served.  

1.3 FUNDAMENTAL CERAMICS STUDIES - C. S .  Yust 

E ros ion  is  a complex form of wear, invo lv ing  s imul taneous  o p e r a t i o n  

of  s e v e r a l  b a s i c  wear mechanisms. W e  are s tudying  e r o s i o n  i n  an e f f o r t  

t o  b e t t e r  understand t h e  o p e r a t i o n  of t h e s e  mechanisms i n  c r y s t a l l i n e  

nonmetals.  Such materials are expec ted  t o  be used i n  c o a l  convers ion  

p l a n t  a p p l i c a t i o n s  invo lv ing  exposure t o  h i g h  tempera ture ,  c o r r o s i v e  

environments ,  and h igh-ve loc i ty  a b r a s i v e  p a r t i c l e s ,  where o p t i m i z a t i o n  

of  t h e  materials t o  be used r e q u i r e s  an  unders tanding  of t h e  e r o s i o n  

damage process .  Our o b s e r v a t i o n s  show t h a t  some ceramics are s u b j e c t  t o  

p l a s t i c  deformation as w e l l  as f r a c t u r e ,  even when eroded a t  room tem-  

p e r a t u r e .  I n  f a c t ,  under some c i rcumstances ,  l o c a l  me l t ing  can be 

observed a t  p a r t i c l e  impact sites. 

I n  c o a l  convers ion  systems,  both t h e  e r o s i v e  and t h e  c o r r o s i v e  

aspects of t h e  environment are t h e  r e s u l t  of t h e  chemis t ry  of t h e  c o a l  

i n  process .  We are  con t inu ing  our  s t u d y  of t h e  na tu re  of c o a l  by t h e  

a p p l i c a t i o n  of m e t a l l u r g i c a l  t echniques  t o  ex tend  the  unders tanding  of 

c o a l  m i c r o s t r u c t u r e  and c o a l  minerology. 

1.3.1 Melt ing a t  P a r t i c l e  Impact  S i t e  During Eros ion  of Ceramics58 - 
C. S .  Yust and R. S .  Crouse 

The eroded s u r f a c e s  of high-alumina and m u l l i t e  r e f r a c t o r i e s  were 

examined by scanning e l e c t r o n  microscopy. The s u r f a c e s ,  which were 

exposed t o  240-pm-diam s i l i c o n  c a r b i d e  p a r t i c l e s  c a r r i e d  i n  an argon gas  

stream a t  24 m / s ,  are found t o  c o n t a i n  r eg ions  of f r a c t u r e  and r eg ions  

of  p l a s t i c  shear .  I n  t h e  sheared r e g i o n s ,  long s t r i n g e r s  of t h e  eroded 

s u r f a c e  are pu l l ed  away from t h e  s u r f a c e  i n  t h e  d i r e c t i o n  of motion of t h e  

58Abstract  of a paper  accepted  f o r  p u b l i c a t i o n  i n  Wear. 



27 

eroding  p a r t i c l e .  The s u r f a c e  appearance a t  t h e  impact s i t e  is i n d i c a t i v e  

o f  t h e  f low of a v i scous  l i q u i d .  C a l c u l a t i o n s  show t h a t  l o c a l  tempera- 

t u r e s  above t h e  me l t ing  tempera ture  of alumina can be a t t a i n e d .  The 

c a l c u l a t i o n  and t h e  s u r f a c e  appearance i n d i c a t e  t h a t  me l t ing  can occur  

a t  impact s i t e s  i n  alumina and i n  m u l l i t e  r e f r a c t o r i e s .  

1.3.2 The Eros ion  of Alumina and M u l l i t e  R e f r a c t o r i e s  - C. S. Yust 

Samples of alumina and m u l l i t e  commercial r e f r a c t o r i e s  have been 

e r o s i o n  t e s t e d  a t  room tempera ture  and a t  500OC. 

prepa red  from commercial b r i c k s  and from cast blocks.  I n  t h e  case of 

a lumina ,  a dense p o l y c r y s t a l l i n e  body w a s  a l s o  t e s t e d .  The samples were 

exposed t o  a stream of  240-pnrdiam s i l i c o n  c a r b i d e  p a r t i c l e s  c a r r i e d  i n  

a n  argon gas  stream a t  24 m / s .  Eros ion  rates were measured f o r  each  

form, and t h e  s u r f a c e s  were s t u d i e d  by scanning e l e c t r o n  microscopy. 

The specimens were 

The e r o s i o n  ra te  i s  r e l a t e d  t o  t h e  m i c r o s t r u c t u r e  of t h e  material. 

I n  g e n e r a l ,  t h e  dense r  t h e  body, t h e  more r e s i s t a n t  i t  is  t o  e ros ion .  

However, t h e  alumina e r o s i o n  rate d i d  no t  v a r y  w i t h  tempera ture ,  wh i l e  

t h e  e r o s i o n  rate of  m u l l i t e  w a s  diminished by an  i n c r e a s e  i n  tempera- 

t u r e .  Su r face  examinat ion r e v e a l s  t h a t  f r a c t u r e  i s  t h e  p r i n c i p a l  

mechanism by which material was removed from t h e  alumina s u r f a c e  a t  both 

t empera tu res  under t h e  imposed e r o s i o n  cond i t ions .  Under t h e  same con- 

d i t i o n s ,  however, a s i g n i f i c a n t  p o r t i o n  of t h e  damage i n  m u l l i t e  i s  due 

t o  p l a s t i c  processes .  The p l a s t i c  mechanism is  a p p a r e n t l y  less e f f i -  

c i e n t  i n  removing material  from t h e  s u r f a c e  and is  active t o  a g r e a t e r  

deg ree  i n  m u l l i t e  a t  e l e v a t e d  tempera tures .  

1 . 3 . 3  Sing le -Crys t a l  E ros ion  Experiments  - C. S. Yust 

Experiments  are i n  p rogres s  invo lv ing  t h e  p r e p a r a t i o n  of s i n g l e  

p a r t i c l e  impacts  on s i n g l e - c r y s t a l  s u r f a c e s .  These experiments  provide  

t h e  o p p o r t u n i t y  t o  c o n t r o l  t h e  o r i e n t a t i o n  r e l a t i o n s h i p  between t h e  

impinging p a r t i c l e  and t h e  t a r g e t  l a t t i c e ,  and w i l l  f a c i l i t a t e  t h e  ana- 

l y s i s  of  any  deformation t h a t  may occur .  Experiments have been per- 

formed t o  d a t e  on alumina s i n g l e  c r y s t a l s  and on l i t h i u m  f l u o r i d e  s i n g l e  

c r y s t a l s .  On a lumina ,  scanning e l e c t r o n  microscopy has  demonstrated 
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t h a t  me l t ing  can be induced a t  t h e  impact s i t e  i f  s u f f i c i e n t  energy i s  

t r a n s f e r r e d  t o  t h e  t a r g e t .  Alumina c r y s t a l s  eroded by 240-pm-diam sili- 

con c a r b i d e  p a r t i c l e s  s t r i k i n g  t h e  s u r f a c e  a t  24 m / s  do no t  show s i g n i -  

f i c a n t  evidence of me l t ing ,  wh i l e  t h e  same p a r t i c l e s  c o l l i d i n g  wi th  t h e  

s u r f a c e  a t  55 m / s  commonly show mel t ing  i n d i c a t i o n s .  

mat ion on t h e  b a s a l  p l anes  of t h e  hexagonal alumina i s  a l s o  observed a t  

impact  sites. 

i s  no t  observed a t  impac t  p i t s ,  but  t h e  cub ic  l a t t i c e  deforms exten- 

s i v e l y .  F u r t h e r  d e t a i l s  of t h e  deformation and mel t ing  behavior  w i l l  be 

s t u d i e d  by t r ansmiss ion  e l e c t r o n  microscopy. 

In  g e n e r a l ,  defor-  

In l i t h i u m  f l u o r i d e ,  which m e l t s  a t  on ly  840°C, me l t ing  

1.3.4 The A p p l i c a t i o n  of Near-Infrared Microscopy t o  Materials 
Sc ienceDY - L. A. Harris 

The use of an  i n f r a r e d  imaging tube  i n  con junc t ion  wi th  o p t i c a l  

microscopy ex tends  t h e  range of u s e f u l  wavelengths from 400-750 nm t o  

400-1200 nm. Thus, a h o s t  of materials whose t r anspa rency  i n c r e a s e s  

i n  t h e  nea r  i n f r a r e d  can now be s t u d i e d  by t r ansmiss ion  l i g h t  

microscopy. A review of materials t h a t  have been examined by i n f r a r e d  

microscopy is  presented .  In a d d i t i o n ,  r e s u l t s  from c u r r e n t  s t u d i e s  on 

ceramic material a t  t h i s  l a b o r a t o r y  are d iscussed .  

1.3.5 Transmi t ted  Near I n f r a r e d  Microscopy of Coa160 - L. A. Harris 
and C. S. Yust 

Thin s e c t i o n s  of an e a s t e r n  Kentucky h igh - sp l in t  coa l  (high- 

v o l a t i l e  bi tuminous)  from t h e  Thiessen c o l l e c t i o n  have been s t u d i e d  by 

t r a n s m i t t e d  i n f r a r e d  microscopy. Seve ra l  normally opaque s t r u c t u r e s  i n  

t h e  i n e r t i n i t e  maceral group were observed t o  t r ansmi t  i n  t h e  nea r  

i n f r a r e d  (700-1200 nm). These same s t r u c t u r e s  were a l s o  found t o  be 

b i r e f r i n g e n t  and t o  c o n s i s t  of v a r i a b l y  o r i e n t e d  o p t i c a l  domains similar 

i n  appearance t o  a p o l y c r y s t a l l i n e  material. 

59Abst rac t  of a p a p e r  accepted  f o r  p u b l i c a t i o n  i n  Microstmeturaz 

60Abstract  of a paper submit ted f o r  p u b l i c a t i o n  i n  Fuel. 
Science. 
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1.3.6 Mic roporos i ty  and Micromineralogy i n  a Bituminous Coal  - 
J. S .  L i n ,  R. W. Hendr icks ,  L. A. Harris, and C. S .  Yust 

The s i z e  and d i s t r i b u t i o n  of p o r o s i t y  and m i n e r a l s  i n  a high- 

v o l a t i l e  bituminous c o a l  determined by t r a n s m i s s i o n  e l e c t r o n  microscopy 

ag reed  w e l l  wi th  t h e  v a l u e s  ob ta ined  by small-angle x-ray s c a t t e r i n g .  

An a b s t r a c t  d e s c r i b i n g  t h e s e  s t u d i e s  i s  g iven  i n  Sect .  1.2.12 of t h i s  

r e p o r t .  

1.3.7 A S tudy  of S o l i d s  Formed i n  a So lven t  Ref ined  Coal P i l o t  P l a n t b o  - 
L. A. Harris, C. R. Kennedy, and C. S .  Yust 

O p t i c a l  and x-ray d i f f r a c t i o n  methods have been used t o  s t u d y  

m i c r o s t r u c t u r e s  i n  a carbonaceous d e p o s i t .  Th i s  d e p o s i t ,  ob ta ined  from 

a f e e d  l i n e  i n  a s o l v e n t  r e f i n e d  c o a l  (SRC) p i l o t  p l a n t ,  was shown t o  

c o n s i s t  p r i m a r i l y  of m i n e r a l s  and semicoke. The semicoke formed t h e  

m a t r i x  phase sur rounding  t h e  m i n e r a l s ,  mine ra l  and coke mix tu res ,  and 

f u s i n i t e .  

The s t u d i e s  r evea led  t h a t  a l l  t h e  p y r i t e  had been transformed t o  

p y r r h o t i t e ,  which i n  t u r n  formed s h e l l - l i k e  s t r u c t u r e s  sur rounding  both  

i n o r g a n i c  and o r g a n i c  c o n s t i t u e n t s .  I n  a d d i t i o n ,  t h e  s l u r r y  mixture  of 

c o a l  and s o l v e n t  o i l  had been conver ted  t o  semicoke. 

1.3.8 SEM and EMA S t u d i e s  of a Solven t  Ref ined  Coal P i l o t  P l a n t  
Carbonaceous Plugb1 - L. A. Harris and C. S .  Yus,t 

Scanning e l e c t r o n  microscopy (SEM) and e l e c t r o n  microprobe a n a l y s e s  

(EMA) have proven t o  be ex t r eme ly  u s e f u l  methods f o r  ana lyz ing  micro- 

s t r u c t u r e s  observed i n  a carbonaceous material r e t r i e v e d  from a f eed  

l i n e  of a s o l v e n t  r e f i n e d  c o a l  (SRC) convers ion  p l a n t .  Typ ica l  

p e t r o g r a p h i c  micrographs r evea led  a semicoke m a t r i x  enc los ing  n e a r l y  

un i fo rmly  s i z e d  m i n e r a l s  o r  mine ra l  assemblages,  as w e l l  as u n a l t e r e d  

c o a l  ( f u s i n i t e )  fragments.  The i d e n t i t y  of t h e  m i n e r a l s ,  by SEM and 

E M ,  r evea led  two d i s t i n c t  mine ra l  t ypes  w i t h i n  t h e  p lug ,  namely 

m i n e r a l s  t h a t  have undergone t r a n s f o r m a t i o n s ,  such  as p y r i t e  (FeS2)+ 

6 l A b s t r a c t  of pp. 537-42 i n  Scanning Electron Microscopy/l978, 
Vol. 1, ed. by 0. M. J o h a r i ,  Scanning E l e c t r o n  Microscopy, Inc. ,  
AMF O'Hara, I l l i n o i s .  
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p y r r h o t i t e  (FeS) ,  and those  m i n e r a l s  t h a t  are e s s e n t i a l l y  u n a l t e r e d ;  f o r  

example, q u a r t z  and k a o l i n i t e .  

The examinat ion of porous areas w i t h i n  t h e  semicoke c o n s t i t u e n t  

showed a v a r i e t y  of s o l i d i f i e d  "mesophase" s p h e r u l e s  e i t h e r  as ind iv i -  

d u a l s  o r  as coa le sced  groups.  These obse rva t ions  are s i g n i f i c a n t  i n  

t h a t  t h e y  r e v e a l  t h e  mechanism by which semicoke forms; t h a t  i s ,  by 

s p h e r i c a l  l i q u i d  c r y s t a l s  s e p a r a t i n g  from the  c o a l  and s o l v e n t  o i l  

s l u r r y .  We observed a d d i t i o n a l  s t r u c t u r a l  f e a t u r e s  a s s o c i a t e d  wi th  t h e  

semicoke, such as r i d g e s  a long  t h e  pore w a l l s  composed of coa lesced  

s p h e r e s  i n  a c h a i n l i k e  growth. 

1 . 3 . 9  Submicron Mineral  Component of V i t r i n i t e 6 2  - R. A. S t r e h l ~ w , ~ ~  
L. A. Harris, and C. S. Yust 

Submicron mine ra l  p a r t i c l e s  have been observed i n  t h e  v i t r i n i t e  

macera l  of I l l i n o i s  No. 6 c o a l .  Many of t h e  p a r t i c l e s  d i sp l ayed  growth 

o r  c leavage  forms,  and were i n  t h e  s i z e  range  from t h e  l i m i t  of r e so lu -  

t i o n  (about  4 nm) t o  about  100 nm. X-ray d i f f r a c t i o n  r e s u l t s  i n d i c a t e  

t h a t  t h e  p r i n c i p a l  mine ra l  components are t h e  c l a y s ,  i l l i t e  and kaol i -  

n i t e ,  as w e l l  as q u a r t z  and some c a l c i t e .  The s i z e s  and number of par- 

t i c l e s  have been measured on photomicrographs,  s i n c e  these  f a c t o r s  may 

b e  r e l a t e d  t o  t h e  p o s s i b l e  c a t a l y t i c  e f f e c t i v e n e s s  of t h e  minera ls .  

Pa r t i c l e s  less t h a n  30 nm i n  d iameter  account  f o r  about one-third of t h e  

mine ra l  s u r f a c e  area of  0.30 m2 p e r  cub ic  cen t ime te r  of v i t r i n i t e .  

The weight f r a c t i o n  of m i n e r a l s  de r ived  from t h e  d a t a  i s  0.015 kg 

m i n e r a l s  pe r  ki logram of coa l .  

1.4 PREPARATION AND SYNTHESIS OF HIGH-TEMPERATURE AND SPECIAL SERVICE 
MATERIALS - G. W. C l a r k  

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 e u t e c t i c s  and t h e  c r y s t a l  growth of 

high-temperature  materials form our  c e n t r a l  theme. We con t inue  t o  

d e v i s e  and improve methods of d i r e c t i o n a l  s o l i d i f i c a t i o n  and c r y s t a l  

growth,  t o  deve lop  i n c r e a s e d  unders tanding  of c r y s t a l  growth p rocesses  

and k i n e t i c s ,  and t o  provide  materials needed i n  r e sea rch .  C r y s t a l s  a r e  

62Abst rac t  of a paper accepted  f o r  p u b l i c a t i o n  i n  Fuel. 
3Chemis t r y  Div is ion .  
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grown by s e v e r a l  methods: by i n t e r n a l  zone growth, by temperature- 

g r a d i e n t  zone me l t ing ,  from mol ten-sa l t  s o l v e n t s ,  from s u p e r c r i t i c a l  

aqueous systems,  by edge-defined fi lm-fed growth, by t h e  Bridgman 

method, and by t h e  Verneui l  method. We i n v e s t i g a t e  s e l e c t e d  phys ica l  

p r o p e r t i e s ,  bo th  those  r e l a t e d  t o  t h e  c r y s t a l  growth process  and those  

impor tan t  f o r  c h a r a c t e r i z i n g  new compounds and e u t e c t i c  s t ructures .  

During t h i s  r e p o r t  p e r i o d ,  ou r  c r y s t a l s  were shared  f o r  i n v e s t i g a t i n g  

e l e c t r o n  s p i n  resonances ,  o p t i c a l  and e las t ic  p r o p e r t i e s ,  deformation,  

f i e l d  emiss ion ,  and e l e c t r o n i c  o s c i l l a t o r  q u a l i t y .  

Of s p e c i f i c  c o n s i d e r a t i o n  i s  t h e  use of d i r e c t i o n a l l y  s o l i d i f i e d ,  

complex e u t e c t i c  and l iquid-phase hot-pressed composites as special  

t o o l ,  t u r b i n e ,  o r  v a l v e  seat  materials. P rope r ly  chosen, such com- 

p o s i t e s  may o f f e r  b e t t e r  m i c r o s t r u c t u r e s  and provide  s u p e r i o r  mechanical 

p r o p e r t i e s  f o r  enhanced wear r e s i s t a n c e  o r  toughness than the  f ine-  

g r a i n e d  composites commonly used i n  t o o l s  f o r  c u t t i n g ,  d r i l l i n g ,  etc. 

1.4.1 New Developments i n  t h e  I Z G  of Metal Oxide-Metal E u t e c t i c  
Composites - J. D. Holder and G. W. C lark  

We p r e s e n t l y  know of 37 b ina ry  and 9 t e r n a r y  r e f r a c t o r y  metal 

These oxide-metal  e u t e c t i c s  of t h e  type  MiOb-M”, where M’ f M”. 

e u t e c t i c s  are of p a r t i c u l a r  i n t e r e s t  because of t h e  p o t e n t i a l  of coupled 

o p t i c a l ,  e l e c t r i c a l ,  thermal ,  and mechanical p r o p e r t i e s  between t h e  

r e f r a c t o r y  metal and oxide  phases .  

The d i r e c t i o n a l  s o l i d i f i c a t i o n  of metal oxide-metal e u t e c t i c s  by 

c r u c i b l e  techniques  i s  s e v e r e l y  l i m i t e d  by t h e  l a c k  of compatible  

materials. The i n t e r n a l  zone growth ( I Z G )  technique circumvents  t h i s  

c r u c i b l e  c o m p a t i b i l i t y  problem by ba lanc ing  r f  hea t ing  with the  l a r g e  

h e a t  l o s s e s  a t  t h e  sample  s u r f a c e  t o  produce an unmelted s k i n ,  which 

s e r v e s  as the  c r u c i b l e .  

The I Z G  p rocess  has  been mathemat ica l ly  modeled by R. A. H a r t z e l l  

and R. F. Sekerka (Carnegie-Mellon Un ive r s i ty ) .  They p r e d i c t  a t e m -  

p e r a t u r e  i n s t a b i l i t y  r e l a t e d  t o  t h e  r f  coupl ing  and hea t  t r a n s f e r  a t  

v a r i o u s  f r e q u e n c i e s ,  sample d i ame te r s ,  and sample e l e c t r i c a l  conduc- 

t i v i t i e s .  The i n s t a b i l i t y  i s  most d e v a s t a t i n g  when the  s u r f a c e  
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temperature increases uncontrollably past the eutectic melting point, 

thereby resulting in surface melting. 

The Hartzell-Sekerka calculations indicated that as the sample 

diameter is increased, the instability would occur at lower tempera- 

tures. This was experimentally demonstrated for 20-, 30-, and 

50m-diam compacts formed from -325 mesh Cr2O3 and Mo powders. 

For both the 20- and 30-m-diam compacts, the heating instability 

occurred above 160OOC and resulted in surface melting and spilling of 

the internal molten zone. In the 50-mm-diam compacts, the instability 

occurred at about 1200°C and was followed by uncontrollable heating to 

1400OC. 

controllably heated to form the internal melt zone. 

These samples were still in the solid state and could be 

A technique has been developed to circumvent (or greatly reduce) 

the effects of the rf-heating instability of Cr203-Mo compacts. 

This technique should also be applicable to other metal oxide-metal 

systems considered for internal zone growth. 

1.4.2 Oxygen Partial Pressure vs Phase Equilibrium for Directional 
Solidification in the Cr-0-Mo System - J. D. Holder and 
G. W. Clark 

Calculations made in 1976 predicted the oxygen partial pressure, 

that would be required for equilibrium of Cr203-Cr and p 

Cr203-Mo eutectics with their melts. In 1977 the calculations were 

further extended to predict equilibrium Po 

positions and superheated melts of eutectic. During this report period, 

study of the thermodynamics of gas-metal reactions yielded two criteria, 

which establish the first principles of composition control and alloying 

in metal oxide-metal eutectic composites. The first is an existence 

criterion; the second is an alloying criterion. Both are useful for 

understanding and controlling the chemistry of metal oxide-metal eutectic 

reactions. These same criteria may also be used t o  identify potentially 

new metal oxide-metal eutectic systems. 

02 

for off-eutectic com- 
2 
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The e x i s t e n c e  c r i t e r i o n  is  der ived  wi th  c o n s i d e r a t i o n  of t h e  oxida- 

t i o n  and r educ t ion  r e a c t i o n s  of each  component of t h e  metal oxide-metal 

e u t e c t i c  system being i n v e s t i g a t e d .  It r e q u i r e s  a range of oxygen par- 

t i a l  p r e s s u r e s  a t  tempera tures  above and below t h e  e u t e c t i c  temperature  

over  which n e i t h e r  t h e  metal phase nor the  oxide phase i s  s u s c e p t i b l e  t o  

o x i d a t i o n  and r educ t ion  r e a c t i o n s .  The range of oxygen p a r t i a l  

pressures can be r e a d i l y  c a l c u l a t e d  from t h e  s t anda rd  f r e e  e n e r g i e s  of 

formation.  

The a l l o y i n g  c r i t e r i o n  i s  based on t h e  r e c o g n i t i o n  t h a t  except  a t  

one unique oxygen par t ia l  p r e s s u r e ,  an  M’O -M” (MO f M”) e u t e c t i c  

must be pseudobinary i n  t h e  M’-O-M” t e r n a r y  system. 

t e r i o n  s t i p u l a t e s  t h a t  f o r  a l l  oxygen pa r t i a l  p r e s s u r e s  between the  

l i m i t i n g  p a r t i a l  p r e s s u r e s  d i c t a t e d  by the  e x i s t e n c e  c r i t e r i o n ,  a unique 

metal oxide-metal a l l o y  ex is t s  upon f r e e z i n g .  

a b  
The a l l o y i n g  cri- 

We have v e r i f i e d  expe r imen ta l ly  t h e s e  c r i t e r i a  f o r  t h e  Cr-O-Mo 

system. This  w a s  done by d i r e c t i o n a l l y  s o l i d i f y i n g  the  Cr203-Mo 

e u t e c t i c  wi th  c o n t r o l l e d ,  r ep roduc ib le  Mo-Cr s o l i d  s o l u t i o n  metal f i b e r s  

by c o n t r o l l i n g  t h e  oxygen p a r t i a l  p re s su re  between two c a l c u l a t e d  

l i m i t s .  This oxygen p a r t i a l  p r e s s u r e  c r i t e r i o n  is paramount i n  a l l  

a l l o y i n g  c o n s i d e r a t i o n s  i n  metal oxide-metal e u t e c t i c  systems. 

The thermodynamics of  gas-metal r e a c t i o n s  a l s o  i n d i c a t e s  an a r r a y  

of  i n t e r e s t i n g  problems involved wi th  (1) the  d i r e c t i o n a l  s o l i d i f i c a t i o n  

o f  t h e  Cr203-Cr e u t e c t i c  and o t h e r  such M 0 -M’ e u t e c t i c s  

(where M = M’), ( 2 )  metal oxide-metal d i r e c t i o n a l  s o l i d i f i c a t i o n  by the  

Bridgman technique ,  and ( 3 )  t h e  e x i s t e n c e  of Cr203-Ta, -Nb, o r  -V 

e u t e c t i c s .  

X Y  

L a s t  yea r  w i th  t h e  use  of t h e  m e t a l  oxide-metal e x i s t e n c e  c r i t e r i o n  

w e  p r e d i c t e d  t h a t  s i x  systems would be s t a b l e :  L a C r O y C r ,  -Mo, and 

-W and Y C r O y C r ,  -Mo and -W. 

t o  o t h e r  complex f a m i l i e s  such  as su l f ide -me ta l ,  oxysulf ide-metal ,  

n i t r i d e - m e t a l ,  ox ide-carb ide ,  and o t h e r  such systems where m e l t  

s t o i c h i o m e t r y  i s  s e n s i t i v e  t o  t h e  p a r t i a l  p r e s s u r e  of a reactant gas .  

These cr i ter ia  a l s o  should be a p p l i c a b l e  



34 

1.4.3 Te rna ry  E u t e c t i c s  of LaCrOyLa7OyMo and LaCrOq-Cr203-Mo - 
J. D. Holder and G. W. C l a r k  

The thermodynamic e x i s t e n c e  and a l l o y i n g  cr i ter ia  used i n  p r e d i c t i n g  

t h e  s t a b i l i t y  and c o n t r o l l i n g  t h e  composi t ion of b i n a r y  e u t e c t i c s  bet-  

ween LaCr03-Mo, La203-Mo, and Cr203-Mo have been a p p l i e d  t o  two 

of t h e  t e r n a r y  combinat ions of t h e s e  systems. Our p r e d i c t i o n s  were t h a t  

t e r n a r y  e u t e c t i c s  of LaCr03-La203-Mo and LaCr03-Cr203-Mo could 

ex i s t  and could be syn thes i zed  under t h e  par t ia l  p r e s s u r e  of oxygen 

developed by CO-lO% CO2 gas  mixtures .  

Appropr i a t e  mix tu res  of La2O3, Cr2O3, and Mo powders were 

hot -pressed  t o  form 20-mm-diam rods .  The rods  were melted and r e s o l i -  

d i f i e d  by i n t e r n a l  zone growth, and t h e  m i c r o s t r u c t u r e s  were s t u d i e d  

w i t h  s t anda rd  o p t i c a l  t echniques .  Ternary  e u t e c t i c  s t r u c t u r e s  were 

observed i n  both systems. The t e r n a r y  e u t e c t i c  tempera tures  were esti- 

mated t o  be about  1900°C by o p t i c a l  pyrometer measurements. 

1.4.4 The D i r e c t i o n a l  S o l i d i f i c a t i o n  of LaCr03-Mo - J. D. Holder 
and G. W. C l a r k  

S e v e r a l  rare e a r t h  chromi tes  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. In  1977, e u t e c t i c s  of 

LaCr03-W, LaCr03-Mo, LaCr03-Cr were synthes ized .  We have now suc- 

c e s s f u l l y  d i r e c t i o n a l l y  s o l i d i f i e d  LaCr03-Mo by I n t e r n a l  Zone Growth 

( I Z G )  a t  2.2 MHz f requency  ( f o r  0.20-mm diam compact). 

used  f o r  c r y s t a l  growth w a s  C0-9.5% C02 a t  0.1 MPa. 

tempera ture  w a s  determined by o p t i c a l  pryometer t o  be about 195OOC. The 

e u t e c t i c  composi tes  c o n s i s t  of a LaCrO3 matrix wi th  o r i e n t e d  Mo 

f i b e r s  of  about 50 x 1O1O f i b e r s  per  square  meter i n  t h e  p lane  per- 

p e n d i c u l a r  t o  t h e  growth d i r e c t i o n .  

The gas  mixture  

The e u t e c t i c  

1.4.5 Model of t h e  Th in  F i l m  E f f e c t  i n  t h e  Edge-Defined F i l n r F e d  Growth 
of E u t e c t i c  Composites - J. D. Holder and G. W. C la rk  

A computer model of t h e  boundary-layer d i f f f u s i o n  problem f o r  

e u t e c t i c  composite growth from a t h i n  l i q u i d  f i l m  - as i n  edge- 

de f ined  fi lm-fed growth - has  been developed. The model a l lows  t h e  
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de te rmina t ion  of f l u c t u a t i o n s  i n  

ra te  i r r e g u l a r i t i e s .  R e s u l t s  of 

ra te  p e r t u r b a t i o n s ,  t h e r e  should 

composite composi t ion due t o  growth 

our  modeling i n d i c a t e  t h a t  f o r  growth 

be less composi t ion f l u c t u a t i o n  i n  

e u t e c t i c  composites grown from t h i n  f i l m s  than  from i n f i n i t e  melts. 

1.4.6 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 Bor ide  E u t e c t i c s  - 
S. L. Bennet t  and G. W. C l a r k  

S t u d i e s  on t h e  e u t e c t i c  systems Co-WCoB, Ni-MozNiB2, Fe-Mo2FeB2, 

and N i - W z N i B 2  are cont inuing .  

p o s i t i o n s  f o r  t h e  f i r s t  t h r e e  systems. The e u t e c t i c  m i c r o s t r u c t u r e s  

e x h i b i t e d  by these  systems are lamellar, blocky,  and rod-type, 

r e s p e c t i v e l y .  

We have r e f i n e d  the  e u t e c t i c  com- 

Seve ra l  a t t e m p t s  have been made t o  d i r e c t i o n a l l y  s o l i d i f y  t h e  

Co-WCoB e u t e c t i c .  The p re reac ted  sample ,  conta ined  i n  an alumina tube ,  

w a s  withdrawn through a water-cooled c o i l  s i t u a t e d  wi th in  a g r a p h i t e  

f u r n a c e  hea ted  t o  155OOC. However, on ly  modest successes  were achieved. 

I n  o r d e r  t o  improve t h e  u n i d i r e c t i o n a l  growth, l a r g e r  temperature  gra- 

d i e n t s  would be r equ i r ed .  We have cons t ruc t ed  an  a p p a r a t u s  t h a t  a l lows  

t h e  sample t o  be hea ted  by r f  power (10 kW, 400 kHz) and t o  be withdrawn 

through a water spray.  

Working wi th  t h e  Co-WCoB e u t e c t i c  system we have achieved e x c e l l e n t  

a l ignment  of t h e  WCoB lamellae. Experiments are i n  progress  t o  s tudy  

t h e  i n t e r l a m e l l a r  spac ing  as  a f u n c t i o n  of growth rate. Mechanical pro- 

p e r t y  measurements are  t o  be made. 

Grad ien t s  of 250-35OoC/cm are a n t i c i p a t e d .  

A 1957 p a t e n t 6 4  claimed t h a t  s u p e r i o r  c u t t i n g  t o o l s  can be pro- 

duced from composi t ions w i t h i n  a l a r g e  area of t h e  three-phase reg ion  

bounded by Mo2NiB2, MozB, and MoNi. 

e u t e c t i c  t rough  ex tends  through t h i s  three-phase reg ion .  Our i n t e r p r e -  

t a t i o n  of  t h e  exper imenta l  r e s u l t s  w a s  complicated by incongruent  

m e l t i n g  of a l l  t h e  components and seg rega t ion  r e s u l t i n g  from t h e  slow 

We have demonstrated t h a t  a 

c o o l i n g  of t h e  specimen. 

samples  demonstrated t h a t  

s o l i d i f i c a t i o n  r evea led  a 

Drawing an  arc-melted bead a c r o s s  s e l e c t e d  

seg rega t ion  could be avoided,  and the  r ap id  

blade-type e u t e c t i c  mic ros t ruc tu re .  However, 

~~ 

64R. S t e i n i t z ,  U. S. Pa t en t  2,776,468, January  8,  1957. 



we are abandoning work on t h e s e  composi t ions because t h e  i n t e r m e t a l l i c  

phase MoNi i s  b r i t t l e .  

We found i n  t h e  l i t e r a t u r e  t h a t  e u t e c t i c s  exist  between some v e r y  

h a r d  b o r i d e s  and v e r y  hard  c a r b i d e s ,  f o r  example TiB2-Tic, ZrB2-ZrC, 

T I B Z - B ~ C ,  WB-W2C and W2Bg-BqC. 

r e d u c t i o n  i n  t h e  hardness  and an  i n c r e a s e  i n  the  p l a s t i c i t y  a t  

composi t ions  nea r  t h e  e u t e c t i c s  i n  t h e  group I V  boride-group I V  c a r b i d e  

systems.  

Recent Sov ie t  work65 h a s  r evea led  a 

Super io r  high-speed c u t t i n g  t o o l s  might be produced from such 

e u t e c t i c s ,  and f u r t h e r  improvements might be r e a l i z e d  on 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 .  

s y s t e m .  

We have begun p r e l i m i n a r y  s t u d i e s  on t h e  TiB2-TiC 

1.4.7 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 Co-WC Melt - C. F. Yen and 
G. W. C l a r k  

We cont inued  t o  i n v e s t i g a t e  the growth of Co-WC composi tes  by 

d i r e c t i o n a l  s o l i d i f i c a t i o n .  We confirmed t h a t  a b i n a r y  e u t e c t i c  e x i s t s  

between Co and WC, w i th  a d i scon t inuous  s t r u c t u r e  similar t o  t h a t  of 

aluminum and s i l i c o n .  N e w  d i f f e r e n t i a l  thermal a n a l y s i s  r e s u l t s  i nd i -  

c a t e d  t h a t  t h e  e u t e c t i c  tempera ture  w a s  nea r  1275OC. 

t o  grow composi tes  were complicated by gaseous e v o l u t i o n  from t h e  m e l t ,  
due t o  t h e  presence  o f  oxygen impur i ty  i n  the  as-received Co and WC 

powders. 

cha rge  o r  adding minor amounts of aluminum. 

Our e a r l y  a t t e m p t s  

T h i s  ou tgass ing  can be avoided by e i t h e r  u s ing  a p r e r e a c t e d  

An r f  h e a t i n g  fu rnace  has  been cons t ruc t ed  whereby, dur ing  d i rec-  

t i o n a l  s o l i d i f i c a t i o n ,  t h e  c r u c i b l e  can be cooled wi th  a water sp ray  

below t h e  i n d u c t i o n  c o i l .  The tempera ture  g r a d i e n t  a t  t h e  l i q u i d - s o l i d  

i n t e r f a c e  exceeded 250°C/cm. 

i n  s i t u  composi tes  w i th  a l i g n e d  WC f i b e r s .  

morphology w i l l  be c h a r a c t e r i z e d  wi th  p r o p e r t y  measurements. 

We s h a l l  con t inue  i n  our  e f f o r t s  t o  grow 

Samples wi th  t h e  proper  

65S. S. Ordan'yan, V. I. Unrod, and A. E. Lutsenko, Inorg. Mater. 
USSR (Engz .  TransZ.) 13: 546-47 (1977). 
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1.4.8 Hard Ceramic Composites - C. F. Yen and G. W. C la rk  

We extended ou r  program on metal-ceramic systems t o  cover  o t h e r  

complex ceramic components. Our s t u d y  of t he  WC-TiB2 system has  begun. 

Carb ide  composi tes  have widespread a p p l i c a t i o n s  i n  c u t t i n g  and d r i l l i n g  

o p e r a t i o n s .  Ti tanium d i b o r i d e ,  on t h e  o t h e r  hand, demonstrated out- 

s t a n d i n g  r e s i s t a n c e  t o  e r o s i o n  and a b r a s i o n  f o r  t h e  development of wear- 

r e s i s t a n t  v a l v e  materials f o r  c o a l  convers ion  systems.66 

Dense composites have been achieved  by hot -press ing  powders of t h e  

components. 

was hot-pressed a t  2100°C f o r  20 h ,  x-ray d i f f r a c t i o n  s tudy  determined 

i t  t o  be a three-phase composite of WB, W0.56Tioe44C and TiB2. 

room-temperature hardness  w a s  about  2700 DPH (5-kg l o a d ) .  

A f t e r  a sample of o r i g i n a l  composi t ion TiBZ-10 mol % WC 

The 

Experimental  ev idence  i n d i c a t e d  t h e  format ion  of a l i q u i d  phase f o r  

t h e  WC-TiB2 j o i n  ( t i e - l i n e )  a t  tempera tures  below 2000°C. 

r e p r e s e n t  a lower me l t ing  r e a c t i o n  i n  t h e  qua te rna ry  case when compared 

w i t h  t h e  Ti-B-C and W-B-C systems.  

Th i s  would 

1.4.9 Mechanical S t r e n g t h  of Hot-Pressed TiB7-Fe Composites - 
C .  F. Yen and G. W. C l a r k  

The h igh  room-temperature hardness  and superb wear r e s i s t a n c e  of 

T i B Z  composi tes  provide  p o t e n t i a l  f o r  t o o l  a p p l i c a t i o n s .  We have 

s t u d i e d  t h e  enhancement i n  mechanical  s t r e n g t h  of TiB2 composi tes  

t h rough  t h e  a d d i t i o n  o f  i r o n .  Rec tangular  bar  specimens wi th  up t o  

20 w t  % F e  were hot -pressed  from f ine-gra ined  powders ( i n  a g r a p h i t e  

d i e )  i n  t h e  presence  of a l i q u i d  phase.  The experiments  were g e n e r a l l y  

c a r r i e d  o u t  i n  vacuum a t  tempera tures  ranging  from 1450 t o  1800°C and 

w i t h  p r e s s u r e s  up t o  2 1  MPa (3000 p s i )  a p p l i e d  f o r  2 t o  4 h.  One 

sample,  c o n t a i n i n g  10 w t  % F e y  had a n  average  room-temperature hardness  

of about  2400 DPH ( 5  kg l o a d ) .  

Four-point  bending r e s u l t s  on po l i shed  samples i n d i c a t e d  t h a t  t h e  

improvement i n  s t r e n g t h  of TiB2 composi tes  w a s  p r o p o r t i o n a l  t o  t h e  

66W. W. Leavenworth, J. E. Kel ley ,  and J. S. Hansen, "Development 
o f  Wear-Resistant Valve Materials ," i n  Second Quart. Prog. Rep. 
January+arch 1978,  Albany Meta l lurgy  Research Cen te r ,  Bureau of 
Mines , Albany, Oregon. 
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volume f r a c t i o n  of t h e  Fe phase on t h e  s u r f a c e  under t e n s i o n  (Fig.  1.1). 

However, one p a r t i c u l a r  excep t ion  w a s  a sample  w i th  an  i n t e r e s t i n g  

m i c r o s t r u c t u r e  of some e u t e c t i c - l i k e  Fe-TiB2 r eg ions  in t e rming led  wi th  

T i B 2  g r a i n s  on t h e  po l i shed  su r face .  It had a mechanical s t r e n g t h  of 

613 MPa ( p o i n t  A i n  Fig.  1.1). Scanning e l e c t r o n  microscopy r evea led  

some t r a n s g r a n u l a r  f r a c t u r e  and a l s o  sugges ted  evidence t h a t  micro- 

c rack ing  nuc lea t ed  from pores  e x i s t i n g  i n s i d e  e x c e p t i o n a l l y  l a r g e  

T i B 2  g r a i n s  ( ~ 1 0 0  pm). 

m u l t i g r a i n  j u n c t i o n s  and a l s o  as t h i n  f i l m s  between T i B 2  g r a i n s .  

a r e  thought  t o  act  as b a r r i e r s  t o  c r a c k  propagat ion  dur ing  f r a c t u r e .  

The i r o n  phase was p r e s e n t  bo th  as g r a i n s  a t  

They 
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Fig.  1.1. The Mechanical S t r e n g t h  of T i B 2  Composites i s  Enhanced 
by t h e  I n c r e a s e  i n  Fe Content.  A: 
s t r u c t u r e .  
p o r o s i t y  on t h e  s u r f a c e . )  

specimen wi th  e u t e c t i c  i n  micro- 
(Numbers i n  p a r e n t h e s i s  r e p r e s e n t  t he  volume percent  of 
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1.4.10 Hydrothermal Growth of Quar tz  - 0. C. Kopp and G. W. C la rk  

The la rge-d iameter  (%32 mm I D )  hydrothermal  v e s s e l  and new fu rnace  

system have now been completed and are i n  ope ra t ion .  Temperature a long  

t h e  a x i s  of t h e  v e s s e l  can be c o n t r o l l e d  w i t h i n  Itr2OC over  t h e  usua l  

14-d growth pe r iod  through t h e  use  of a s i n g l e  base h e a t e r  ( c o n s t a n t  

power i n p u t )  supplemented by two c y l i n d r i c a l  h e a t e r s  whose power i n p u t s  

a re  temperature  c o n t r o l l e d .  I n i t i a l l y ,  t h e  v e s s e l  i s  p r e s s u r i z e d  wi th  

d i s t i l l e d  water a lone .  A f t e r  o p e r a t i n g  c o n d i t i o n s  are reached ,  a por- 

t i o n  of t h e  d i s t i l l e d  wa te r  i s  removed, a t  p r e s s u r e ,  and r ep laced  wi th  a 

concen t r a t ed  a l k a l i n e  s o l u t i o n  t o  b r i n g  t h e  v e s s e l  t o  i t s  f i n a l  

o p e r a t i n g  c o n d i t i o n s  of t empera tu re ,  p r e s s u r e ,  and s o l v e n t  mola r i ty .  

T h i s  avo ids  e a r l y  l e a k s  t h a t  may occur  i f  t he  s o l v e n t  i s  hea ted  

d i r e c t l y .  

Three t es t  runs  have been completed. C r y s t a l s  of s u f f i c i e n t  s i z e  

f o r  t h e  f a b r i c a t i o n  of o s c i l l a t o r  p l a t e s  were obta ined .  During t h e  nex t  

s e v e r a l  months w e  expec t  t o  grow s e v e r a l  c r y s t a l s  under a v a r i e t y  of 

c o n d i t i o n s  f o r  bo th  i n f r a r e d  and a n e l a s t i c  l o s s  measurements. 

1.4.11 Czochra l sk i  Growth of S ing le -Crys t a l  Fe7SiOq ( F a ~ a l i t e ) ~ ~  - 
C .  B. F inch ,  0. C. Kopp, and G. W. C la rk  

S i n g l e - c r y s t a l  boules  of Fe2SiOq ( f a y a l i t e )  up t o  10 mm i n  

d i ame te r  by 15 mm i n  l e n g t h  were grown by t h e  Czochra lsk i  method. The 

c r y s t a l s  were p u l l e d  a t  about  1200°C from high-pur i ty  oxide melts of an 

approximate 2:1 Fe :S i  p ropor t ion .  The m e l t s  were conta ined  i n  plat inum 

c r u c i b l e s  under  mois t  Ar-4% H2, a n  atmosphere (P 1 0.1  pPa)  t h a t  

f avored  t h e  s t a b i l i t y  of Fe ( I1 ) .  Growth rates i n  t h e  [OOl] and [ l o o ]  

d i r e c t i o n s  of up t o  0.8 um/s  ( s 3  mm/h) were p o s s i b l e  by coo l ing  t h e  seed 

w i t h  a c u r r e n t  of  i n l e t  gas  ( ' ~ 5  cm3/s) and the rma l ly  s h i e l d i n g  t h e  

growing c r y s t a l  from t h e  exposed c r u c i b l e  wal ls  and m e l t  s u r f a c e  wi th  

i r i d ium.  Under t h e s e  c o n d i t i o n s ,  t h e  growth i n t e r f a c e  was ve ry  n e a r l y  

p l a n a r .  Uniform tempera ture  c o n t r o l  and coo l ing  gas  r e g u l a t i o n  were 

n e c e s s a r y  t o  prevent  spu r ious  growth and f r e e z i n g  of t h e  exposed m e l t  

02 

67Abs t r ac t  submi t ted  t o  4 t h  American Conference on C r y s t a l  
Growth, Ga i the r sburg ,  Md., J u l y  16-21, 1978. 
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su r face .  Boules were prone t o  c r a c k  when r a p i d l y  cooled ,  but  u s u a l l y  

su rv ived  i n t a c t  when cooled  t o  room tempera ture  over  l-h pe r iods .  

C r y s t a l s  appea r  b l a c k  i n  r e f l e c t e d  n a t u r a l  l i g h t ,  but  are amber by 

t r a n s m i s s i o n  i n  t h i n  s e c t i o n  ( t200  pm). 

de te rmined  by t h e  Debye-Scherrer technique  t o  be: a0 = 0.48218 

(+0.00004),  bo = 1.04768 (+0.00008),  and eo = 0.60884 (?0.00008) nm 

f o r  a n  or thorhombic,  o l i v i n e - s t r u c t u r e  ce l l .  The measured d e n s i t y  of 
4.37 5 0.03 Mg/m3 (Berman ba lance)  c l o s e l y  approximated t h e  va lue  of 4.40 

Mg/m3 computed from t h e  d i f f r a c t i o n  d a t a  (an  i n t e g r a l  s t o i c h i o m e t r y  

be ing  assumed). The o p t i c a l  a b s o r p t i o n  spectrum i s  similar t o  t h a t  pre- 

v i o u s l y  recorded  f o r  n a t u r a l  f a y a l i t e .  

The l a t t i c e  parameters  were 

1.4.12 I n v e s t i g a t i o n  of t h e  Mel t ing  Behavior  and P o s s i b l e  Defec t  
S t r u c t u r e  of Czochralski-Grown, S ing le -Crys t a l  Fe7SiO 
( F a y a l i t e )  - C. B. F inch ,  M. M. Abraham,b6 J. 0. T h ~ r n ~ o n , ~ ~  
and C. F. Yen 

Cons iderable  d i s c u s s i o n  ex is t s  i n  t h e  l i t e r a t u r e  concern ing  t h e  

m e l t i n g  behavior  and d e f e c t  s t r u c t u r e  of c r y s t a l l i n e  Fe2SiO4, a com- 

pound of c u r r e n t  i n t e r e s t  i n  p y r o m e t a l l u r g i c a l  and geophys ica l  

( ea r thquake )  r e sea rch .  

should  m e l t  incongruent ly .  To r e c o n c i l e  t h e s e  d a t a  wi th  our Czochra lsk i  

( m e l t )  growth of  s i n g l e - c r y s t a l  FezSiOq, we performed d i f f e r e n t i a l  

thermal  and thermogravometric a n a l y s e s  on our  as-grown c r y s t a l s  under 

s imula t ed  growth c o n d i t i o n s .  A d d i t i o n a l l y ,  w e  ana lyzed  t h e  c r y s t a l  

Fe3+ c o n t e n t  by M6ssbauer , w e t  chemical  ( c o l o r i m e t r i c ) ,  and e l e c t r o n  

paramagnet ic  resonance methods. The r e s u l t s  i n d i c a t e  t h a t  our  sample 

m e l t  congruen t ly  a t  1205 t 2OC, d i s p l a y i n g  no obse rvab le  phase t ran-  

s i t i o n s  o r  weight  l o s s  be fo re  mel t ing .  A small, g radua l  weight  l o s s  

a f t e r  me l t ing  was a t t r i b u t e d  t o  e v o l u t i o n  of 02 and a p p a r e n t l y  accom- 

panied  d i f f u s i o n  of i r o n  i n t o  t h e  p la t inum tes t  c r u c i b l e  (which had not  

been p r e s a t u r a t e d  wi th  i r o n ) .  

composi t ion  was s u b s t a n t i a t e d  on c o o l i n g ,  where pr imary Fe2SiOq 

Previous  work sugges ted  t h a t  Fe3+-free Fe2SiOq 

The consequent  change i n  t h e  m e l t  

68Sol id  S t a t e  Div is ion .  
69Department o f  Phys ic s ,  U n i v e r s i t y  of Tennessee.  
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c r y s t a l l i z a t i o n  (1188 2 2°C) w a s  fol lowed by traces of e u t e c t i c  s o l i d i -  

f i c a t i o n  (1163 & 2°C). 

The Fe3+ c o n t e n t  of  ou r  as-grown Fe2SiOq c r y s t a l s  w a s  below 

t h e  l i m i t s  o f  d e t e c t i o n  of t h e  t h r e e  a n a l y s i s  methods: 

c o l o r i m e t r i c ,  <lo00 ppm; EPR, (5 ppm. Our c r y s t a l s  would thus  appear  t o  

be  devoid of  any  s i g n i f i c a n t  iron-vacancy-compensated Fe3+ d e f e c t  

s t r u c t u r e ,  and on t h e  b a s i s  of d e n s i t y  would appear  t o  be of an  approxi-  

mate i n t e g r a l  s t o i c h i o m e t r i c  composi t ion.  

MGssbauer, <2%; 

1.4.13 Melt Growth of RbCaF? and ThF4 under Gaseous HF70 - 
C.  B. F inch  

To provide  samples f o r  s p e c t r o s c o p i c  s t u d i e s ,  s i n g l e  c r y s t a l s  of 

1125OC) and ThF4 (mp % llOO°C) were grown by t h e  RbCaF3 (mp 

Bridgman (mel t  s o l i d i f i c a t i o n )  method. The melts were conta ined  i n  

conical-bot tom plat inum v e s s e l s  and were swept by a slow c u r r e n t  of 

d i l u t e d  anhydrous HF. The HF e l i m i n a t e d  oxide  i m p u r i t i e s  i n  t h e  

s t a r t i n g  materials and ensured  a n  opt imal  c r y s t a l  o p t i c a l  c l a r i t y .  

Growth rates of  0 . 8 p m / s  (=3 mm/h) wi th  a n  i n t e r f a c e  d!Z'/d;c of about  

25"C/cm r e s u l t e d  i n  s i n g l e  c r y s t a l s  up t o  10 by 10 by 10 mm. 

1.4.14 P r e p a r a t i o n  of ThBrq and ThC14 S i n g l e  C r y s t a l s  Conta in ing  
Tb o r  B k -  C. B. F inch  and M. Hussonnois ' l  

S i n g l e  c r y s t a l s  of ThBr4 (mp 7OOOC) and ThC14 (mp % 820°C) up 

t o  4 mm i n  d iameter  by 10 mm were grown from t h e  m e l t  by t h e  Bridgman 

method. The anhydrous melts were con ta ined  i n  evacuated and s e a l e d  

q u a r t z  ampules,  which were lowered through a 20"/cm fu rnace  thermal  

g r a d i e n t  a t  Ql mm/h. 

and  ( f o r  t h e  case of  ThC14 on ly )  w i th  about  1000 ppm 249Bk. 

r e s u l t i n g  samples a r e  p a r t  o f  an  e l e c t r o n  paramagnet ic  resonance and 

o p t i c a l  s t u d y  of  l a n t h a n i d e  and a c t i n i d e  dopants  i n  thorium t e t r a h a l i d e  

h o s t s .  The ThC14:Bk sample,  which has  a green  se l f - luminescence ,  w i l l  

C r y s t a l s  were doped wi th  about  1000 c a t i o n  ppm Tb, 

The 

70A p o r t i o n  of t h i s  work w a s  performed i n  c o l l a b o r a t i o n  wi th  t h e  
I n s t i t u t  de  Physique Nuc lea i r e ,  Orsay, France.  

lGuest  from I n s t i t u t  de  Physique Nuc lea i r e ,  Orsay, France.  
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be examined by N. E d e l s t e i n  a t  Lawrence Berkeley Labora tory ,  M. Abraham 

a t  ORNL S o l i d  S t a t e  D iv i s ion ,  and o t h e r s .  



2. DEFORMATION AND MECHANICAL PgOPERTIES 

2.1 PHYSICAL METALLURGY - R. A. Vandermeer 

The r e s e a r c h  of t h i s  group focuses  on s e v e r a l  t o p i c s  i n  phys i ca l  

me ta l lu rgy :  ( 1 )  t h e  fundamentals  of annea l ing  phenomena, ( 2 )  t he  mecha- 

nisms o f  phase t r a n s f o r m a t i o n ,  and ( 3 )  deformation p rocesses .  The 

fo l lowing  then  are summaries and a b s t r a c t s  of our  most important  c o n t r i -  

b u t i o n s  du r ing  t h e  p a s t  yea r .  We emphasize t h e  r e l a t i o n s h i p  between 

s t r u c t u r e  and p r o p e r t i e s  i n  t h i s  work. 

2.1.1 Shape Memory E f f e c t s  i n  -14 a t .  % Nb Alloy1 - 
R. A. Vandermeer, J. C. Ogle ,  and W. B. Snyder ,  Jr.2 

I f  uranium-niobium a l l o y s  nea r  t h e  monotectoid composi t ion are 

r a p i d l y  cooled  from t h e  high-temperature  bcc phase ,  t h e  d i f f u s i o n -  

c o n t r o l l e d  format ion  of  t h e  e q u i l i b r i u m  phases  can ‘be skipped.  

A l t e r n a t i v e l y ,  displacement  t r ans fo rma t ions  occur ,  r e s u l t i n g  i n  

m e t a s t a b l e  t r a n s i t i o n  phases .  D i l a tome t ry  has  been used t o  d e t e c t  t h e s e  

t r a n s f o r m a t i o n  e v e n t s .  Recen t ly  p rogres s  has  been made i n  i d e n t i f y i n g  

and  c h a r a c t e r i z i n g  a shape memory e f f e c t  (SME) i n  t h e s e  a l l o y s .  

U n i a x i a l  t e n s i o n  tests fol lowed by d i l a t o m e t r i c  o b s e r v a t i o n s  e s t a b l i s h e d  

t h a t  as much as 7% s t r a i n  can  be comple te ly  recovered s imply by h e a t i n g  a 

deformed a l l o y  c o n t a i n i n g  14 a t .  % Nb. Th i s  s t r a i n  recovery  has  been 

c o r r e l a t e d  wi th  t h e  r e v e r s i o n  of  t h e  above-mentioned me tas t ab le  phases ,  

p a r t i c u l a r l y  t h e  a” (monocl in ic )  -f yo ( t e t r a g o n a l )  t r a n s i t i o n ,  t o  t h e  

bcc  a l l o t r o p e  du r ing  hea t ing .  T h i s  and o t h e r  c i r c u m s t a n t i a l  evidence 

sugges t  t h a t  a”, t h e  m e t a s t a b l e  room-temperature phase,  i s  a thermo- 

e l a s t i c  m a r t e n s i t e .  Unl ike  o t h e r  SME a l l o y s ,  t h e  p r e c u r s o r  t o  t h e  mar- 

t e n s i t e  phase i s  n o t  chemica l ly  ordered;  i t  i s  displacement  o rde red ,  

i n s t e a d .  It w a s  a l s o  demonstrated t h a t  t h e  SME i s  two-way: a p o r t i o n  

o f  t h e  s t r a i n  i s  r e v e r s i b l e  on p a r t i a l  h e a t i n g  and subsequent  cool ing .  

lSummary of Ser. Metall. 12: 143-48 (1978).  
2Development Div i s ion ,  Oak Ridge Y-12 P l a n t .  
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2.1.2 The Development of Tex tu re  and I ts  Role  i n  Shape Memory Behavior  
i n  a Uranium Al loyJ  - R. A. Vandermeer and 0. B. Cavin 

The IF-7.5 w t  % Nb-2.5 w t  % a l l o y  when quenched from a h igh  t e m -  

p e r a t u r e  undergoes a displacement  o rde r ing  r e a c t i o n :  y (bcc)  -+ y o  

( t e t r a g o n a l ) .  

t e n s i t i c  gold-cadmium SME a l l o y .  During deformation a t  low s t r a i n s ,  a 

p s e u d o e l a s t i c ,  t r ans fo rma t ion -as soc ia t ed  s t r a i n  component was o p e r a t i v e  

i n  t h e  a l l o y .  Bending and t e n s i o n  experiments  have r evea led  t h a t :  

( 1 )  t h e  p s e u d o e l a s t i c  s t r a i n  component can be s t a b i l i z e d  by ag ing  under 

c o n s t r a i n t  a t  i n t e r m e d i a t e  t empera tu res ,  and subsequent ly  recovered  by 

h e a t i n g  t o  much h ighe r  tempera tures ;  (2 )  twinning is  an  impor tan t  defor-  

mat ion  mode and many of t h e  twins  behave e l a s t i c a l l y  dur ing  load ing  and 

un load ing ;  and ( 3 )  a profound g r a i n  r e o r i e n t a t i o n  can be accomplished a t  

s t r a i n s  below 1%. Pole  f i g u r e s  have been obta ined  from t h e  o u t e r  f i b e r  

t e n s i o n  and compression l a y e r s  of four-point  bend specimens and t h e  

o u t e r  f i b e r  t e n s i o n  s u r f a c e s  of U-bend specimens documenting t h i s  

deformation-produced, t r ans fo rma t ion -as soc ia t ed  t e x t u r e .  D e t a i l e d  

s t u d i e s  have confirmed t h a t  g r a i n  r e e o r i e n t a t i o n  dur ing  bending caused 

t h e  longe r  t e t r a g o n a l  a-axes t o  a l i g n  wi th  the  t e n s i o n  axis but  perpen- 

d i c u l a r  t o  t h e  compression a x i s ,  wh i l e  conve r se ly  t h e  s h o r t e r  e-axis 

a l i g n e d  wi th  t h e  compression a x i s  and pe rpend icu la r  t o  t h e  t e n s i o n  a x i s .  

Such a texture is  t h e  key t o  unders tanding  aging-induced shape i n s t a b i -  

l i t y  i n  t h e  a l l o y .  

I n  c e r t a i n  respects t h e  a l l o y  behaves analogous t o  a mar- 

2.1.3 Recovery.and R e c r y s t a l l i z a t i o n  i n  Ro l l ed  Tantalum S i n g l e  
C r y s t a l s 4  - R. A. Vandemeer and W. B. Snyder,  Jr.L 

The recovery  and r e c r y s t a l l i z a t i o n  behavior  of r o l l e d  tan ta lum 

s i n g l e  c r y s t a l s  having t h e  i n i t i a l  o r i e n t a t i o n s  (001 ) [ l i b ] ,  (112)[1 iO] ,  

and (111)[1iO] has  been s tud ied .  

single-component t e x t u r e  on r o l l i n g .  The t e x t u r e  became more ' d i f f u s e  

and t h e  l o c a l  l a t t i c e  c u r v a t u r e  more i n t e n s e  as the  r o l l i n g  p lane  

Each c r y s t a l  developed a s imple 

3Summary of pape r  p re sen ted  a t  5 t h  I n t e r n a t i o n a l  Conference on 
Tex tu res  of Materials, Aachen, West Germany, March 28-31, 1978. Paper 
t o  be publ i shed  i n  Conference Proceedings.  
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d e v i a t e d  from (001) towards (111).  

c r y s t a l s  formed a uniform d i s l o c a t i o n  a r r a y ,  and on annea l ing  on ly  poly- 

g o n i z a t i o n  occurred .  The (001)[110]  c r y s t a l  d id  not  r e c r y s t a l l i z e  a t  

t empera tu res  up t o  1400OC. 

g r a i n s  were nuc lea t ed  i n  t h e  ( 1 1 2 ) [ 1 ~ 0 ]  c r y s t a l ,  but  t h e s e  may have been 

a r t i f i c i a l l y  nuc lea ted .  

r o l l i n g ;  i t  a l s o  formed a c e l l u l a r  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 .  Th i s  w a s  

t h e  o n l y  o r i e n t a t i o n  t o  r e c r y s t a l l i z e  e a s i l y ,  p r i m a r i l y  because of t h e  

l a r g e  l a t t i c e  cu rva tu re .  Wide l o g  normal d i s l o c a t i o n  c e l l  s i z e  d i s t r i -  

b u t i o n s  were noted  i n  t h i s  c r y s t a l .  Subgrain growth was r e l a t i v e l y  more 

r a p i d  i n  t h i s  c r y s t a l  t han  t h e  o t h e r s .  However, a l l  cases had a l a r g e  

d i sc repancy  between t h e  observed subgra in  growth rate and t h a t  t h e o r e t i -  

c a l l y  p r e d i c t e d  by t h e  coa lescence  model. The o r i e n t a t i o n  of t h e  

r e c r y s t a l l i z e d  g r a i n s  i n  t h e  (111)[110]  c r y s t a l  w a s  r e l a t e d  t o  t h e  

The (OOl)[fiO] and (112)[110]  

- 

A few randomly o r i e n t e d  r e c r y s t a l l i z e d  

Only t h e  (1  11 )  [ 1 ~ 0 1  c r y s t a l  r e o r i e n t e d  dur ing  

-deformat ion  t e x t u r e  by a r o t a t i o n  of 23-24" about a common (111) 

d i r e c t i o n  p a r a l l e l  t o  t h e  normal d i r e c t i o n  of t h e  s h e e t .  The n a t u r e  of 

t h e  m i s o r i e n t a t i o n  sp read  a f t e r  r o l l i n g  may have d i c t a t e d  t h i s  r e l a t i o n  

a s  a compromise t o  t h e  one u s u a l l y  found i n  bcc materials: 25-30" 

r o t a t i o n  about  a common (110)  a x i s .  

2.2 G R A I N  BOUNDARY SEGREGATION AND FRACTURE - C. L. White 

2.2.1 LowTemperature  Gra in  Boundary F r a c t u r e 5  - C. L. White 

The embr i t t l ement  of  Fe-3% S i  b i c r y s t a l s  by phosphorus i s  being 

i n v e s t i g a t e d .  F r a c t u r e  tests i n  l i q u i d  n i t r o g e n  (77 K) i n d i c a t e  l a r g e  

d e c r e a s e s  i n  f r a c t u r e  energy  ( a t  l eas t  one o r d e r  of magnitude) as t h e  

b u l k  phosphorus c o n c e n t r a t i o n  i s  inc reased  from less than  10 t o  1200 ppm. 

A n a l y s i s  u s i n g  Auger e l e c t r o n  spec t roscopy (AES) i n d i c a t e s  t h a t  samples 

4Abs t r ac t  o f  i n v i t e d  paper  p re sen ted  a t  "4s-AIME Symposium on 
"Recovery, R e c r y s t a l l i z a t i o n  and Gra in  Growth i n  Materials ," Chicago, 
Oct. 24-27, 1977. Paper  t o  be pub l i shed  i n  MetaZZurgicaZ 
Transactions. 

U n i v e r s i t y  . 5Coopera t ive  s t u d y  w i t h  J. J. Wert and R. G. Thompson, Vanderb i l t  



46 

c o n t a i n i n g  1200 ppm P have approximate ly  30 a t .  % P a t  t h e  g r a i n  boun- 

d a r i e s .  Samples con ta in ing  less than  200 ppm P have n o t  ye t  been 

s u c c e s s f u l l y  ana lyzed  by AES, so  in fo rma t ion  on phosphorus s e g r e g a t i o n  

i s  l i m i t e d  t o  t h e  a l l o y s  w i t h  h ighe r  phosphorus c o n c e n t r a t i o n s .  

A series of  f r a c t u r e  tests i n  l i q u i d  helium w i l l  be c a r r i e d  o u t ,  

and a d d i t i o n a l  a t t e m p t s  t o  ana lyze  the  g r a i n  boundary composi t ion i n  

t h e  low-phosphorus a l l o y s  w i l l  be  made. 

2.2.2 S o l u t e  and Impur i ty  Segrega t ion  t o  Creep C a v i t i e s 6  - C. L. White 

Auger a n a l y s i s  of t ype  316 s t a i n l e s s  s tee l  con ta in ing  c r e e p  cavi- 

t i e s  h a s  shown l o c a l i z e d  r e g i o n s  of h i g h  phosphorus and s u l f u r  con- 

c e n t r a t i o n  on f r a c t u r e  s u r f a c e s  exposed i n  vacuum. It is  suspec ted  t h a t  

t h e s e  r eg ions  correspond t o  impuri ty-enriched s u r f a c e s  of c r e e p  cavi- 

t i e s .  Ex tens ive  impur i ty  seg rega t ion  t o  c r e e p  c a v i t y  s u r f a c e s ,  i f  

v e r i f i e d ,  could  have s i g n i f i c a n t  i m p l i c a t i o n s  r ega rd ing  t h e  r o l e  of 

i m p u r i t i e s  i n  g r a i n  boundary c a v i t a t i o n  dur ing  c reep .  

6Cooperat ive s t u d y  w i t h  V. K. S ikka ,  Mechanical P r o p e r t i e s  Group, 
Metals and Ceramics Div is ion .  



3. PHYSICAL PROPERTIES AND TRANSPORT PHENOMENA 

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

The fundamental research of this group is aimed at understanding 

basic mechanisms of oxidation and diffusion. In particular we attempt to 

understand the influence of defect interactions on diffusion processes in 

both metals and oxides and i n  material transport phenomena in growing 

alloy oxide scales. Specific projects worked on during the past year 

include an investigation of the dissociative mechanism of diffusion in 

lead-base alloys, studies of the diffusion of interstitials (tritium) and 

aliovalent cations in oxides, characterization of the defect structure of 

FeS and the scale morphology and rate of sulfidation of iron in pure 

sulfur vapor, and a study of the high-temperature oxidation of zirconium 

and its alloys. 

3.1.1 Diffusion in Oxides 

3.1.1.1 Current Investigations - J. V. Cathcart and L C Manley, Jr. 

We extended our study of tritium diffusion in oxides to the system 

T-Al203. The corundum crystal structure of alumina is shared by 

chromia; thus this investigation will provide information concerning tri- 

tium diffusion in two technologically important oxides. The objective of 

the work is to provide an atomistic description of tritium diffusion i n  
A1203 through the determination of the activation energy for dif- 

fusion in the temperature range 600 to 1000°C and through the iden- 

tification of the diffusing species by infrared spectroscopy and Raman 

scattering experiments. These latter measurements will be made as a part 

of a cooperative study with the Solid State Division. Preliminary dif- 

fusivity determinations between 800 and 1000°C provided evidence for the 

operation of at least two diffusion mechanisms in Al203 and suggested 

that the extrinsic defect structure of Al2O3 may significantly 

influence the rate of tritium diffusion in Al203. 

47 
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3.1.1.2 Tritium Diffusion in Rutile (Ti02)l - R. A. PerkinsY2 
J. B. BatesY3 and L C Manley 

The diffusivity of tritium in rutile single crystals has been 

measured parallel to the a- and c-axes in the temperature range from 250 

to 900OC. 

tifying a nonpolar tritium species involved in the diffusion process. 

Two species, OT- ions and T2 molecules, are involved in tritium 

migration. The OT' ions dissociate before each tritium jump. Along 

the a-axis the T2 molecules are slower by a factor of one-half. No 

dependency of the tritium diffusivity upon the rutile defect structure 

was observed. A zero-point energy correction was necessary to account 

for the difference between H+ and T+ diffusivities parallel to the 

c-axis. 

Raman scattering measurements were also made to aid in iden- 

3.1.1.3 Infrared Spectral Properties of Hydrogen, Deuterium, and 
2 Tritium in Ti02 (Ref. 4 )  - J. B. Bates3 and R. A. Perkins 

Infrared spectra of Ti02 single crystals containing either hydro- 

gen, deuterium, or tritium were measured at 300, 77, and 8 K. Bands 
-1 observed at 3276, 2437, and 2065 cm near 300 K are, respectively, 

assigned to OH', OD-, and OT' on the basis of a two-term anharmonic- 

oscillator model of the hydrogenic species. The frequencies were 

also analyzed by using a linear hydrogen-bonded model with harmonic 

forces, but the correlation between frequencies and band widths was at 

variance with that of known H-bonded systems. The absorption strength 

per ion of OT' was calculated at several levels of approximation, and 

the best value determined was a = 9.24 x m. The harmonic and T 
anharmonic mean-square displacements of OH', OD-, and OT- were 

calculated, and the differences between these quantities reflect the 

changes in the infrared band widths with reduced mass. 

lAbstract of paper submitted for publication in MetaZZurgicaZ 

2Current address: Owens-Corning Fiberglas Corporation, 

3Solid State Division. 
'Abstract of Phys. Rev. 16B: 3713-22 (1977). 

Transactions. 

Granville, Ohio. 
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3.1.1.4 Tracer Diffusion of Ti and Ni in NiO (Ref. 5)  - R. A. Perkins2 

The tracer diffusivities of Ni and Ti in high-purity single crystals 

of NiO were measured between 1000 and 1500°C and as a function of oxygen 

pressure from 0.1 MPa to 0.1 Pa (1 to atm). At an oxygen 

pressure of 0.1 MPa (1 atm) the following expressions were obtained for 

the diffusivities in units of m2/s. 

NiO DNi = 6.02 (z::;) x lo6 exp[(-254 ? 16 kJ/mol)/RT] ; 

NiO 
DTi = 3.85 X IO7 exp[(-204 f 7 kJ/mol)/R!T] . 

The error limits are for the 95% confidence level. The Ni diffusivity 

decreased with a 1/6  dependence on oxygen pressure over the entire tem- 

perature range, indicating the predominance of doubly ionized Ni vacan- 

cies in the NiO. 

but between 1100 and 1300°C and 100 and 10 kPa (1 and 0.1 atm) oxygen 

pressure, small increases in DNio were observed. 

mechanisms are discussed. 

Below 10 kPa (0.1 atm) DNfo also decreased with Po2, 
Ti 

Possible diffusion Ti 

3.1.2 Diffusion in Metals and Alloys 

3.1.2.1 The Concentration and Temperature Dependence of Cadmium 
Dif f usivity Enhancement in Lead-Cadmium Alloys6 - 
P. T. Carlson and R. A. Padgett, Jr. 

Experiments have been performed t o  explain the anomalously fast 

diffusion of cadmium in lead in terms of the dissociative mechanism of 

diffusion, in which a substitutionally dissolved solute atom is thermally 

activated to an interstitial position. The degree of interaction be- 

tween the resulting vacancy and interstitial atom, as well as that be- 

tween the interstitial and other substitutional solute atoms, can 

5Abstract of paper to be submitted for publication in 

6Abstract of paper presented to the American Physical Society, 
MetaZZurgicaZ Transactions. 

Washington, D.C., March 27-30, 1978. 
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appreciably affect the solute and solvent diffusivities. The dif- 

fusivity of cadmium tracer in lead-cadmium alloys containing from 0 to 

1.0 at. % Cd was measured from 200 to 300°C. At 200, 225, and 25OOC the 

cadmium diffusivity in the alloy relative to that in pure lead decreased 

with increasing cadmium concentration in the very dilute regions. As 

the cadmium content increased, its diffusivity increased in accordance 

with the expected behavior of solute diffusivity enhancement. Further- 

more, the decrease in cadmium diffusivity is more pronounced as the tem- 

perature decreases. We believe that the occurrence of such a minimum in 

the plot of D2(C)/D2(0) versus cadmium. concentration is a reflection of 

the existence of interstitial solute-substitutional solute pairs. This 

suggestion is supported by the observed temperature dependence, since 

the formation of solute-solute pairs is energetically favored at the 

lower temperatures. With the formation of relatively immobile solute- 

solute pairs, fewer atoms are available to contribute to the 

diffusivity; hence, the tracer diffusivity decreases. Experiments are 

being conducted currently to define the temperature dependence of the 

negative solute diffusivity enhancement coefficient, which will allow the 

determination of the solute-solute binding energies. 

3.1.2.2 Anomalously Fast Diffusion in Pb-Ni and Sn-Au Alloys by the 
Dissociative Mechanism - P. T. Carlson and R. A. Padgett, Jr. 

In conjunction with the study of diffusion processes in Pb-Cd alloys, 

two current investigations should contribute to an understanding of the 

mechanisms of fast diffusion. When dissolved in Pb, Ni is thought to 

reside principally on interstitial sites, in contrast to Cd, which resides 

primarily on substitutional sites. Consequently, an investigation of Ni 

diffusion in Pb represents the opposite extreme of the dissociative 

mechanism, in which the formation of interstitial-interstitial solute 

pairs is possible. We grew 14 single crystals of dilute Pb-Ni a l l o y s  of 

varying Ni content by a modified Bridgman technique in preparation for 

the study of solute diffusivity enhancement in this system. 

Early experiments demonstrated that the diffusion of Au in pure Sn 

is approximately three orders of magnitude greater than the self- 

diffusion of Sn. These results were interpreted as evidence that Au 
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diffuses in Sn primarily by an interstitial mechanism. However, recent 

channeling experiments have indicated that 95% of the Au dissolved in Sn 

resides on substitutional sites. We have started to study solute dif- 

fusivity enhancement in Sn-Au alloys on the basis of this observation 

coupled with the anomalously fast diffusion of Au in Sn. In view of the 

results of the Pb-Cd research and recent evidence that Au atoms form 

solute pairs in Pb-Au alloys, a study of the concentration dependence of 

Au diffusivity in Sn-Au alloys is expected to add to the understanding 

of the dissociative mechanism and the role of solute-solute pairs. 

3.1.2.3 Intrinsic Diffusion and Vacancy Flow Effects in Vanadium- 
Titanium Alloys7 - P. T. Carlson 

Intrinsic diffusion coefficients and vacancy flow parameters have 

been determined in the vanadium-titanium system from 900 to 1500OC. 

experimental results reflect a greater influence of the vacancy flow 

phenomenon on the intrinsic flux of each species than that predicted by 

the random alloy model. The principal assumptions of the randon alloy 

model are that a single-vacancy mechanism is the operative diffusion 

mechanism and that all diffusing species find themselves in random 

environments with the absence of preferred sites for either atoms or 

vacancies. However, solvent diffusivity enhancement calculations 

suggest the existence of two competing vacancy mechanisms in this 

system. The observed discrepancies between theoretical and experimental 

values are examined in light of the occurrence of a combined 

monovacancy-divacancy mechanism. In addition, we discuss other nonrandom 

effects, which result in violations of the random alloy model assump- 

tions and which lead to differences between theoretical and experimental 

quantities. 

The 

'Abstract of manuscript submitted for publication in 
MetaZZurgical Transactions A. 
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3.1.3 Diffusion Theory - R. A. McKee 

3.1.3.1 Thermomigration in Alloys for Which Substitutional-Vacancy and 
Interstitial-Vacancy Mechanisms are Operative8 - R. A. McKee 

The theoretical treatments of alloy diffusion in a temperature gra- 

dient by the substitutional-vacancy mechanism and by the interstitial- 

vacancy mechanism were combined, and two types of thermomigration 

experiments, which differ in initial conditions, were analyzed. These 

experiments, as measurements of the impurity heat of transport, are 

apparently incapable of distinguishing between the two mechanisms of 

diffusion. However, an expression for the lattice velocity in such a 

combined-state alloy is developed and will distinguish between the two 

mechanisms in a rather specific fashion. 

3.1.3.2 Solute and Solvent Diffusion for an Alloy in Dissociatve 
Equilibrium9 - R. A. McKee 

Solute and solvent diffusion have been analyzed with the pair asso- 

ciation theory for a dilute fcc alloy in which the solute is partitioned 

between the three states of unassociated substitutional solute atoms, 

interstitial-vacancy close pairs, and isolated interstitial solute 

atoms. Correlation factors are identified for solute and vacancy 

motion, and the relationship between the enhancement factor for solvent 

diffusion and the vacancy correlation factor attributable to solvent- 

vacancy exchanges in the presence of the interstitial solute-vacancy 

defect has been derived. 

3.1.3.3 The Concentration Dependence of Solute Diffusion for an Alloy 
in Dissociative Equilibriumlo - R. A. McKee 

An analysis of solute pairing for an alloy in dissociative 

equilibrium permits an expression to be written for the concentration- 

dependent, solute diffusion coefficient in a dilute fcc alloy. This 

8Abstract of PhiZos. Mag. 35: 715-26 (1977). 
9Abstract of Phys .  Rev. B 15: 5612-17 (1977). 
"Abstract of paper submitted for publication in Physical  Review. 
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expression provides an explanation for recently reported measurements of 

Au diffusion in Au-Pb alloys and Ag diffusion in Ag-Pb alloys. 

Furthermore, a unique result is predicted for the change in diffusivity 

in such alloys since the extremes of the dissociative equilibrium allow 

the solute pairs to form in distinctly different configurations. The 

conclusions are presented in terms of correlation factors, solute-solute 

binding energies, and the formation energy of interstitial-vacancy 

pairs. 

3.1.4 Sulfidation of Iron 

3.1.4.1 Current Investigations - R. A. McKee, R. E. Druschel, and 
G. F. Peterson 

One part of this program involves the growth of single crystals of 

FeS from specially synthesized starting material to characterize the 

defect structure of FeS adequately and provide samples for subsequent 

diffusion studies. Very high-quality FeS (Sect. 3.1.4.2), especially 

with regard to oxygen and carbon contamination, was successfully pre- 

pared. This material was used to grow FeS samples with a grain size of 

about 10 mm. The crystals were grown by the Bridgman technique in a 

boron nitride crucible contained in a system where the sulfur pressure 

could be carefully controlled. Magnetic susceptibility measurements on 

the crystals began. 

In a second phase of this effort we are investigating the kinetics 

and morphology of sulfidation at 700 to 900°C. 

dation rates were obtained at 7OOOC in pure sulfur vapor at about 1 and 

100 Pa, indicating either interface or gas phase control of the kinetics. 

The corresponding high rate of cation vacancy diffusion in the FeS scale 

is reflected by the number of voids formed at the boundaries of the 

columnar grains of the FeS (see Fig. 3.1). The FeS in the scale must 

become more nearly stoichiometric as the specimen is cooled from the 

reaction temperature. This compositional readjustment is accomplished by 

Essentially linear sulfi- 
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the rejection of excess cation vacancies and sulfur atoms. We hypothe- 

size that grain boundaries in the FeS scale serve as sinks for the vacan- 

cies, thus leading to the void formation shown in Fig. 3.1. No voids are 

observed near the sulfide-gas or the sulfide-metal interfaces because 

vacancies in these regions of the scale have time to diffuse to either of 

these interfaces. 

3.1.4.2 The Preparation of Pure FeS (Ref. 11)  - G. F. Peterson and 
R. A. McKee 

Iron sulfide (FeS) at least 99.99% pure was prepared by reacting the 

We further previously purified constituents in a quartz vessel at 650°C. 

purified MARZ grade iron powder by alternate oxidation and reduction of 

its surface in wet and dry hydrogen. Substantial quantities of carbon 

were removed from nominally 99.999% S by refluxing with MgO followed by 

vacuum distillation. Mass spectroscopy, neutron activation analysis, 

and fast-neutron activation analysis were used to determine final purity 

of the iron and sulfur. 

3.1.5 Alloy Oxidation at Elevated Temperatures - R. E. Pawel and 
J. J. Campbell 

Alloy oxidation kinetics is determined by mass transport across a 

growing oxide layer, and this process is influenced by a number of fac- 

tors, including oxide impurities, scale morphology, and oxidation 

stresses. A mechanistic interpretation of scale growth is, therefore, 

greatly facilitated when oxidation parameters obtained under a variety 

of conditions can be compared. Such an approach, however, requires a 

high degree of measurement accuracy, a condition difficult to achieve at 

temperatures above 1000°C. 

We have developed a technique that permits the oxidation behavior of 

reactive metals to be examined in a highly reproducible manner. 

apparatus is based on a low-thermal-inertia radiant heating furance and 

employs a computer-operated data acquisition system for precise recording 

The 

lAbstract of paper prepared for publication. 
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Fig.  3 . 1 .  S e c t i o n  Through FeS Scale Formed i n  1 h a t  700°C i n  
Gas-su l f ide  i n t e r f a c e  i s  a t  t h e  upper r i g h t .  S u l f u r  Vapor a t  1 Pa. The 

lower l e f t  of t h e  p i c t u r e  shows a p o r t i o n  of t h e  specimen when t h e  scale 
h a s  s p a l l e d  o f f .  (a) 3 0 0 ~ .  (b) 1000X. 
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of the temperature excursions experienced by the specimens. Considerable 

effort has led to exceptional accuracy in temperature measurements and 

temperature control for oxidation experiments up to 1 5 O O 0 C .  The high 

degree of reproducibility of the high-temperature kinetic data obtained 

by this technique allows us to base meaningful mechanistic interpreta- 

tions on relatively small variations in oxidation rate produced by 

changes in the oxidizing medium or alloy compositon. 

Zirconium and zirconium alloys have been chosen for the intital 

experimental materials f o r  these studies because previous observations 

for Zircaloy-4 indicated that layer growth in the early stages of oxida- 

tion is parabolic and, therefore, may be amenable to simple modeling in 

terms of diffusion parameters. In such a case, the effect of alloying 

elements could be treated quantitatively in terms of differences related 

to the particular diffusion process determining the rate. 

3.1.5.1 Oxidation of Zirconium from 900 to 1500°C - R. E. Pawel and 
J. J. Campbell 

At temperatures above the alpha-beta transition, the oxidation of 

zirconium and certain of its alloys results in the formation of relati- 

vely uniform layers of zirconia and oxygen-stabilized a-zirconium, as 

well as the solution of oxygen into the innermost beta phase. This sce- 

nario is the framework of a model, based on diffusion behavior in the 

three phases, that describes the oxidation kinetics in terms of the mass- 

transport quantities. 

An accurate set of oxidation data for Zircaloy-4 between 900 and 

1 5 0 0 ° C  is available, and we will make a comparative study of the oxida- 

tion characteristics of pure zirconium in this same temperature range. 

The differences will be examined in terms of the model pictured above, 

with particular emphasis on describing the influence of the alloying ele- 

ment on the transport properties, the defect structure, and the morpho- 

logy of the Zr02 scales. Experimental measurements of the kinetics of 

oxidation of crystal-bar zirconium are in progress. 
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3.1.5.2 The Kinetics of Oxidation of Zircaloy-4 in Steam at High 
Temperatures12 - R. E. Pawel, J. V. Cathcart, and 
R. A. McKee 

The kinetics of oxidation of Zircaloy-4 in steam was examined under 

isothermal conditions from 900 to 1500OC. Rate curves describing the 

growth of the reaction product layers, oxide and oxygen-stabilized alpha, 

were obtained at 50°C intervals under carefully defined and documented 

experimental conditons. The early stages of oxidation for temperatures 

above 1000°C were shown to be virtually ideally parabolic; below 1000°C, 

the growth of the oxide layer was nonparabolic. 

Statistical evaluations of the data in terms of the rate constants 

and their Arrhenius parameters established the high degree of self- 

consistency of these measurements. The features of the experimental 

apparatus and techniques that were necessary to ensure accurate measure- 

ments are discussed. 

3.1.5.3 "Anomalous" Oxide Growth During Transient-Temperature Oxidation 
of Zircaloy-4 (Ref. 13) - R. E. Pawel, J. V. Cathcart, and 
R. A. McKee 

Oxidation tests of Zircaloy-4 PWR tube specimens in steam were con- 

ducted for several types of temperature excursions. These tests were 

used to evaluate the accuracy of predictions of the oxidation behavior 

based on ideal models that employ isothermal kinetic data. While oxida- 

tion during simple transient temperature excursions, where the peak tem- 

perature was between 1000 and 14OO0C, could be predicted with reasonable 

accuracy, certain "two-peak'' transients resulted in oxide layers con- 

siderably less than those anticipated. On the basis of our experiments, 

we propose that this effect is related to the manner in which the 

monoclinic-tetragonal phase transformation occurs in the oxide and the 

fact that the normal (bulk) transformation hysteresis is altered for a 

growing oxide film. 

12Abstract of paper presented at meeting of the Electrochemical 

13'Abstract of paper prepared for publication. 
Societ Seattle, Wash. May 22-26, 1978. 
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3.1.5.4 Oxygen Diffusion in the Oxide and Alpha Phases of Zircaloy-4 
During Oxidation in Steam from 1000 to 1500°C - R. E. Pawel 

The effective chemical diffusion coefficients for oxygen in the 

oxide and alpha phases of Zircaloy-4 were determined from the parabolic 

rate constants for phase growth measured for steam oxidation. The 

equations for multiphase diffusion were solved in terms of the interface 

velocities, and the diffusion coefficients determined directly without 

resort t o  approximate calculations of the total oxygen consumed. A com- 

puter program was written to accomplish this calculation. The new calcu- 

lations give values for D the oxygen diffusion coefficient in the oxide 

phase, that are 2 to 4% lower than previously calculated. 

the diffusion coefficient in the alpha phase, were unchanged. These data 

are important input to computer codes used to model this system. 

0’ 
Values of Da, 

3.1.5.5 Oxidation Kinetics of Zircaloy in Steam and Oxygen12 - 
R. A. McKee, J. V. Cathcart, and R. E. Pawel 

The reaction kinetics of the zirconium-base alloy Zircaloy-4 in steam 

in the range of temperatures from 1000 to 1500°C and in dry oxygen at 

1253 and 1404°C is discussed. The reaction is slower in water vapor than 

in dry oxygen, and this result is analyzed in terms of the n-type semi- 

conductor properties of Zr02 and of the scale morphology. The discussion 

and analysis of these experimental results provide a framework for a more 

coherent picture of the existing data for the zirconium-oxygen reaction. 

3.1.5.6 MULTRAN - A Computer Program for Modeling Diffusion- 
Controlled Oxidation Reactions - s. Malang14 and R. E. Pawel 

We have written a computer program, MULTRAN, that models ideal layer 

growth oxidation processes by solving the diffusion equations for mass 

flow in a one-dimensional, multiphase, moving boundary system with finite 

geometry. The program utilizes finite difference calculations and can be 

applied to reactions with up t o  five separate product phases. Transient- 

temperature oxidation can also be considered. 

14Guest scientist from Gesellshaft fur Kernforschung, Karlsruhe, FRG. 
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The program has been used to model the effect of specimen thickness 

on the isothermal growth of the oxide and alpha layers during steam oxi- 

dation of Zircaloy-4. These tests have shown that large changes in layer 

growth rates can be observed, depending upon the specimen geometry or the 

degree of saturation of the beta phase during the reaction. 

3.2 PHYSICAL PROPERTIES RESEARCH - D. L. McElroy 

This effort obtains and analyzes accurate values of physical proper- 

A strong measurement capabi- ties of selected solids from 4.2 to 2600 K. 

lity is maintained for determination of thermal conductivity (A), 
electrical resistivity ( p ) ,  Seebeck coefficient (S), specific heat (C ) , 
coefficient of thermal expansion (a), and total hemispherical emittance 

(THE). Understanding the relationships between these properties and 

their temperature dependence provides: (1) useful insight about the 

solids, (2) information for systems where data do not exist, and (3) ways 

to improve and control properties. Improvement i n  the performance of 

many power generating systems is often limited by the  lack of physical 

property data for solids. 

P 

3.2.1 Transport in Nonmetals 

3.2.1.1 Method for Estimating Lattice Thermal Conductivity15 - 
D. W. Yarbrough16 and R. K. Williams 

A method is described for calculating the lattice thermal conduc- 

tivity of alloys as a function of temperature and composition for 

temperatures above 8 /2 using readily available information about the 

atomic species present in the alloy. The calculation takes into account 

phonon interactions with point defects, electrons, and other phonons. 

Comparisons between experimental thermal conductivities (resistivities) 

and calculated values are discussed for binary alloys of semiconductors, 

D 

15Abstracted from D. W. Yarbrough and R. K. Williams, Method fo r  
Estimating the Lat t ice  Thsrmal Conductivity of Metallic Al loys ,  ORNL-5434 
(in press). 

16Consultant, Tennessee Technological University, Cookeville. 
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alkali halides, and metals. A discussion of the theoretical background is 

followed by sufficient numerical work to facilitate the calculation of 

lattice thermal conductivity of an alloy for which no conductivity data 

exist . 

3.2.1.2 The Thermal Conductivity of Electrically Insulating AB2 
Compounds - J. P. Moore and F. J. Weaver 

The thermal conductivity of a single crystal of SrF2 has been 

measured from 80 to 400 K. The present results disagree with two pre- 

vious measurements by others by +4% and -20% at 300 K. The thermal 

resistance, l/X, is approximately linear with increasing temperature, and 

the deviations from linearity appear to be associated with the 

temperature dependence of the Debye temperature. The thermal resistance 

of SrF2 is 3 times that calculated with the Liebfried and Schloman (L-S) 
equation. The thermal resistance of another AB2 coumpound, Th02, is 

similar to that of SrF2, and the comparison with the L-S equation yields 

a similar result. In some cubic crystals, such as rubidium and potassium 

halides, deviations from the L-S equation increase as the ratio of ionic 

masses increases. This is not the case here, however, since the ion mass 

ratio in Tho2 is 14.5, whereas that in the SrF2 is 4.61,  and yet 

experimental results from both of these disagree with the L-S equation by 

a factor of 3. 

3.2.1.3 Transport in Polymers - R. K. Williams17 
Materials containing epoxy resins are used in constructing large 

superconducting magnets, motors, and generators. The thermal conduc- 

tivity of these materials is an important design parameter since it 

influences energy consumption and the stability of supercurrents during 

thermal transients. This research aims to understand the factors that 

influence A of epoxy-containing materials at low temperatures. An 

apparatus to measure A from 4 to 30 Kwas constructed and is being used 

17Work performed on assignment to Institut fur Experimentalle 
Kernphysik, Kernforschungzentrum, Karlsruhe, FRG, September 1978. 
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to study the effect of polymer cross-link spacing on X of well- 

characterized epoxy resins and to investigate how Kapitza resistance 

might be minimized in two-phase epoxy systems. 

3.2.2 Physical ProDerties of Metals 

The paper, "Electron-Phonon Interaction and Lattice Thermal Conductivity," 

by W. H. Butler and R. K. Williams is reported in Sect. 1.1.2 of this report. 

3.2.2.1 The Soret Effect in Molten Ag-Te Solutions18 - R. K. Williams 
and W. 0. Philbrook19 

The Soret effect was studied in liquid Te solutions containing 17.5 

to 69 at. % Ag. Measurements were obtained over a wide range of tem- 

peratures, and the factors affecting the experimental uncertainty are 

summarized. Thermodynamic data for the liquid solutions were reviewed 

and used to calculate experimental heat of transport, Q*exp, values. 

These Q7k values decrease at high temperatures, and the possible rela- 

tionships between this result and the thermoelectric properties of these 

semiconducting solutions are discussed. 

e*P 

3.2.2.2 Conduction in Niobium-Rich Alloys - J. P. Moore and R. S. Graves 

The A, thermal conductivity, of a commercially pure Nb (99.8% at. % )  

was measured from 100 to 1400 K. Results from 100 to 400 Kwere obtained 
by a longitudinal technique and results above 300 K were obtained in a 

new radial heat flow chamber. The results from the two techniques agreed 

to within t 1.5% over the temperature range of overlap. We have noted 

previously that the electrical resistivities of Nb and Nb-rich alloys 

with W and Mo converge at high temperatures. 

also converge at high temperature and are within 2% of each other above 

1000 K. The Wiedemann-Franz ratios ( A p / T )  for Nb and Nb-10% W are 

approximately constant at 1.05Lo and 1.02L0, respectively, above 300 K. 

The A of Nb and Nb-10% W 

18Abstract prepared for submission to the Journal of A p p Z i e d  
Physics; a portion of this work was conducted at Carnegie-Mellon 
University. 

19Professor, Carnegie-Mellon University, Pittsburgh. 
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Existence of even a small contribution to the total from a lattice con- 

duction component would indicate a Lorenz ratio near Lo. 

3.2.2.3 Conduction in Silver-Palladium and Copper-Nickel Alloys - 
R. K. Williams, D. W. Yarbrough,l6 and R. S. Graves 

Experimental values for 1, P, and S in the temperature range 300 to 

1000 K have been obtained during the past year for the alloys 50 Cu-50 Ni 

and 50 Ag-50 Pd (at. %). The experimental data have been combined 

with a calculationl5 of the lattice component of the thermal conduc- 

tivity to obtain h e .  
obtained from measured electrical resistivities. Figure 3.2 compares the 

Le(r) resulting from the above analysis with Le(!T) values published 

by Ho et a1.20 Our results indicate a modest positive deviation of 

Le(l")  from the Sommerfield value for both the Cu-Ni and Ag-Pd alloys. 

The Cu-Ni,data in addition tend toward the classical value at high tem- 

perature. These results are markedly different from the previously 

published data , primarily because of differences between values 

measured at ORNL and the h values recommended in the literature by Ho 

et al. 

Values for the Lorenz function, L e ,  were then 

3.2.2.4 Chromium - R. K. Williams, F. J. Weaver and R. S. Graves 

Our analysis of data for high-purity Cr in the paramagnetic state 

indicates significant parallel phonon and electronic contributions. 

Others21 hypothesize that the phonon contribution is negligible. 

Experimental values of A,  p, and S for Cr--1.07% Fe and Cr-0.56% Fe 

from 80 to 400 K have been obtained, and our initial analysis shows that 

phonon conduction is significant in Cr. 

2oC. Y. H o ,  M. W. Ackerman, and K. Y. Wu, "Thermal Conductivity of 
Copper-Nickel and Silver-Palladium Systems," pp. 23357 in TherrnaZ 
Conductivity 14, ed. by P. G. Klemens and T. K. Chu, Plenum Press, 
New York, 1976. 

Vanadium on the Lattice Thermal Conductivity and Lorenz Number of 
Chromium," Phys. Rev. B 12: 1858-67 (1975). 

21M. A. Mitchell and J. E. Goff, "Effect of Molybdenum and 
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Fig. 3.2. Comparison of Electronic Lorenz Values for 50 Cu-50 Ni 
and 50 Ag-50 Pd (at. %) Alloys. 

3.2.2.5 Properties of Experimental Alloys - R. S. Graves and 
D. L. McElroy 

Physical property measurements were completed on several experimental 

alloys : 

1. Heat-treated uranium-niobium alloys were suspected t o  undergo 

structural and compositional changes near room temperature that might be 

detectable by p measurements. 

and 50°C for 100 d indicated no changes greater than 0.02%. 

2. 

However, our p data on alloys held at 21 

The thermal conductivity of ordered and disordered NiqMo was 

measured from 30 to 90°C. 

the disordered NiqMo was near 11 W/m K. 

appears to be due to the electronic component of the total A .  

The ordered NiqMo had a A near 24 W/m K and 

This enhanced conduction 

3. Measurements of p (22OC) of ordered and disordered V(Fe0,22C00.78)3 

gave values of 0.61 and 0.81 VR m, respectively. These p values suggest 

smaller A changes than observed for NiqMo. 
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3.2.3 Properties of Solar Absorbers - J. P. Moore and D. W. Yarbroughlb 

Since solar flux on the earth's surface is low, selectively absorbing 

surfaces are needed for optimization of solar thermal systems, whether 

these are flat collectors or low-temperature concentrator systems. The 

total hemispherical emittance, THE, of good surfaces must be low to pre- 

vent l o s s  of heat by radiation. Some of the best surfaces are fragile, 

and degradation may severely limit the surface lifetime. Any degradation 

would depend on the surface structure and degradation mechanism. Studies 

keyed to Auger spectroscopy, metallographic examination, reflectance in 

the infrared, and THE are being used to examine film structures. 

Surfaces were prepared for THE measurements in an existing direct 

heating apparatus. The specimens were all fabricated by electrodeposi- 

tion onto 0.127-mm-thick nickel strip. Copper was deposited onto the 

nickel followed by chromium metal or black chromium. The latter is used 

extensively as a solar surface, but it is fragile since absorption is due 

t o  a fine smut coating, which can be removed with the slightest touch. 

Some modifications had to be made to the existing technique because of 

the extremely low THE of most of the specimens and the low operation tem- 

peratures, which caused conductive end losses to exceed the radiative 

losses. 

Results to date show that the THE of black chromium coatings are 

essentially constant at 0.083 f r o m  300 t o  510 K both before and after the 

smut coating is wiped off leaving a shiny gray metal. Although the black 

chromium surface will survive 480 K in air almost indefinitely, some 

degradation is apparent after only 7.2 ks at 580 K, and total destruction 

occurs after 7.2 ks at 650 K. Others have shown that black chromium will 

not remain stable above 570 K, and in this particular case the 580 K 

treatment apparently oxidizes the gray metallic material down to the 

copper layer, where thermal expansion differences cause spalling. 

3.2.4 Graphite Thermal Conductivity Standards - J. P. Moore and 
R. S. Graves 

A commercial grade of graphite has been proposed as an international 

thermal conductivity (A) standard for high temperatures. Extensive 
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measurements of its thermal conductivity have been made by others at high 

temperatures, and our results from 80 to 900 K supplement these results. 

Over the temperature range of overlap the results from three techniques 

agreed to within t 2 % .  The A versus temperature curve has a characterisic 
broad maximum near 

vious ly proposedz2 

300 K, and A is 
equation 

A =  0.00156 - 
D 

related to p within 6% of the pre- 

0.266 x 
D2 

where A is in W/m K and is in Rm, both measured at 300 K. 

3.3 SUPERCONDUCTING MATERIALS - D. M. Kroeger 

We study the effects of metallurgical variables on the properties of 

superconducting materials. The superconducting property most structure 

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 of both. 

Consequently, some of our effort is devoted to obtaining basic 

metallurgical information on phase diagrams, transformation kinetics and 

products, and the microstructures that result from them in superconducting 

alloy systems. We correlate current-carrying capacity with the "model" 

microstructures. 

Our laboratory has facilities to measure most superconducting pro- 

perties of interest, such as critical current density, J c s  ac losses, 

superconducting-to-normal transition temperature, Tc, and upper criti- 

cal field, H . We also measure low-temperature specific heat and 

effects of stress on superconducting properties. 
c2 

22D. L. McElroy, T. G. Kollie, W. M. Ewing, R. M. Steele, and 
R. S. Graves, Room Temperature measurements of EZectricaZ Resistivity and 
Thermal Conductivity of Various Graphites, ORNL/TM-3477 (July 1971). 
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3.3.1 Flux Pinning by Grain Boundaries in Niobium Bi~rystals~~ - 
A. DasGupta, Y. T. Chou,L4 C. C. Koch, and D. M. Kroeger 

Bicrystals of niobium with symmetric tilt boundaries, grown directly 

from the melt with bicrystal seeds, have been used as a model system to 

measure the resistive critical current I as a function of the applied 

transverse magnetic field H and the angle, @, between Hand the grain boun- 

dary plane. The specimens were investigated in the as-received, chemi- 

cally polished, and surface-oxidized states. Of these, the last 

condition brought out the true grain boundary contribution to I by e 
suppressing the surface I Extremely narrow peaks in I (($I) with 

half-intensity width <lo and heights up to 8 times the off-peak values 

were found for ($I = 0. The present results provide direct evidence of the 

efficacy of grain boundary pinning. The simplicity of the pinning 

system allows the elementary pinning force f to be evaluated without 

the complications of statistical summation. Typically, f p L  = 7 pN/m at 

b = 0.67 ( b  = B/B ). From a consideration of the orientations of 

the grains, the possibility of grain boundary pinning occurring through 

the anisotropy of H is ruled out in our bicrystals. A calcula- 

tion of the parelastic interaction between the grain boundary disloca- 

tions and the flux line lattice shows no pinning. Our results suggest 

the presence of an inhomogeneous layer at the grain boundary as the cause 

of the grain boundary flux pinning. 

e 

e' e 

PL 

e2 

e2 

3.3.2 Flux Pinning by the First-Order Perturbation of Ginzburg-Landau 
Free Energy in Type I1 SuperconductorsL' - A. DasGupta and 
D. M. Kroeger 

For small pin size and variations in the superconducting order para- 

, tne first-order perturbational approach of Campbell and 2 
meter / $ I  
Evetts can be taken to calculate the pinning force. Thus, variations of 

the upper critical field H and the Ginzburg-Landau parameter K 
c2 

23Abstracted from a paper presented at the International Cryogenic 
Materials Conference, Boulder, Colo., August 1977, and a paper to be 
published in Philosophical Magazine. 

24Lehigh University, Bethlehem, Pa. 
25Abstracted from a paper presented at the March Meeting of the 

Americ.an Physical Society, Washington, D.C., March 1978. 
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Eint 3 
were considered and combined to obtain the interaction energy, 

between fluxoid lattice (FLL) and pin. The interaction energy is propor- 

tional to (1 - / $ I  >. Its spatial variation was studied in a 2 2 

plane perpendicular to the fluxoid. Three 

found for Eint(b = B / B e 2 )  in the FLL. The 

force f scales with b ;  it shows a minimum 
b 0.65. Comparisons have been made with 

P 

sets of stationary points are 

elementary pinning 

at b = 0.3 and a maximum at 
data from the literature. The 

good agreement indicates that this mechanism,of flux pinning may be opera- 

tive in a wide variety of pinning systems. 

3.3.3 Recent Developments in Fluxoid Pinning and Stress Effects in 
SuDerconductorsLb - C. C. Koch 

Critical current density, Jc, is the most structure-sensitive 

parameter that limits the application of superconductors in practical 

devices. It is dramatically influenced by the metallurgical structure. 

Applied stress under operating conditions can also influence - in 
most cases degrade - Jc. 
developments in understanding fluxoid pinning in both hard superconduc- 

tors and model materials. Mechanical effects on Je were also reviewed. 

This review discusses some of the recent 

3.3.4 Effect of Nb-jSn Layer Thickness and Kirkendall Voids on 
Multifilamentary Nb-jSn ConductorsL/ - D. S. Easton and 
D. M. Kroeger 

The effects of varying the reaction time, and hence the Nb3Sn 

layer thickness, on the mechanical and superconducting properties of a 

multifilamentary Nb3Sn conductor have been studied. 

tained 1369 niobium filaments with a bronze-to-superconductor ratio of 

3.4. As a consequence of varying the reaction time, each conductor 

behaved differently because of (1) Kirkendall voids produced in the 

matrix by the diffusion of tin; ( 2 )  depletion of tin in the matrix; 

The conductor con- 

261nvited review presented at the 1977 TMS-AIME Fall Meeting, 
Chica 0 ,  October 1977. 

g7Abstracted from papers presented at the International Cryogenic 
Materials Conference, Boulder, Colo., August 1977, and at the TMS-AIME 
Fall Meeting, Chicago, October 1977. 
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(3) changes in the thermal expansion coefficients of both matrix and 

filaments; ( 4 )  mechanical property changes, particularly the yield stress 
of the matrix and the modulus of the filament; ( 5 )  a volume expansion of 

the filament; and ( 6 )  a change in the ratio of normal conductor to super- 

conductor as a result of the volume change. Increases in Kirkendall 

voids with reaction time are shown in photomicrographs and analyzed by 

the use of quantitative television microscopy. We suggest that these 

voids produce thermal and electrical instabilities as well as decreased 

ductility. Calculations of the residual stress state were made taking 

into account the above changes. 

correlates with the calculated residual compressive strain only for the 

thin layered materials, apparently because of unequal stress concentrations 

The applied strain at maximum J ,  

when a 

3.3.5 

large number of voids is present. 

Causes of Strain Sensitivity of Critical Current in Nb3Sn 
ConductorsL6 - D. M. Kroeger, D. S .  Easton, A. DasGupta, and 
J. 0. Scarbrough 

Measurements were made of H (T), Te, and J ,  as functions of 
c z  

strain, E, for both mono- and multifilamentary Nb3Sn diffusion- 

processed conductors. Results for the two types of material are essen- 

tially similar, but because the matrix-to-filament ratio is much larger in 

the monofilament material, the prestrain due to differences in thermal 

contraction upon cooling to Tc is much greater than in the multifilament 

material. 

application of tensile stress are larger, making this an easier material 

to study. 

T6/2 < T < T,) and Tc were measured as functions of strain simulta- 

neously in the same apparatus to avoid uncertainties arising from dif- 

ferences among specimens and calibrations of stress or strain measurements. 

A linear relationship was found between J c ( H ,  T, E) and the condensation 

energy at (8, T, E )  as determined by the measured values of (dH 
and T c .  

Therefore, the observed changes in Te, H , and Jc upon 
cz 

For the monofilament material, H (7') and J e ( T )  (for 
e2 

/dT)T 
e c 2  

We concluded that Je is affected by strain primarily 

28Papers based on this work have been presented at the International 
Cryogenic Materials Conference, Boulder, Colo., August 1977, and at the TMS- 
AIME Fall Meeting, Chicago, October 1977. 
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through changes in the fundamental superconducting properties H 

rather than through changes in microstructure. 

and Tc e2 

3.3.6 Cryogenic Mechanical Properties of Solder Joints in a Niobium- 
Titanium SuperconductorLY - A. J. Moorhead,ju 
J. J. Woodhouse,ju and D. S. Easton 

Although many alternate techniques are being studied for joining of 

superconductor composites (e.g., ultrasonic, electron beam, explosion, 

and resistance spot welding), at this time soldering is still the most 

common. Soldering has the advantages of requiring limited capital 

investment for equipment or facilities, is amenable to making joints in 

situ, and is a simple, familiar process to fabrication personnel. 

However, we have found a notable lack of published data on the mechanical 

properties of solder joints at cryogenic temperatures. 

We determined the wetting and flow behavior of various solder and 

flux combinations on a copper-clad Nb-Ti composite, developed equipment 

and techniques for soldering and inspection of lap joints, and determined 

the shear strength of joints at temperatures down to -269°C ( 4  K). 
We studied 15 solders and 17 commercial and experimental fluxes in the 

wettability and flow tests. A resistance unit was built for soldering 

test specimens. Samples soldered with 80 Pb-20 Sn, 83 Pb-15 S r ~ 2  Sb, 

97.5 Pb-1.5 Ag-1 Sn, 80 1-15 Pk-5 Ag, or 25 In-37.5 Pb-37.5 Sn 

(wt X )  were inspected by three nondestructive techniques. Through- 

transmission ultrasound gave the best correlation with nonbond areas 

revealed in peel tests. Single lap shear specimens soldered with 

97.5 Pb-1.5 Ag-1 Sn had the highest strength (72 MPa, 10.4 ksi) 

and total elongation of four solders tested. Discontinuous yielding was 

found in some cases. This effect could produce local temperature rises 

that could affect the performance of magnetic devices. 

29Abstracted from a paper presented at the International Cryogenic 
Materials Confernce, Boulder, Colo., August 1977, and from a paper 
"Soldering of Copper-Clad Niobium-Titanium Superconductor Composites," WeZd. J .  
(Miami) 56: 2331 (1977). 

30Welding and Brazing Group, Metals and Ceramics Division. 
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3.3.7 Differentiation and Characterization of Type-I1 Superconductors via 
Synthesis of Observed Induced Voltage Waveforms - D. J. Griffiths31 
and D. M. Kroeger 

Induced voltage waveforms exhibited by type-I1 superconductors in 

response to a time-varying magnetic field superimposed on a steady dc 

magnetic field have been calculated by use of a modification of a com- 

puter program developed by Rouse and Clem. 

of critical state model, equilibrium magnetization function, field- 

dependent entry and exit barriers, and the specific form of the time- 

dependent magnetic field. The objective of the work is to be able to 

develop a method of generating waveforms whose shapes are sensitive to 

the collection of models chosen and, thereby, characterize the supercon- 

ductor both qualitatively and quantitatively within the framework of the 

critical state concept. 

The program allows a choice 

Once agreement between predicted and observed waveforms has been 

achieved ac losses and their dependence on both dc bias field and time- 

varying field amplitude can be generated. It is hoped that this program 

will allow consistent predictions of the l o s s  behavior of type-I1 super- 

conductors based on the examination of a few carefully chosen induced 

voltage waveforms and, thus, lead to a simple method of classifying most 

available superconductors. 

310regon State University, Corvallis. 



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  goa l  t h e  understanding 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 .  The work is  

focused  on s tudy ing  t h e  e f f e c t s  of composition and m i c r o s t r u c t u r e  s i n c e  

t h e s e  may be used t o  minimize o r  c o n t r o l  t h e  p r o p e r t y  changes. 

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 neu t ron  i r r a d i a t i o n ,  s i m u l a t i o n  t echn iques  t h a t  a l l o w  acce- 

l e r a t e d  t e s t i n g  and e v a l u a t i o n  of mechanisms are e x p l o i t e d .  Both 

expe r imen ta l  and t h e o r e t i c a l  approaches are employed. S ince  

unde r s t and ing  t h e  p r o p e r t y  changes r e q u i r e s  an  a b i l i t y  t o  d e s c r i b e  com- 

p o s i t i o n  and m i c r o s t r u c t u r e  a t  t h e  atomic l e v e l ,  a s u b s t a n t i a l  e f f o r t  

h a s  been mounted t o  develop and u t i l i z e  a n a l y t i c a l  and h igh - re so lu t ion  

e l e c t r o n  microscopy t echn iques .  The development of a n u c l e a r  microana- 

l y s i s  c a p a b i l i t y  based on t h e  a c c e l e r a t o r s  ope ra t ed  by t h e  group has  

a l s o  been i n i t i a t e d .  

Work on t h i s  program complements t h e  r a d i a t i o n  e f f e c t s  a c t i v i t i e s  

i n  t h e  ORNL S o l i d  S t a t e  D i v i s i o n ,  which are d i r e c t e d  a t  understanding 

t h e  pr imary p roduc t ion  of 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 .  The e f f o r t  

i n  t h e  Metals and Ceramics D i v i s i o n  i s  concerned wi th  t h e  o r g a n i z a t i o n  

o f  t h e s e  d e f e c t s  i n t o  more complex c o n f i g u r a t i o n s  and wi th  t h e  proper- 

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  a p p l i e d  programs i n  t h e  Metals and Ceramics D i v i s i o n ,  but  i s  

aimed a t  d e s c r i b i n g  t h e  mechanisms of damage p roduc t ion  and p r o p e r t y  

changes through t h e  s t u d y  of s imple or model systems. Through such 

a c t i v i t i e s  w e  hope t o  broaden t h e  founda t ion  upon which t h e  a l l o y  deve- 

lopment e f f o r t s  of t h e  a p p l i e d  programs are based. 

71 
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4.1 THEORETICAL STUDIES 

4.1.1 General  Rate Theory Model of Void Swel l ing  and D i s l o c a t i o n  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 

I n  o r d e r  t o  develop a g e n e r a l i z e d  rate theo ry  model of void 

s w e l l i n g  i n  m e t a l s  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 ,  t h e  usua l  assumptions l i s t e d  below must be c l o s e l y  

examined f o r  t h e i r  v a l i d i t y :  

1. quas i - s teady-s ta te  d e f e c t  c o n c e n t r a t i o n s ,  

2. homogeneous d i s t r i b u t i o n  of d e f e c t s ,  

3. s p a t i a l l y  uniform l o o p  and void s i z e s ,  

4. s p a t i a l l y  uniform d e f e c t  g e n e r a t i o n  ra te ,  

5. no mobile d e f e c t s  o t h e r  t han  vacanc ie s  and i n t e r s t i t i a l s ,  

6. c o n s t a n t  recombinat ion volume, 

7. c o n s t a n t  c a p t u r e  e f f i c i e n c i e s  of i n t e r n a l  s i n k s ,  and 

8. e v o l u t i o n  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  e s t i m a t e d  s imply by a dose- 

dependent  d i s l o c a t i o n  d e n s i t y .  

A system of ra te  e q u a t i o n s  f o r  t h e  growth of i n t e r s t i t i a l  

d i s l o c a t i o n  loops  and v o i d s  i n  one-dimensional ly  bounded media, 

namely 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  i r r a d i a t i o n  has  been formula ted ,  and a numerical  method 

o f  i n t e g r a t i n g  t h e  ra te  equa t ions  has  been p resen ted . l  

t h i s  model t h e  f i r s t  fou r  assumptions a r e  e l i m i n a t e d  a l t o g e t h e r .  

The e x t e n t  t o  which t h i s  model has  been g e n e r a l i z e d  wi th  r e s p e c t  

t o  t h e  o t h e r  assumptions i s :  

5. f o r  n i c k e l ,  d ivacanc ie s  c o n t r i b u t e  t o  void s w e l l i n g  and loop  

In 

growth i n  t h e  tempera ture  range from 100 t o  400°C ( 3 7 M 7 5  K ) ,  

b u t  have l i t t l e  e f f e c t  a t  h ighe r  tempera tures ;  

l M .  H. Yoo, "Di s loca t ion  Loop Growth and Void Swel l ing  i n  
Bounded Media by Charged P a r t i c l e  Damage," J .  Nuel. Mater. 68: 
1 9 3 2 0 4  (1977) ,  ORNL/TM-5789 ( A p r i l  1977).  
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6. t h e  temperature  dependence of t h e  recombinat ion volume has  

been c a l c u l a t e d  and i s  used;2 

t h e  s i z e  and temperature-dependent c a p t u r e  e f f i c i e n c y  of 

d i s l o c a t i o n  loops  ( S e c t .  4.1.6 of t h i s  r e p o r t )  is accounted 

f o r ;  and 

t h e  e f f e c t s  o f  u n f a u l t i n g  and mutual entanglement of Frank 

7 .  

8 .  
l oops  on void s w e l l i n g  are inc luded  i n  t h e  model. 3 

I n  a d d i t i o n ,  f o r  t h e  case of s e l f - i o n  i r r a d i a t i o n ,  t h e  model has 

been extended t o  i n c l u d e  t h e  e f f e c t s  of d e p o s i t e d  s e l f - i o n s 4  

and a l s o  those  of a thermal  n u c l e a t i o n  of d e f e c t  c l u s t e r s  i n  

displacement   cascade^.^ 
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 neutron 

i r r a d i a t i o n  and t o  t h e  i n t e r p r e t a t i o n  of void s w e l l i n g  d a t a  

o b t a i n e d  by s t e p -  h e i g  h t  measurements and t r ansmiss ion  e l e c t r o n  

microscopy . 

T h i s  g e n e r a l  model w i l l  be a p p l i e d  t o  

4.1.2 Theory of I m p u r i t y  Trapping of P o i n t  D e f e c t s  and I ts  
E f f e c t s  on I r r a d i a t i o n - I n d u c e d  Swe l l ing  and Creep" - 
L. K. Mansur and M. H. Yo0 

E a r l y  expe r imen ta l  s t u d i e s  t o  c h a r a c t e r i z e  i r r a d i a t i o n -  

induced vo id  s w e l l i n g  r evea led  t h a t  impur i ty  and a l l o y  a d d i t i o n s  

i n  a metal s t r o n g l y  a f f e c t  i t s  p r o p e n s i t y  t o  s w e l l .  It was pro- 

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

zM. H. Y o 0  and W. H. B u t l e r ,  "Steady-State D i f f u s i o n  of 
P o i n t  Defec t s  i n  t h e  I n t e r a c t i o n  Force F i e l d , "  Phys .  S ta tus  
S o l i d i  (b )  77: 181-93 (1976). 

3M. H. Yo0 and L. K. Mansur, "General Rate Theory Model of 
Void Swell ing i n  I r r a d i a t e d  Metals," Trans. Am. Nuel. Soe. 27: 
326-27 (1 977). 

I n j e c t i o n  i n  S imula t ion  S t u d i e s  of Void Swell ing,"  J .  Nuel. 
Mater. 71: 11Cb16 (1977); see a l s o  S e c t .  1.1.14 of t h i s  
r e p o r t .  

E f f e c t s  on t h e  Swell ing of I r r a d i a t e d  Materials," Proe. R. Soe. 
(London) A346: 81-102 (1975). 

Impur i ty  Trapping on I r r a d i a t i o n  Induced Swell ing and Creep," Journal 
of NucZear Materials, i n  p r e s s .  

4A. D. B r a i l s f o r d  and L. K. Mansur, " E f f e c t  of Self-Ion 

5R. Bullough, B. L. Ey re ,  and K. Kr i shan ,  "Cascade Damage 

6Summary o f  L. K. Mansur and M. H. Yoo, "The E f f e c t s  of 
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f r a c t i o n  of  vacanc ie s  and i n t e r s t i t i a l s  undergoing mutual recombina t ion ,  

t h u s  reducing  t h e  f r a c t i o n  f lowing t o  vo ids .  We have developed a 

comprehensive t h e o r y  t o  d e s c r i b e  t h e  e f f e c t s  of s o l u t e  t r app ing  upon 

rad ia t ion- induced  deformat ion  p rocesses .  Both vacancy and i n t e r s t i t i a l  

t r a p p i n g  a t  a m u l t i p l i c i t y  of t r a p s  and the  e f f e c t s  of po in t  d e f e c t  

t r a p p i n g  on vo id  n u c l e a t i o n ,  vo id  growth, and i r r a d i a t i o n  c reep  have 

been cons idered .  The e q u a t i o n s  e x p l i c i t l y  i n c l u d e  s p a t i a l  inhomogeneity 

and  t i m e  dependence. The c o r r e c t i o n  due t o  exc lus ion  of s i t e s  n e a r  

t r a p s  of  f r e e  vacanc ie s  becomes impor tan t  when t h e  t r a p  c o n c e n t r a t i o n  i s  

of  t h e  o r d e r  of 1%. The t r a p s  are desc r ibed  by t h e i r  c o n c e n t r a t i o n ,  

t r a p p i n g  r a d i u s ,  c a p t u r e  r a d i u s  f o r  a f r e e  d e f e c t  when t h e  o p p o s i t e  t ype  

d e f e c t  i s  t r apped ,  and b inding  energy  f o r  po in t  d e f e c t s .  These parame- 

ters  may be v a r i e d  t o  inc lude  s o l u t e  atoms, s o l u t e  atom c l u s t e r s ,  o r  

p r e c i p i t a t e s  as t r a p s .  

Trapping can  be viewed i n  terms of e f f e c t i v e  recombina t ion  o r  d i f -  

f u s i o n  c o e f f i c i e n t s ,  and e x p r e s s i o n s  f o r  t h e s e  e f f e c t i v e  c o e f f i c i e n t s  

are  der ived .  The g e n e r a l  r e s u l t  - t h a t  vacancy t r a p p i n g  is  e f f e c t i v e  i n  

reducing  s w e l l i n g  and c reep  a t  r e l a t i v e l y  small b inding  e n e r g i e s  but  

t h a t  i n t e r s t i t i a l  t r a p p i n g  i s  e f f e c t i v e  o n l y  i f  t h e  b inding  energy  

exceeds  approximate ly  t h e  d i f f e r e n c e  i n  t h e  mig ra t ion  e n e r g i e s  o f  

f r e e  vacanc ie s  and i n t e r s t i t i a l s  - can be understood i n  terms of e f f ec -  

t i v e  d i f f u s i o n  c o e f f i c i e n t s .  

P o i n t  d e f e c t  t r a p p i n g  i n c r e a s e s  t h e  f r a c t i o n  of d e f e c t s  recombining 

i n  t h e  m a t r i x  a t  t h e  expense of t hose  d i f f u s i n g  t o  s i n k s  and the reby  

d e c r e a s e s  t h e  c o n c e n t r a t i o n  of f r e e  p o i n t  d e f e c t s .  With r e s p e c t  t o  void  

n u c l e a t i o n ,  vo id  growth, and i r r a d i a t i o n  c r e e p ,  t r app ing  i s  p r e d i c t e d  t o  

b e  most e f f e c t i v e  i n  dec reas ing  t h e  vo id  n u c l e a t i o n  rate. The n e x t  

l a r g e s t  e f f e c t  of t r a p p i n g  i s  on void  growth ra te  and t o  e x a c t l y  t h e  

same degree  on t h e  cl imb-gl ide c r e e p  rate.  The smallest e f f e c t  i s  on 

t h e  s t r e s s - induced  p r e f e r e n t i a l  a b s o r p t i o n  d i s l o c a t i o n  cl imb mechanism 

of  i r r a d i a t i o n  c reep .  The e f f e c t s  p r e d i c t e d  are i l l u s t r a t e d  p r i m a r i l y  

as  f u n c t i o n s  of b ind ing  energy,  t r a p  c o n c e n t r a t i o n ,  tempera ture ,  and 

dose  ra te  f o r  parameter  ranges  of i n t e r e s t .  I n  t h e  f i g u r e s  shown below, 

t h e  l a r g e s t  vacancy b ind ing  energy i s  0.5 e V  and t h e  l a r g e s t  i n t e r s t i -  

t i a l  b inding  energy  i s  1.7 eV.  The r e s u l t s  f o r  t h e s e  b inding  e n e r g i e s  
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0.2 

and f o r  no t r a p p i n g  form a n  envelope  t h a t  should g i v e  reasonable  upper 

and  lower l i m i t s  f o r  t h e  p o s s i b l e  e f f e c t s  of p o i n t  d e f e c t  t r app ing .  

F i g u r e  4.1 shows t h e  f r a c t i o n  of d e f e c t s  recombining i n  t h e  m a t r i x  

- t h a t  i s ,  no t  be ing  removed a t  s i n k s  - as a f u n c t i o n  of t e m -  

p e r a t u r e ,  dose ra te ,  and s o l u t e  concen t r a t ion .  The change i n  f r a c t i o n  

recombining wi th  i n c r e a s i n g  s o l u t e  c o n c e n t r a t i o n  i s  more pronounced f o r  

r e a c t o r  c o n d i t i o n s  than  f o r  charged p a r t i c l e  cond i t ions .  

- 
- E : =  1.69 eV or E,?= 0.5 eV 
- -E :=  €1 = 0 

ORNL- DWG 7 7  - 1  5743 
1 .o 1 

40-3dpa/sec, 650 O C  

F i g u r e s  4.2 and 4.3 d i s p l a y  t h e  e f f e c t s  of p o i n t  d e f e c t  t r app ing  

on  vo id  n u c l e a t i o n  and void  growth. The r e s u l t s  i n  Fig.  4.2 show t h e  

f ree  energy of vo id  n u c l e a t i o n ,  and t h e  cor responding  n u c l e a t i o n  rates 

are  g iven  i n  t h e  f i g u r e  cap t ion .  F igu re  4 . 3  g i v e s  t h e  r e s u l t s  f o r  void 

growth. The upper  se t  of curves  i n  each  f i g u r e  d i s p l a y s  t h e  e f f e c t s  of 

vacancy t r a p p i n g  and t h e  lower set i n t e r s t i t i a l  t r app ing .  
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Fig .  4.2. The E f f e c t  of Impur i ty  Trapping on t h e  Free  Energy of 
Void Nuclea t ion .  The n u c l e a t i o n  rates ( i n  n u c l e i  pe r  second) calcu-  
l a t e d  from t h e  cu rves  as a f u n c t i o n  of b ind ing  energy  (E$ i n  e V  are:  
Vacancy t r a p p i n g :  Eb = 0,  1.5 x 1 0 l 2 ,  Eb = 0.3, 2.2 x l o l l ;  
Eb = 0.4, 6 x lo9 ;  E’ = 0.5, 1.8 x 106. I n t e r s t i t i a l  t r a p p i n  8 : 
Eb = 1.25, ; Eb = 1.4, 8 x l o l l ;  E b =  1.6, 2.9 x 10 ; 
Eb = 1.7,  3.5 x lo5.  Below n u c l e a t i o n  rates of about  10IO/s 
i n  a t y p i c a l  i o n  bombardment exper iment ,  v o i d s  w i l l  no t  be observable .  

1.4 x 10 
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Fig .  4.3. The E f f e c t  of Impur i ty  Trapping on Void Growth Rates .  

Both i n t e r s t i t i a l  and vacancy t r app ing  produce s t r o n g  r e d u c t i o n s  

i n  swel l ing .  To produce t h e  same r e d u c t i o n  i n  n u c l e a t i o n  o r  growth 

r a t e ,  t h e  b inding  energy  r e q u i r e d  f o r  t h e  vacancy i s  much less than  

t h a t  f o r  t h e  i n t e r s t i t i a l .  

Trapping reduces  both  t h e  void  n u c l e a t i o n  and growth rates, wi th  

t h e  r educ t ion  i n  n u c l e a t i o n  ra te  by f a r  exceeding t h e  r educ t ion  i n  

growth ra te  f o r  a g iven  b ind ing  energy.  

w i t h  i n c r e a s e  i n  b inding  energy  as a r e s u l t  of i n c r e a s e s  i n  bo th  t h e  

s i z e  and f r e e  energy  of t h e  c r i t i c a l  nuc leus .  

The n u c l e a t i o n  ra te  dec reases  
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The well-known q u a l i t a t i v e  r e l a t i o n  between i n c r e a s i n g  s o l u t e  con- 

t e n t  and r e d u c t i o n  i n  s w e l l i n g  i s  confirmed. From Fig.  4.1 w e  see, f o r  

example,  t h a t  p o i n t  d e f e c t  t r a p p i n g ,  even wi th  r easonab ly  l a r g e  b ind ing  

e n e r g i e s ,  i s  expected t o  have l i t t l e  e f f e c t  i f  t h e  s o l u t e  con- 

c e n t r a t i o n s  are  below about 10 ppm. (For  smaller binding e n e r g i e s  t h e  

l e v e l  would be approximately 1000 ppm.) 

i m p u r i t i e s  a t  t h i s  l e v e l  i s  found e x p e r i m e n t a l l y ,  p o i n t  d e f e c t  

t r a p p i n g  cannot  be t h e  o p e r a t i v e  mechanism. The t h e o r y  p r e d i c t s  less 

s e n s i t i v i t y  of i r r a d i a t i o n  c r e e p  t o  s o l u t e  c o n t e n t ,  a t r e n d  t h a t  i s  

q u a l i t a t i v e l y  borne o u t  by experiment .  

I f  a s i g n i f i c a n t  e f f e c t  of 

4.1.3 The Reduct ion of I r r a d i a t i o n - I n d u c e d  Creep Rate by P o i n t  Defec t  
Trapping a t  S o l u t e s  and Vacancy L o o p s ' ~ ~  - L. K. Mansur, 
M.  H. Yoo, and W. G. Wolfery 

The d i s l o c a t i o n  climb creep ra te  i s  g iven  by 

E = -  ' 2RL ( 0ZGD.C. - AZ 9 2. 2 7, 

where s u b s c r i p t s  i and v denote  i n t e r s t i t i a l s  and v a c a n c i e s ,  R i s  t h e  

a tomic  volume, L i s  t h e  d i s l o c a t i o n  d e n s i t y ,  D i s  t h e  d i f f u s i o n  coef- 

f i c i e n t ,  C i s  t h e  f r e e  p o i n t  d e f e c t  c o n c e n t r a t i o n ,  and A22 i s  t h e  

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

o r i e n t e d  p a r a l l e l  and pe rpend icu la r  t o  t h e  stress a x i s .  The 

co r re spond ing  d i f f e r e n c e  f o r  v a c a n c i e s ,  A Z v ,  d i s  s m a l l  and t h u s  t h e  

second term i n  Eq. ( 1 )  may be n e g l e c t e d .  The c r e e p  rate i s  t h e n  pro- 

p o r t i o n a l  t o  t h e  f r e e  i n t e r s t i t i a l  c o n c e n t r a t i o n .  The r e d u c t i o n  i n  t h e  

f r e e  i n t e r s t i t i a l  popu la t ion  by p o i n t  d e f e c t  t r a p p i n g  t h e r e f o r e  de t e r -  

mines t h e  r e d u c t i o n  i n  c r e e p  r a t e .  

7A summary of work d e s c r i b e d  i n  L. K. Manusr and M. H. Yoo, 
Journal of Nuclear Materials, i n  press ; ORNL/TM-6134 (December 1977).  

8L. K. Mansur and W. G. Wolfer ,  "The Reduction o f  I r r a d i a t i o n -  
Induced Creep by Po in t  Defect Trapping," p r e s e n t e d  a t  t h e  ASTM 
Symposium E f f e c t s  of Rad ia t ion  on S t r u c t u r a l  Materials, Richland,  
Wash., J u l y  1978, and t o  be pub l i shed  i n  t h e  proceedings.  

9Department o f  Nuclear Engineer ing , U n i v e r s i t y  of Wisconsin,  Madison. 
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The e f f e c t s  of  p o i n t  d e f e c t  t r a p p i n g  a t  s o l u t e s  on t h e  d i s l o c a t i o n  

c l imb  c r e e p  ra te  have been explored  wi th  a range of v a r i a b l e s  of 

expe r imen ta l  i n t e r e s t .  It i s  a l s o  shown t h a t  vacancy l o o p s ,  genera ted  

by t h e  c o l l a p s e  o f  cascades ,  may be inc luded  i n  t h e  formalism t o g e t h e r  

w i t h  p o i n t  d e f e c t  t r a p p i n g  a t  s o l u t e s .  The e f f e c t  of t h e s e  vacancy 

l o o p s  on t h e  creep rate i s  shown t o  be ma themat i ca l ly  e q u i v a l e n t  t o  a 

s imul taneous  r e d u c t i o n  i n  t h e  p o i n t  d e f e c t  g e n e r a t i o n  r a t e ,  t h e  f r e e  

p o i n t  d e f e c t  recombinat ion c o e f f i c i e n t ,  and t h e  c a p t u r e  c o e f f i c i e n t  of  

s o l u t e  t r a p s  f o r  f r e e  vacanc ie s  by t h e  f a c t o r  K!/Ki i n  t h e  

e q u a t i o n s  t h a t  a p p l y  t o  a system wi thout  vacancy loops .  T h i s  f a c t o r  i s  

t h e  r a t i o  of  t h e  s i n k  s t r e n g t h  f o r  i n t e r s t i t i a l s  of a l l  s i n k s  except  

t h e  vacancy loops  t o  t h e  s i n k  s t r e n g t h  f o r  i n t e r s t i t i a l s  of a l l  s i n k s .  

The combined e f f e c t s  of s o l u t e  t r a p p i n g  and vacancy loops  on t h e  c reep  

ra te  under s e v e r a l  c o n d i t i o n s  are i l l u s t r a t e d  below. The r educ t ion  of 

t h e  c r e e p  ra te  due t o  both  s o l u t e  t r app ing  and vacancy loops  i s  never  

found t o  be more than  an  o r d e r  of magnitude i n  t h e  pa rame t r i c  range 

exp lo red  here .  T h i s  work i s  desc r ibed  i n  d e t a i l  i n  r e f .  8. 

2 

F i g u r e  4 . 4  shows t h e  r educ t ion  i n  c r e e p  ra te  as a f u n c t i o n  of 

s o l u t e  c o n c e n t r a t i o n  f o r  t y p i c a l  r e a c t o r  and charged p a r t i c l e  dose 

r a t e s  and tempera tures .  We no te  t h a t  a t  t h e  h i g h e s t  s o l u t e  l e v e l  t he  

e f f e c t  o f  t r a p p i n g  i s  t o  reduce t h e  c reep  ra te  a f a c t o r  of about 5 f o r  

charged p a r t i c l e  and about  2 f o r  r e a c t o r  c o n d i t i o n s .  Reac tor  c reep  

s i m u l a t i o n  by charged p a r t i c l e s  u s u a l l y  t a k e s  p l ace  nea r  r e a c t o r  dose 

r a t e s  and tempera tures .  However, i t  i s  i n t e r e s t i n g  t o  f i n d  t h a t  a t  t h e  

much h ighe r  dose rates and tempera tures  where s w e l l i n g  s imula t ion  t akes  

p l a c e  ( t h e  high-dose-rate ,  high-temperature  case of Fig.  4 . 4 )  t he  c reep  

r a t e  i s  expec ted  t o  be more s t r o n g l y  reduced by t r app ing .  

F i g u r e  4.5 d i s p l a y s  t h e  e f f e c t s  of vacancy t r a p p i n g  and vacancy 

l o o p s  on c r e e p  ra te  a t  a t y p i c a l  dose ra te  and tempera ture  f o r  r e a c t o r  
vz i r r a d i a t i o n s .  
2 i’ 

t h e  r a t i o  of vacancy loop  s i n k  s t r e n g t h  f o r  i n t e r s t i t i a l s  t o  t h a t  

f o r  a l l  s i n k s  exc lud ing  vacancy loops .  Without t r a p p i n g ,  t h e  

r e d u c t i o n  i n  c r e e p  ra te  i s  s u b s t a n t i a l  a t  l a r g e  vacancy loop  s i n k  

s t r e n g t h s ,  about  a f a c t o r  of 5. However, w i th  t r a p p i n g ,  t h e  f u r t h e r  

r e d u c t i o n  i n  c r e e p  rate due t o  vacancy loops  i s  modest. For  vacancy 

The r e l a t ive  c reep  ra te  i s  p l o t t e d  as a f u n c t i o n  of K. /KO 
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Fig .  4.4. E f f e c t  of Trapping on t h e  Creep Rate wi th  I n c r e a s i n g  
S o l u t e  Content .  S o l i d  cu rve  i s  t y p i c a l  f o r  r e a c t o r  i r r a d i a t i o n  and 
d o t t e d  cu rve  i s  t y p i c a l  f o r  charged p a r t i c l e  bombardment. 

0 
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K;I/K; 
Fig .  4.5. Combined E f f e c t  of Trapping and Vacancy Loops on t h e  

Creep Rate  a s  a Funct ion  of t h e  Vacancy Loop Sink  S t r e n g t h  f o r  
I n t e r s t i t i a l s ,  Normalized t o  t h e  S ink  S t r e n g t h  f o r  All Other  Sinks 
Under Typica l  Reactor  I r r a d i a t i o n  Condi t ions .  
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t r app ing  w i t h  a b inding  energy  of 0.5 e V  and s o l u t e  c o n c e n t r a t i o n  of 

1%, t h e  a d d i t i o n a l  r e d u c t i o n  i n  t h e  c reep  ra te  due t o  vacancy loops  i s  

less than  a f a c t o r  o f  2 f o r  vacancy loop  s i n k  s t r e n g t h  r a t i o  K 

5. These cu rves  i l l u s t r a t e  t h a t  as t h e  vacancy l o o p  s i n k  s t r e n g t h  

i n c r e a s e s  t h e  e f f e c t  of t r a p p i n g  becomes less important .  A s  t h e  s i n k  

s t r e n g t h  is  i n c r e a s e d  t h e  l o s s  ra te  of i n t e r s t i t i a l s  by recombinat ion 

w i t h  both f r e e  and t rapped  vacanc ie s  i s  decreased ,  and i n  t h e  l i m i t  of 

v z  / K ?  Q 
2 

l a r g e  K .  v l  / K .  0 t h e  cu rves  wi th  f r e e  recombinat ion (upper  curve)  and 
2 %  

w i t h  f r e e  and t rapped  recombinat ion ( lower two cu rves )  shou:' approach 

each  o t h e r  s i n c e  t h e y  a l s o  must approach t h e  same va lue  t ' t i t  ' O L I ~ C .  be 

ob ta ined  by n e g l e c t i n g  recombinat ion and t r app ing  a l t o g e t h e r .  

Two conc lus ions  may be based on t h e s e  f i n d i n g s :  

1. Creep ra tes  are n o t  expec ted  t o  be g r e a t l y  d i f f e r e n t  i n  a l l o y s  

w i t h  d i f f e r e n c e s  i n  s o l u t e  con ten t  and b inding  energy  - t h a t  i s ,  

chemical  i d e n t i t y -  of s o l u t e s  a t  t h e  l e v e l s  of o rde r  1%. 

2. The p o s s i b l y  d i f f e r e n t  s t exdy- s t a t e  vacancy l o o p  d i s t r i b u -  

t i o n s ,  r e s u l t i n g  from neu t rons  on t h e  one hand and t h e  charged par- 

t i c l e s  used t o  s i m u l a t e  r e a c t o r  i r r ad ia t ion - induced  c reep  on t h e  o t h e r  

hand,  are n o t  expec ted  t o  produce g r e a t l y  d i f f e r e n t  c r eep  rates. 

4.1.4 The Temperature S h i f t  of Swe l l ing  w i t h  Changes i n  R a d i a t i o n  Dose 
Ratel" - L. K. Mansur 

The tempera ture  r eg ion  of  void s w e l l i n g  s h i f t s  when t h e  r a d i a t i o n  

dose  ra te  i s  changed. Of p a r t i c u l a r  i n t e r e s t  i s  t h e  s h i f t  t h a t  occurs  

between r e a c t o r  i r r a d i a t i o n s  and charged p a r t i c l e  bombardments u s ing  

t h e  Oak Ridge 5-MV Van de  Graa f f ,  where t h e  dose  rates d i f f e r  by t h r e e  

t o  f o u r  o r d e r s  o f  magnitude. The work desc r ibed  h e r e  p r e d i c t s  from 

t h e o r y  t h e  tempera ture  s h i f t s  t o  be expec ted  under a r b i t r a r y  changes i n  

dose  rate.  The work has  been used t o  suppor t  t h e  a n a l y s e s  of t e m -  

p e r a t u r e  s h i f t  i n  pure n i c k e l  performed by Packan e t  a l . l l  

l 0 A  summary of L. K. Mansur, " C o r r e l a t i o n  of Neutron and Heavy- 
I o n  Damage: P a r t  11, The Temperature S h i f t  of Swel l ing  wi th  Changes i n  
R a d i a t i o n  Dose Rate," Journal of Nuclear Materials, i n  p r e s s .  

Neutron and Heavy-Ion Damage: P a r t  I, In f luence  of Dose Rate and 
I n j e c t e d  H e l i u m  on Swell ing i n  Pure Nickel," JourmZ of Nuclear 
Materials, i n  p re s s .  

l l N .  H. Packan, K. F a r r e l l ,  and J. 0. S t i e g l e r ,  " C o r r e l a t i o n  of 
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The f u l l  theory12 f o r  s w e l l i n g  ra te  as a f u n c t i o n  of materials 

and i r r a d i a t i o n  var iab l -es  , i n c l u d i n g  tempera ture  and dose ra te ,  forms 

t h e  b a s i s  of  t h i s  work. 

tempera ture  a t  a f i x e d  dose ra te .  

g i v e s  a d i f f e r e n t  p r o f i l e  of  s w e l l i n g  r a t e  ve r sus  tempera ture .  

p a r i n g  t h e s e  r e s u l t s ,  a tempera ture  s h i f t  f o r  t h e  g iven  change i n  dose 

r a t e  i s  determined.  This  a n a l y s i s  h a s  been u s e d l l  t o  g i v e  a t h e o r e t i -  

c a l  t empera ture  s h i f t  o f  201°C where t h e  measured va lue  was 200°C. 

Swelli-ng ra te  may be ob ta ined  as a f u n c t i o n  of 

A t  a d i f f e r e n t  dose r a t e  t h e  t h e o r y  

By com- 

Under l i m i t i n g  c o n d i t i o n s ,  which b racke t  t h e  ranges  of experimen- 

t a l  i n t e r e s t ,  e x p l i c i t  a n a l y t i c a l  e x p r e s s i o n s  f o r  tempera ture  s h i f t  may 

be  obta ined .  D e r i v a t i o n s  have been performed f o r  cases where e i t h e r  

p o i n t  d e f e c t  recombinat ion o r  a b s o r p t i o n  a t  s i n k s  i s  t h e  dominant p o i n t  

d e f e c t  l o s s  p r o c e s s ,  where bo th  vacancy and i n t e r s t i t i a l  a b s o r p t i o n  a t  

v o i d s  i s  su r face - reac t ion -  o r  d i f f u s i o n - c o n t r o l l e d ,  o r  where t h e  

i n t e r s t i t i a l  i s  surface-reaction-controlled whi le  t h e  vacancy i s  

d i f f u s i o n - c o n t r o l l e d .  

The g e n e r a l  r e s u l t  may be expressed  as: 

where t h e  va lue  of  n = 1 f o r  s i n k  dominated cases and n = 2 f o r  recom- 

b i n a t i o n  dominated cases, wh i l e  t h e  v a l u e  of R i s  determined by both 

t h e  dominant p rocess  and t h e  mode of vo id  growth. Table  4.1 g i v e s  t h e  

v a l u e s  of R .  I n  t h e  t a b l e ,  E$ i s  t h e  a d d i t i o n a l  energy  b a r r i e r  a t  t h e  vo id  

s u r f a c e  i n  t h e  surface-reaction-controlled case. Only f o r  t h e  f i r s t  row of 

Table  4 . 1  E* has  a nonzero v a l u e ,  s i n c e  o n l y  t h e r e  t h e  vacancy a b s o r p t i o n  
V 

1 2 L .  K. Mansur, "Void Swell ing i n  Metals and Alloys Under 
I r r a d i a t i o n :  An Assessment of t h e  Theory," Nuclear Technology, i n  p r e s s .  



Table 4.1.  Express ions  f o r  t h e  Dose-Rate Dependence of Temperature  S h i f t  a under Var ious  L i m i t i n g  Cond i t ions  of P o i n t  Defec t  Removal 

Value o f  R i n  E q .  (2)  when Dominant P r o c e s s  of P o i n t  D e f e c t  Removal is  by 
Mode of Absorp t ion  

a t  Voids 
Recombination (n  = 2) S i n k s  (n  = 1) 

I n t e r s t i t i a l  and 
vacancy both  
r e a c t i o n  con- 
t r o l l e d  

I n t e r s t i t i a l  and 
vacancy b o t h  
d i f f u s i o n  con- 
t r o l l e d  

I n t e r s t i t i a l  reac- 
t i o n ,  vacancy  
d i f f u s i o n  con- 
t r o l l e d  

d aThe p a r a m e t e r s  r L,  b, Z d e n o t e  t h e  r a d i u s  of p o i n t  d e f e c t  r ecombina t ion  volume, t h e  d i s l o c a t i o n  d e n s i t y ,  e’ 
a n  a t o m i c  d imens ion ,  and t h e  c a p t u r e  e f f i c i e n c y  of d i s l o c a i o n s  f o r  p o i n t  d e f e c t s .  S u p e r s c r i p t  (1) d e n o t e s  v a l u e  
f o r  r e a c t o r  i r r a d i a t i o n ,  ( 2 )  f o r  c h a r g e d - p a r t i c l e  bombardment. 
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i s  assumed t o  be r e a c t i o n  c o n t r o l l e d .  The s u p e r s c r i p t s  (1) and ( 2 )  

deno te  t h e  two c o n d i t i o n s  r e a c t o r  i r r a d i a t i o n  and cha rged-pa r t i c l e  bom- 

bardment,  k i s  Boltzmann's c o n s t a n t ,  i s  t h e  p o i n t  d e f e c t  m i g r a t i o n  

energy,  E i s  t h e  format ion  energy ,  T i s  t h e  t empera tu re ,  G i s  t h e  

r ad ia t ion - induced  p o i n t  d e f e c t  g e n e r a t i o n  ra te ,  and S i s  t h e  s i n k  

s t r e n g t h  of  a l l  s i n k s  such as v o i d s ,  d i s l o c a t i o n s ,  and g r a i n  boundar ies  

f o r  p o i n t  d e f e c t s .  

f 

The dominant p rocess  of  p o i n t  d e f e c t  l o s s  as w e l l  as t h e  mode of 

v o i d  growth a f f e c t s  t h e  d e t a i l e d  form of t h e  tempera ture  s h i f t  

exp res s ion .  When recombinat ion dominates ,  t h e  expres s ion  c o n t a i n s  t h e  

r a t i o  of  t h e  r a d i i  o f  recombinat ion volumes a t  t h e  two d i f f e r e n t  t e m -  

p e r a t u r e s  i n  a d d i t i o n  t o  t h e  r a t i o s  of  s i n k  s t r e n g t h s .  T h i s  occur s  

because  a change i n  t h i s  parameter  changes t h e  recombinat ion ra te  and 

hence t h e  f l u x  t o  vo ids .  A l s o  when recombinat ion dominates ,  t h e  tem-  

p e r a t u r e  s h i f t  is  smaller s i n c e  2Ef occur s  i n  t h e  denominator ,  
V 

whereas  on ly  Ef occur s  when s i n k s  dominate.  

t h i s  i s  t h a t  t h e  rad ia t ion- induced  vo id  growth r a t e  is p r o p o r t i o n a l  t o  

t h e  g e n e r a t i o n  ra te  when s i n k s  dominate ,  wh i l e  i t  is  p r o p o r t i o n a l  t o  t h e  

The p h y s i c a l  r eason  f o r  
V 

s q u a r e  r o o t  of t h e  g e n e r a t i o n  rate when recombinat ion dominates.  12  

However, t h e  thermal  sh r inkage  ra te  depends on t h e  same e x p o n e n t i a l  i n  
t empera tu re  i n  both  cases. Thus,  a g iven  i n i t i a l  r a t i o  of thermal  

s h r i n k a g e  rate t o  rad ia t ion- induced  growth ra te  of v o i d s  may be reco- 

ve red  a f t e r  a g iven  i n c r e a s e  i n  dose rate by a smaller i n c r e a s e  i n  t e m -  

p e r a t u r e  where recombinat ion dominates.  

From Table  4.1 w e  see by comparing t h e  f i r s t  row ( r e a c t i o n  

c o n t r o l l e d )  w i th  t h e  second row ( d i f f u s i o n  c o n t r o l l e d )  t h a t  t h e  tem- 

p e r a t u r e  s h i f t s  p r e d i c t e d  f o r  t h e s e  cases are  not  g r e a t l y  d i f f e r e n t .  

In  Eq.  ( 2 )  t he  main d i f f e r e n c e  comes i n  t h e  f a c t  t h a t  E$ + E 

m u l t i p l i e s  n i n  t h e  pre- logar i thmic  t e r m  f o r  r e a c t i o n - c o n t r o l l e d  void 

growth ,  whi le  E m u l t i p l i e s  n i n  t h e  d i f  fu s ion -con t ro l l ed  case. 

f 
V 

f 
V 

V 
S i n c e  Ev f > 1 eV and E* X 0 . 1  e V ,  t h i s  produces a s m a l l  d i f f e r e n c e  

i n  t h e  tempera ture  s h i f t .  Th i s  i s  t o  be compared wi th  t h e  v e r y  l a r g e  

d i f f e r e n c e s  p o s s i b l e  i n  t h e  dose k i n e t i c s  of vo id  growth f o r  t h e s e  two 

modes of vo id  growth.12 



85 

4.1.5 S t r e s s -Ass i s t ed  D i f f u s i o n  Bias f o r  P r i s m a t i c  D i s l o c a t i o n  
Loops1J - W. A. Coghlan and M. H. Yo0 

D i s l o c a t i o n  loops  a r e  a lmost  always t h e  f i r s t  obse rvab le  d e f e c t  i n  

Rad ia t ion  damage models i n a d e q u a t e l y  mater ia ls  undergoing i r r a d i a t i o n .  

t r e a t  t h e  growth of  t h e s e  loops  because t h e  d e f e c t  i n t e r a c t i o n  wi th  

t h e s e  loops  i s  complicated and t h e  r e s u l t i n g  d i f f u s i o n  problem does not  

have  an  a n a l y t i c a l  s o l u t i o n .  

i n f i n i t e s i m a l  approximation f o r  t h e  d i s l o c a t i o n  loop ,  which i s  s t r i c t l y  

v a l i d  o n l y  f o r  v e r y  small l oops .  I n  a d d i t i o n ,  t h e  r e s u l t i n g  d i f f u s i o n  

f l u x  depends v e r y  s t r o n g l y  on t h e  cho ice  of t h e  c u t o f f  r a d i u s  f o r  t h e  

c o r  e bo undar y cond i t  ion .  

We have numer i ca l ly  so lved  t h e  problem of  d i f f u s i o n  of vacanc ie s  

Previous  s o l u t i o n s 1 4 ~  l5 have used an 

and i n t e r s t i t i a l s  t o  f a u l t e d  d i s l o c a t i o n  loops  . I 6  
b o t h  t h e  problem of  t h e  compl ica ted  i n t e r a c t i o n  energy  p r o f i l e  and t h e  

problem of t h e  i n n e r  boundary c u t o f f .  

We have overcome 

The i n t e r a c t i o n  of t h e  d e f e c t  w i th  t h e  stress f i e l d  i s  desc r ibed  

by  t h e  Eshelby model and i n c l u d e s  both  t h e  s i z e  i n t e r a c t i o n  and the  

modulus i n t e r a c t i o n .  The s t e a d y - s t a t e  d e f e c t  p r o f i l e  i n  a c y l i n d e r  

c o n t a i n i n g  a t o r u s  around t h e  loop  is based on t h e  s o l u t i o n 1 7  of  

13Summary of a paper  p re sen ted  a t  t h e  American Nuclear Soc ie ty  

14M.  H. Yo0 and W. H. B u t l e r ,  "Steady-State  Di f fus ion  i n  t h e  
Winter  Meeting, November 27-December 2,  1977 i n  San Franc isco .  

I n t e r a c t i o n  Force F i e l d , "  Phys.  Status  SoZidi ( b )  77: 181-93 
( 1 97 6) .  

D e f e c t s  t o  S p h e r i c a l  Sinks,"  J .  AppZ .  Phys. 46: 547-57 (1975).  

f o r  Po in t  Defects i n  a S t r e s s  F i e l d , "  pp. 166-76 i n  PrOc. Conf. 
Computer SimuZation f o r  M a t e r i d s  Application, ed.  by R. J. Arsenau l t ,  
J. I. Beeler, and J. A. Simmons, Ga i the r sburg ,  Md, 1976. 

15W. G. Wolfer and M. Ashkin,  "Stress-Induced D i f f u s i o n  of Poin t  

1 6 W .  A. Coghlan "Trans i en t  and Steady  S t a t e  D i f f u s i o n  So lu t ion  

17F. S. Ham,  "S t ress -Ass is ted  P r e c i p i t a t i o n  on D i s l o c a t i o n s  ,I' J .  
A p p Z -  phyS* 30: 915-26 (1959). 
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where 

C = t h e  d e f e c t  c o n c e n t r a t i o n ,  

t = t h e  t i m e ,  

Ll = t h e  d i f f u s i o n  c o e f f i c i e n t ,  

E = t h e  i n t e r a c t i o n  energy ,  

k = t he  Boltzmann c o n s t a n t ,  and 

T = t h e  a b s o l u t e  tempera ture .  

The f l u x  of  d e f e c t s  i s  found a t  s t e a d y  s ta te  by numer ica l  i n t e g r a -  

The r e s u l t s  can be expressed  

F i r s t ,  t h e  r a t i o  of t h e  a c t u a l  d e f e c t  f l u x  

t i o n  ove r  a s u r f a c e  sur rounding  t h e  loop .  

i n  s e v e r a l  convenient  ways. 

t o  t h e  f l u x  i n  t h e  absence of  a n  i n t e r a c t i o n  can be c a l c u l a t e d .  T h i s  

r a t i o ,  normal ly  c a l l e d  Z ( t h e  c a p t u r e  e f f i c i e n c y ) ,  has  been used exten- 

s i v e l y  i n  r a d i a t i o n  damage models. 

i l l u s t r a t i n g  t h e  r e s u l t s  i s  t o  de te rmine  t h e  r a d i u s  of an  e q u i v a l e n t  

s p h e r i c a l  s ink .  Th i s  method r e s u l t s  i n  t h e  e f f e c t i v e  c a p t u r e  r a d i u s ,  

rk, and t h e  d e f e c t  f l u x  can be determined from 

Another convenient  way f o r  

where C i s  t h e  c o n c e n t r a t i o n  a t  t h e  o u t e r  boundary and C i s  t h e  con- 

c e n t r a t i o n  a t  t h e  d i s l o c a t i o n  co re .  A d i f f e r e n t  c a p t u r e  r a d i u s  can be 

c a l c u l a t e d  by exc luding  t h e  stress i n t e r a c t i o n ,  and t h e  r a t i o  of t h e s e  

c a p t u r e  r a d i i  e q u a l s  Z. 

b 

The cho ice  of t h e  c o r e  c u t o f f  r a d i u s  i s  s i m p l i f i e d  by t h e  obser- 

v a t i o n  t h a t  t h e  d e f e c t  f l u x  becomes independent  of t h i s  parameter  when 

t h e  product  of t h e  d e f e c t  jump l e n g t h  b and magnitude of t h e  i n t e r a c -  

t i o n  g r a d i e n t  DE i s  g r e a t e r  than  kT. T h i s  somewhat s u r p r i s i n g  r e s u l t  

i s  shown i n  Fig.  4.6 f o r  s e v e r a l  cases. 

t h e  s u r f a c e s  r e p r e s e n t i n g  c o n s t a n t  v a l u e s  of lVElb/kT are n e a r l y  per-  

f e c t  t o r o i d s  around t h e  d i s l o c a t i o n  loop.  The c o r e  r a d i u s  chosen i s  

t h e  ave rage  r a d i u s  of n e a r l y  c i r c u l a r  c r o s s  s e c t i o n s .  

Another u s e f u l  r e s u l t  i s  t h a t  
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Fig.  4.6. The Dependence of t h e  Capture E f f i c i e n c y ,  2, on t h e  
Magnitude of t h e  I n t e r a c t i o n  Energy Gradien t  f o r  Seve ra l  I n t e r s t i t i a l  
D i s l o c a t i o n  Loops. A: I n t e r s t i t i a l s  d i f f u s i n g  t o  a 20b-radius loop;  
B: i n t e r s t i t i a l s  d i f f u s i n g  t o  a 200b-radius loop;  C: vacanc ie s  d i f -  
f u s i n g  t o  a 20b-radius loop;  and D: 
r a d i u s  loop. A l l  t h e  cases are p l o t t e d  f o r  n i c k e l  a t  450°C (723 K ) ,  
A V l Q  = - 0 . 2  f o r  vacanc ie s ,  and A V l R  = 1 . 8  f o r  i n t e r s t i t i a l s ,  where 
AV is  t h e  volume change pe r  d e f e c t  and R i s  t h e  atomic volume. 

vacanc ie s  d i f f u s i n g  t o  a 200b- 

F i g u r e  4.7 shows t h e  l o o p  r a d i u s  dependence of  t h e  e f f e c t i v e  cap- 

t u r e  r a d i u s .  The s t r e n g t h  o f  t h e  l o o p  as a s i n k  f o r  d e f e c t s  pe r  u n i t  

l e n g t h  of d i s l o c a t i o n  dec reases  wi th  i n c r e a s i n g  loop  s i z e .  The s i n k  

e f f i c i e n c y  and c a p t u r e  r a d i u s  f o r  bo th  d e f e c t s  are ve ry  h igh  f o r  small 

l o o p s  bu t  dec rease  w i t h  i n c r e a s i n g  loop  r a d i u s  u n t i l  t hey  are com- 

p a r a b l e  w i t h  t h e  r e s u l t s  f o r  s t r a i g h t  edge d i s l o c a t i o n s  when t h e  loop  

d i ame te r  i s  comparable w i t h  t h e  o u t e r  c u t o f f  r a d i u s  used i n  t h e  edge 

d i s l o c a t i o n s  c a l c u l a t i o n s .  Small  l oops  are a much s t r o n g e r  s i n k  f o r  

d e f e c t s  t han  an  e q u i v a l e n t  l e n g t h  of edge d i s l o c a t i o n .  

I n  summary, w e  have overcome t h e  co re  r a d i u s  d i f f i c u l t y  encoun- 

t e r e d  i n  p rev ious  c a l c u l a t i o n s ,  and have found t h e  f l u x  of d e f e c t s  t o  

f a u l t e d  d i s l o c a t i o n  loops  t o  be much l a r g e r  t han  t h a t  f o r  s t r a i g h t  edge 

d i s l o c a t i o n  f o r  d e f e c t s  d i f f u s i n g  i n  a pure  material. I n  a d d i t i o n ,  we 

have  found t h a t  i n c l u d i n g  t h e  modulus i n t e r a c t i o n  does no t  make an 

a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  d e f e c t  flux but  does change t h e  l o c a l  

d e f e c t  c o n c e n t r a t i o n  p r o f i l e  near  t h e  d i s l o c a t i o n  loop.  
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* Fig .  4.7. The Dependence of  t h e  E f f e c t i v e  Capture  Radius ,  r , on 
t h e  D i s l o c a t i o n  Loop Radius f o r  D i f f u s i o n  of  I n t e r s t i t i a l s  and 
Vacancies  t o  a n  I n t e r s t i t i a l  D i s l o c a t i o n  Loop. The material parameters  
a re  t h e  same as f o r  Fig.  4.6. 

4.1.6 Modeling t h e  Growth Kine t i c s  of Frank  Loops under  HVEM 
I r r a d i a t i o n  Using C a l c u l a t e d  Defec t  P r e f e r e n c e  F a c t o r s  - 
W. A. Coghlan and M. H. Y o 0  

Recen t ly ,  a n  HVEM i r r a d i a t i o n  experiment  w a s  performed a t  ORNL on 

pu re  n i c k e l  t o  de te rmine  t h e  d e f e c t  b i a s  of a growing a r r a y  of f a u l t e d  

d i s l o c a t i o n  loops  .18 

f a c t o r s  w a s  ~ o m p 1 e t e d . l ~  

d e f e c t  p r e f e r e n c e  f a c t o r s  i n  t h e  g e n e r a l  rate theo ry  model t h a t  w a s  used 

t o  ana lyze  t h e  HVEM expe r imen ta l  r e s u l t s ,  and then  t o  see i f  t h e  model 

cou ld  s t i l l  be a p p l i e d  t o  t h e  expe r imen ta l  r e s u l t s .  

A c a l c u l a t i o n  of  t h e  r e q u i r e d  d e f e c t  p r e f e r e n c e  

We would l i k e  now t o  i n c l u d e  t h e  c a l c u l a t e d  

18M. H. Yo0 and J. 0. S t i e g l e r ,  "Growth K i n e t i c s  and 'P re fe rence  
F a c t o r '  of Frank Loops i n  Nickel  During E l e c t r o n  I r r a d i a t i o n , "  Philos. 
Mag. 36: 1305-15 (1977). 

I n t e r s t i t i a l  Loop Under I r r a d i a t i o n , "  Trans. Am. NueZ. Sue. 27: 
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Two changes were made i n  t h e  rate t h e o r y  model. F i r s t  t h e  
e q u a t i o n s  were modi f ied  t o  i n c l u d e  a depth-dependent d i s l o c a t i o n  loop  

d e n s i t y .  

v a r i a t i o n  l o o p  d e n s i t y  wi th  f o i l  depth.  

Ana lys i s  of t h e  exper imenta l  d a t a  sugges ted  a l i n e a r  

The second change w a s  t o  r e p l a c e  t h e  prev ious  d e s c r i p t i o n  f o r  t h e  

e f f e c t i v e  c a p t u r e  r a d i u s  of t h e  loops .  

d e r i v e d  by a least  squa res  f i t ,  i n  l og  space ,  t o  70 v a l u e s  of c a p t u r e  

r a d i u s  from a p rev ious  ca l cu la t ion .16 ,  l9 

e f f e c t i v e  c a p t u r e  r a d i u s  r* i n  u n i t s  of t h e  Frank loop  Burgers  v e c t o r  b 
i s  g iven  i n  Eq.  ( 5 ) :  

An e m p i r i c a l  expres s ion  w a s  

T h i s  expres s ion  f o r  t he  

where 

p = a + a2/R5j4 + a,(E/R)3/4 + a4(E/R) 312 
1 9 

R = l o o p  r a d i u s  i n  u n i t s  of b ,  

AV = r e l a x a t i o n  volume f o r  t h e  d i f f u s i n g  d e f e c t ,  

1-1 = s h e a r  modulus of t h e  material, 

k = t h e  Boltzmann c o n s t a n t ,  

IT = a b s o l u t e  tempera ture .  

The c o n s t a n t s  a 
and -2.300 x r e s p e c t i v e l y .  Th i s  e q u a t i o n  a g r e e s  wi th  t h e  calcu-  

l a t e d  v a l u e s  of  to +3% on t h e  ave rage ,  w i th  t h e  maximum d i f f e r e n c e  

11%, which w a s  found f o r  t h e  smallest loop  (R = lob) wi th  no i n t e r a c -  

t i o n .  

through a 0 4 are  0.5837, 0.9852, 2.779, 5.492 x loA2, 

The p rev ious  a n a l y s i s  of t h e  HVEM r e s u l t s  assumed t h a t  t h e  s i n k  

p r e f e r e n c e  f a c t o r s  were t h e  least  well-known of t h e  inpu t  parameters .  

F o r  t h i s  new c a l c u l a t i o n  t h e  r e l a x a t i o n  volumes of t h e  d e f e c t s  and t h e  

g e n e r a t i o n  rate of  d e f e c t s  were assumed t o  be poor ly  k n c m ,  and these 

parameters  were a d j u s t e d  t o  f i t  t h e  exper imenta l  r e s u l t s .  F igure  4.8 
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THE GIVEN PARAMETERS BEST PREDICTED THE GROWTH OF 
FAULTED LOOPS IN PURE NICKEL 

Fig .  4.8. The average  loop  r a d i u s  v s  i r r a d i a t i o n  t i m e  f o r  HVEM 
i r r a d i a t i o n  of  pure  n i cke l .  
t h e  s o l i d  l i n e  i s  t h e  p r e d i c t i o n  of t h e  model. 

Each p o i n t  i s  t h e  average  of 35 loops  and 

shows t h e  average  l o o p  r a d i u s  as a f u n c t i o n  of t i m e ,  and Fig.  4.9 g i v e s  

t h e  depth  dependence of t h e  loop  s i z e  as a f u n c t i o n  of i r r a d i a t i o n  

t i m e .  The dashed curves  i n  Fig.  4.9 are the  p r e d i c t i o n s  of t h e  pre- 

v i o u s  model. 

The r e s u l t s  show t h a t  c a l c u l a t e d  p re fe rence  f a c t o r s  can be used t o  

f i t  exper imenta l  d i s l o c a t i o n  loop  growth r e s u l t s  even though they  show 

a s t r o n g  loop  s i z e  dependence and a l s o  are much l a r g e r  than  va lues  used 

p rev ious ly .  

low5 d p a / s ,  which is  about  one- th i rd  t h e  va lue  used previous ly .  

The f i t  does r e q u i r e  a d e f e c t  product ion  rate of 2 x 

Two f i n a l  obse rva t ions  were made. F i r s t ,  a va lue  of 1.2 e V  f o r  

t h e  mig ra t ion  energy of  a vacancy i n  n i c k e l  w a s  r equ i r ed  t o  o b t a i n  t h e  

good f i t  shown i n  Fig. 4.8. Second, t h e  c a l c u l a t e d  p re fe rence  f a c t o r s  

h a l v e  t h e  average  d e f e c t  c o n c e n t r a t i o n ,  and t h i s  r educ t ion  w i l l  be 

impor tan t  f o r  t h e  c a l c u l a t i o n  of n u c l e a t i o n  rates of vo ids  and loops  i n  
t h e  presence  of a popu la t ion  of loops .  
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Fig .  4.9. Loop s i z e  vs P o s i t i o n  i n  t h e  F o i l  f o r  Four I r r a d i a t i o n  
The s o l i d  cu rves  are t h e  p r e d i c t i o n  of t h e  c u r r e n t  model wh i l e  T i m e s .  

t h e  dashed cu rves  are t h e  p rev ious  p r e d i c t i o n s .  
were measured b s te reomicroscopy,  and t h e  c a l c u l a t e d  cu rves  were 
ob ta ined  w i t h  8 = 1.2 e V ,  6i = 0.06. 

The depth  p o s i t i o n s  

4.2 EXPERIMENTAL STUDIES 

4.2.1 Comparison of t h e  E f f e c t s  of S imul taneous ly  I n j e c t e d  and 
P r e i n j e c t e d  Helium on t h e  M i c r o s t r u c t u r e  of Ion-Bombarded Nicke l  
- N. H. Packan and K. F a r r e l l  

A s  p a r t  o f  a con t inu ing  e f f o r t  t o  correlate m i c r o s t r u c t u r a l  damage 

produced by heavy-ion bombardment wi th  t h a t  produced by neu t rons  i n  

pu re  n i c k e l  a t  a damage l e v e l  of 1 dpa,  exper iments  have been c a r r i e d  

o u t  t o  see i f  t h e r e  i s  a d i f f e r e n c e  between i n t r o d u c i n g  helium a t  room 

tempera ture  b e f o r e  i o n  bombardment and i n j e c t i n g  i t  dur ing  bombardment. 

I n  bo th  cases t h e  q u a n t i t y  of  hel ium (20 a t .  ppm) was e q u i v a l e n t  t o  

t h a t  gene ra t ed  i n  t h e  n e u t r o n - i r r a d i a t e d  specimens s t u d i e d  ear l ier .  l1 

Bombardments were c a r r i e d  ou t  t o  a dose of 1 dpa a t  50°C i n t e r v a l s  from 

500 through 700OC.  
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The presence  of hel ium, e i t h e r  p r e i n j e c t e d  o r  s imul taneous ly  

i n j e c t e d ,  does no t  a f f e c t  t h e  l e v e l  of heavy-ion-induced s w e l l i n g  a t  o r  

n e a r  t h e  peak swe l l ing  temperature  of 600°C, but  i t  does cause appre- 

c i a b l e  i n c r e a s e s  i n  swe l l ing  a t  t h e  high- and low-temperature ends of 

t h e  swe l l ing  range. The void popu la t ions  i n  simultaneously bombarded 

specimens f a i r l y  c l o s e l y  resembled those  i n  t h e  helium-free cases; by 

c o n t r a s t ,  t h e  preinjected helium specimens had s i g n i f i c a n t l y  g r e a t e r  

(up  t o  a f a c t o r  of 10) c o n c e n t r a t i o n s  of d i s t i n c t l y  smaller voids .  

D i s l o c a t i o n  d e n s i t i e s  were a l i t t l e  h ighe r  w i th  p r e i n j e c t e d  helium. 

These r e su l t s  i n d i c a t e  t h a t  i n  t h e  pure n i c k e l  s t u d i e s ,  p re in j ec -  

t i o n  of helium promotes void n u c l e a t i o n  whereas s imul t aneous ly  i n j e c t e d  

hel ium does n o t .  Th i s  r e s u l t  i s  thought  t o  be a consequence of t h e  

r e l a t i v e  ease of vo id  format ion  i n  t h i s  material, i n  t h e  f i r s t  c a s e ,  

and compet i t ion  f o r  a b s o r p t i o n  of gases  and vacancies  a t  e x i s t i n g  s i n k s  

i n  t h e  second case .  I n  t h i s  n i c k e l  t h e r e  appears  t o  be an abundance of 

r e s i d u a l  gases  such as 0, H ,  and N ,  which f a c i l i t a t e  vo id  n u c l e a t i o n  i n  

t h e  e a r l y  s t a g e s  of bombardment; p r e i n j e c t i o n  of helium a i d s  t h i s  

n u c l e a t i o n .  I f  helium i s  t r i c k l e d  i n  dur ing  i r r a d i a t i o n ,  t h e  

p r e e x i s t i n g  r e s i d u a l  gases  dominate void n u c l e a t i o n  and t h e  vo ids  then  

e i t h e r  abso rb  t h e  helium as f a s t  as i t  i s  implanted o r  t hey  absorb  

vacanc ie s  and main ta in  t h e  vacancy s u p e r s a t u r a t i o n  a t  a l e v e l  t oo  low 

t o  encourage f u r t h e r  void n u c l e a t i o n .  

There  i s  evidence t h a t  s imul t aneous ly  implanted helium has a much 

s t r o n g e r  r o l e  i n  materials t h a t  are i n h e r e n t l y  more r e s i s t a n t  t o  void 

n u c l e a t i o n ,  such  as some s t a i n l e s s  s t e e l s ,  and t h i s  i s  now under 

i n v e s t i g a t i o n .  

4.2.2 E f f e c t  of Gas Level  and Method of Gas Implan ta t ion  on 
I r r a d i a t i o n  Damage S imula t ion  i n  an  A u s t e n i t i c  A l loy  - v 

K. Far re l l  and N. H. Packan 

S imula t ion  of neu t ron  damage m i c r o s t r u c t u r e s  us ing  e n e r g e t i c  beams 

of  e l e c t r o n s  o r  i o n s  t o  d i s p l a c e  atoms i s  now wide ly  used f o r  c o n t r o l  

and i s o l a t i o n  of  i n d i v i d u a l  parameters  involved i n  e v o l u t i o n  of damage 

s t r u c t u r e ,  and t o  ach ieve  h igh  displacement  l e v e l s  i n  s h o r t  times. A 

unique a p p l i c a t i o n  of t h e s e  s imula t ion  techniques  i s  i n  t h e  product ion  
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of damage s t r u c t u r e s  r e l e v a n t  t o  f u s i o n  r e a c t o r  c o n d i t i o n s  t h a t  cannot  

be  m e t  i n  f a s t - f i s s i o n  r e a c t o r s .  A major  f e a t u r e  of t hese  c o n d i t i o n s  

i s  t h e  h i g h  product ion  ra tes  of t ransmuta t ion-crea ted  helium and hydro- 

gen ,  which a r e  expec ted  t o  s i g n i f i c a n t l y  modify t h e  damage micros t ruc-  

t u r e s .  We are examining t h e  e f f e c t s  o f  h igh  gas  l e v e l  and the  method 

o f  implant ing  t h e  gas  on t h e  development of damage s t r u c t u r e ,  par- 

t i c u l a r l y  c a v i t y  s w e l l i n g ,  du r ing  n i c k e l  i o n  bombardment i n  our dual- 

a c c e l e r a t o r  i r r a d i a t i o n  f a c i l i t y .  

The t a r g e t  material i s  a h igh-pur i ty  Fe-17% Cr-14% Ni-3% Mo aus te -  

n i t i c  a l l o y ,  which approximates  a s t a i n l e s s  s teel  and swells r e a d i l y .  

It i s  f r e e  of  t h e  compl i ca t ions  of phase changes t h a t  occur  dur ing  irra- 

d i a t i o n  of  commercial s t a i n l e s s  steels. Bombardment tempera tures  are 

575, 625, 680, 750, and 825"C, w i t h  peak s w e l l i n g  occur r ing  i n  t h e  

v i r g i n  material a t  625 t o  680°C. Damage l e v e l s  a r e  1, 10, and 70 dpa, 

t h e  l a s t  caus ing  18% swe l l ing  i n  t h e  v i r g i n  a l l o y  a t  625OC. Gas implan- 

t a t i o n  c o n d i t i o n s ,  mos t ly  hel ium, are: 

1. s imul taneous  i n j e c t i o n  o f  helium a t  a rate of 0.2 a t .  ppm He/dpa t o  

reproduce a c o n d i t i o n  s i m i l a r  t o  those  i n  f a s t  f i s s i o n  r e a c t o r s ;  

2. s imul taneous  i n j e c t i o n  of hel ium a t  a rate of 20 a t .  ppm He/dpa, a 

hel ium g e n e r a t i o n  ra te  similar t o  t h a t  expec ted  i n  t h e  f i r s t  w a l l  

of a f u s i o n  r e a c t o r ;  

3 .  s imul taneous  i n j e c t i o n  of bo th  hel ium and hydrogen a t  rates of 20 

a t .  ppm He/dpa and 50 a t .  ppm H/dpa t o  examine i n t e r a c t i v e  e f f e c t s  

of  hydrogen under f u s i o n  r e a c t o r  i r r a d i a t i o n  c o n d i t i o n s  ( see  Sect.  

4 . 2 . 4 ) ;  

4 .  p r e i n j e c t i o n  a t  room tempera ture  wi th  14 a t .  ppm He (cor responding  

t o  70 dpa a t  a s imul taneous  r a t e  of 0.2 a t .  ppm He/dpa) and wi th  

1400 a t .  ppm H e  ( f o r  comparison wi th  70 dpa a t  a s imultaneous r a t e  

o f  20 a t .  ppm He/dpa); and 

5. p r e i n j e c t i o n  a t  t h e  bombardment tempera tures  wi th  14 a t .  ppm H e  and 

w i t h  1400 a t .  ppm H e .  

More than  h a l f  o f  t h e  i r r a d i a t i o n s  have been completed,  and work 

h a s  begun on t r ansmiss ion  e l e c t r o n  microscopic  examinat ion of t h e  

damage m i c r o s t r u c t u r e s .  R e s u l t s  t o  d a t e  i n d i c a t e  some t r e n d s .  
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P r e i n j e c t e d  helium has  s i g n i f i c a n t l y  d i f f e r e n t  e f f e c t s  on void  

n u c l e a t i o n  and swe l l ing  than does s imul t aneous ly  i n j e c t e d  helium. High 

l e v e l s  of p r e i n j e c t e d  helium c o n s i d e r a b l y  dep res s  swe l l ing  a t  t h e  lower 

tempera tures  by markedly dec reas ing  t h e  s i z e  and i n c r e a s i n g  the  con- 

c e n t r a t i o n  of cav i t ies ;  s imul t aneous ly  implanted helium has r e l a t i v e l y  

l i t t l e  e f f e c t  i n  t h i s  material. A t  t h e  h ighe r  tempera tures  t h e  helium 

i n c r e a s e s  s w e l l i n g  by encouraging growth of c a v i t i e s .  

o f  h igh  helium l e v e l  i s  t o  push t h e  swe l l ing  curve  t o  h ighe r  t e m -  

p e r a t u r e s .  When both  helium and hydrogen a r e  implanted ,  t h e  helium 

dominates  t h e  m i c r o s t r u c t u r a l  changes.  

The n e t  e f f e c t  

4.2.3 The I n f l u e n c e  of Helium on t h e  Evo lu t ion  of Damage Micro- 
s t r u c t u r e  i n  Type 316 S t a i n l e s s  S t e e l  Al loys  under  I o n  
I r r a d i a t i o n  - E. A. Kenik 

A s  r e p o r t e d  last  y e a r ,  t h e  swe l l ing  r e s i s t a n c e  of a s i l i c o n -  and 

t itanium-modif i e d  type  3 16 s t a i n l e s s  s tee l  (LS 1 A )  w a s  accompanied by 

s e g r e g a t i o n  of s i l i c o n  t o  i r r ad ia t ion -p roduced  f a u l t e d  loops  and sub- 

sequent  p r e c i p i t a t i o n  t h a t  r e f l e c t s  t he  phase i n s t a b i l i t y  of the  a l l o y .  

I n  c o n t r a s t  t o  t h i s ,  a nominal type  316 s t a i n l e s s  s teel  a l l o y  (G7) 

e x h i b i t e d  h igh  swe l l ing  rates but  showed l i t t l e  o r  no s o l u t e  segrega- 

t i o n  o r  phase i n s t a b i l i t y .  The e v o l u t i o n  of t h e  damage m i c r o s t r u c t u r e  

and i t s  dependence on t h e  presence o r  absence of helium and t h e  mode of 

i t s  i n t r o d u c t i o n  have been under i n v e s t i g a t i o n  dur ing  t h e  p a s t  year .  

Without hel ium, L S l A  e x h i b i t s  no void  format ion  a t  doses  up t o  600 

dpa,  even though t h e  a l l o y  undergoes e x t e n s i v e  phase i n s t a b i l i t y .  On 

t h e  o t h e r  hand, G 7  swells r a p i d l y ,  even i n  t h e  absence of hel ium, exhi- 

b i t i n g  about  170% swe l l ing  a t  600 dpa. P r e i n j e c t i o n  wi th  helium 

r e s u l t s  i n  a s i g n i f i c a n t  r e d u c t i o n  i n  d i s l o c a t i o n  loop  s i z e s  and an 

i n c r e a s e  i n  loop  c o n c e n t r a t i o n  i n  both LSlA and G7. T h i s  behavior  

appea r s  t o  have o n l y  s l i g h t  consequence on t h e  damage m i c r o s t r u c t u r e  i n  
G 7  a t  h ighe r  doses .  A s  i n  t h e  absence of helium, t h e  loops  evo lve  i n t o  

a d i s l o c a t i o n  network, and void  swe l l ing  occurs  a t  a s l i g h t l y  enhanced 

r a t e .  The enhancement of l oop  format ion  i n  LSlA r e s u l t i n g  from helium 

p r e i n j e c t i o n  has  a profound e f f e c t  on t h e  subsequent s o l u t e  s e g r e g a t i o n ,  

phase i n s t a b i l i t y ,  and void  format ion .  A v e r y  f i n e - s c a l e ,  h igh-dens i ty  
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p l a t e l e t  p rec ip i ta te  forms on (111)  p l anes ,  r e i n f o r c i n g  the  t h e s i s  t h a t  

s o l u t e  seg rega t ion  a t  loops  r e s u l t s  i n  phase i n s t a b i l i t y  a t  these  loops.  

Again no void format ion  i s  observed. The i n j e c t e d  helium may be t rapped 

i n  a f i n e  d i s p e r s i o n  a t  t h e  h i g h  d e n s i t y  of p r e c i p i t a t e  par t ic les .  

Simultaneous helium i n j e c t i o n  dur ing  t h e  ion  i r r a d i a t i o n  r e s u l t s  i n  d i f -  

f e r e n t  damage e v o l u t i o n  t h a t  depends on the  r e l a t i v e  rates of helium 

i n j e c t i o n  and displacement  damage (hel ium/dpa) .  A t  r a t i o s  t y p i c a l  of 

f a s t - f i s s i o n  r e a c t o r s  (0.2 a t .  ppm He/dpa), t h e  e a r l y  e v o l u t i o n  of 

damage f o r  both G 7  and LSlA w a s  similar t o  t h e  "no helium" cases. 

Swel l ing  i n  G 7  was enhanced, wh i l e  i n  LSlA void  formation w a s  f i n a l l y  

observed ,  t h e  v o i d s  being a s s o c i a t e d  wi th  t h e  i r rad ia t ion-produced  pre- 

c i p i t a t e  . 
Segrega t ion  of s i l i c o n  t o  the  loops  i s  evidence t h a t  i n  LSlA 

i n t e r s t i t i a l  o r  vacancy t r app ing  a t  s i l i c o n  s o l u t e  atoms occur s ;  t h e  

removal of t r a p s  can a f f e c t  bo th  n u c l e a t i o n  and growth of vo ids  ( s e e  

Sect. 4.1.2). 

w i t h  void format ion ,  i t  is d e f i n i t e l y  not  s u f f i c i e n t ,  as i s  shown by 

t h e  absence of  swe l l ing  both  u n i n j e c t e d  and p r e i n j e c t e d  specimens,  

where p r e c i p i t a t i o n  a l s o  occurs  dur ing  i r r a d i a t i o n .  The sugges t ion  

t h a t  both g ross  phase i n s t a b i l i t y  and i n j e c t e d  helium are requ i r ed  t o  

produce swe l l ing  i n  t h i s  a l l o y  i n d i c a t e s  t h a t  a t  least  two swe l l ing  

suppres s ion  mechanisms are o p e r a t i v e ,  s o l u t e  t r app ing  of i r r a d i a t i o n -  

produced d e f e c t s  and g e t t e r i n g  of gaseous i m p u r i t i e s  by t i t an ium and 

p o s s i b l y  s i l i c o n .  

While phase i n s t a b i l i t y  i n  LSlA appears t o  be a s s o c i a t e d  

The mode o f  helium i n t r o d u c t i o n  has some e f f e c t  on t h e  damage evo- 

l u t i o n  i n  a high-swell ing,  s t a b l e  a l l o y  such as G7.  However, i n  a low- 

s w e l l i n g ,  u n s t a b l e  a l l o y  such  as LSlA, t h e  e f f e c t s  are more dramatic .  

S ince  t h e  loop  s t r u c t u r e  determines the  p r e c i p i t a t e  s t r u c t u r e ,  which i n  

t u r n  may determine t h e  f i n a l  d i s t r i b u t i o n  of helium, l a r g e  d i f f e r e n c e s  

occur  between p r e i n j e c t i o n  and s imultaneous i n j e c t i o n  of helium. A 

c r i t i c a l  f e a t u r e  of t h i s  process  i s  t h e  presence of s u f f i c i e n t  helium 

a t  low doses  t o  a f f e c t  t h e  loop  e v o l u t i o n ,  which w i l l  occur both f o r  

t h e  p r e i n j e c t i o n  and h igh  He/dpa s imultaneous i r r a d i a t i o n  cond i t ions .  
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4.2.4 A Technique f o r  S imul taneous ly  Bombarding S o l i d s  w i t h  Helium, 
Hydrogen, and Heavy Ions  t o  S imula t e  M i c r o s t r u c t u r a l  Damage 
from F i s s i o n  o r  Fus ion  Neutrons - K. Fa r r e l l ,  M. B. L e w i s ,  
and N. H. Packan 

Damage s imula t ion  techniques  i n  which s o l i d s  a r e  bombarded wi th  

beams of heavy i o n s  t o  c r e a t e  atomic d isp lacements ,  which i n  t u r n  

e v o l v e  i n t o  m i c r o s t r u c t u r a l  d e f e c t s ,  are now an  accepted  p r a c t i c e .  

They f a l l  s h o r t ,  however, i n  d u p l i c a t i n g  the  t r ansmuta t ion  p roduc t s  

hydrogen and helium, which p l ay  impor tan t  r o l e s  i n  damage evo lu t ion .  

To overcome t h i s  d e f i c i e n c y  p a r t i a l l y ,  a second a c c e l e r a t o r  can be used 

t o  implant  - one of  t h e  gases  s imul t aneous ly  wi th  t h e  heavy ion  bombard- 

ment. We have now developed a technique  f o r  s imul t aneous ly  implant ing  

from one a c c e l e r a t o r  - both hydrogen and helium i n  any d e s i r e d  r a t i o  i n t o  

t h e  displacement  damage r eg ion  c r e a t e d  by heavy i o n s  from ano the r  

a c c e l e r a t o r .  

T h i s  s i g n i f i c a n t  improvement i s  achieved by inc lud ing  both helium 

and molecular  deuterium i n  t h e  gas  a c c e l e r a t o r  i o n  source .  These two 

g a s e s  have t h e  same mass ( 4 ) ,  and i n  t h e  same charge  s ta te  they  are 

a c c e l e r a t e d  t o  t h e  same energy (E)  and are p rope l l ed  t o g e t h e r  through 

t h e  s e l e c t o r  magnet. The deuterons  i n  t h e  ion ized  molecule are so 

l o o s e l y  bound t h a t  t h e y  s e p a r a t e  immediately and completely a t  t h e  

t a r g e t  f a c e ,  each  deuteron  t ak ing ,  on the  average ,  h a l f  of t h e  i n c i d e n t  

energy  ( E / 2 ) .  
about  h a l f  t h a t  of a helium atom. S ince  t h e  depth of p e n e t r a t i o n  

v a r i e s  as EIS, t h e  deu te rons  w i l l  come t o  rest a t  approximate ly  t h e  

same depth  as t h e  helium. 

The s topping  power ( s )  of a deuteron  i n  t h e  t a r g e t  is  

By s e l e c t i n g  an a p p r o p r i a t e  a c c e l e r a t i n g  v o l t a g e  the  implanted 

helium and hydrogen can be superimposed on t h e  displacement  damage 

r e g i o n  c r e a t e d  by a beam of heavy i o n s  from ano the r  a c c e l e r a t o r ,  i n  our  

case a 5-MV Van de Graaf f .  For a 4-MeV 5 8 N i  beam t h e  peak d i sp lace -  

ment damage occurs  a t  about 0.7 t o  0.75 u m  below t h e  t a r g e t  s u r f a c e .  

We o v e r l a y  t h i s  reg ion  wi th  t h e  implanted gases  by s i n u s o i d a l l y  ramping 

t h e  v o l t a g e  of t h e  gas  a c c e l e r a t o r  between 0.2 and 0.4 MV t o  g i v e  a 

f a i r l y  l e v e l  c o n c e n t r a t i o n  of g a s  a t  depths  between 0.5 and 0.8 urn. 
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The damaged r e g i o n  now c o n t a i n s  a l l  t h e  impor tan t  e lements  t h a t  

c o n t r i b u t e  t o  development of  t h e  m i c r o s t r u c t u r e .  The r e l a t i v e  amounts 

of  t h e s e  e lements  can be t a i l o r e d  t o  reproduce a wide range  of neut ron  

i r r a d i a t i o n  c o n d i t i o n s ,  i n c l u d i n g  those  f o r  breeder  r e a c t o r s  and f o r  

magnet ic  f u s i o n  r e a c t o r s .  

r a t i o  and t h e  H e / H  r a t i o .  The former is  done by a p p r o p r i a t e l y  

ba l anc ing  t h e  r a t i o  of t h e  beam c u r r e n t s  i n  t h e  two a c c e l e r a t o r s .  The 

r a t i o  of  H e / H  i n  t h e  t a r g e t  i s  dec ided  by t h e  hel ium/molecular  

deuter ium mix i n  t h e  i o n  s o u r c e ,  bu t  s i n c e  t h e  helium and molecular  

deuter ium have d i f f e r e n t  i o n i z a t i o n  p o t e n t i a l s  t h e  r a t i o  i n  t h e  source  

i s  n o t  a s imple  f u n c t i o n  of  t h e  r a t i o  r e q u i r e d  a t  t h e  t a r g e t .  The 

c o r r e c t  source  mix i s  determined e m p i r i c a l l y  by b a c k s c a t t e r i n g  analy-  

s is .  Once t h i s  c a l i b r a t i o n  i s  e s t a b l i s h e d ,  any  de r ived  r a t i o  of  H e / H  

can  be s e l e c t e d  by manipula t ion  of  gas  f low a t  t h e  source.  

T a i l o r i n g  c o n s i s t s  of  a d j u s t i n g  t h e  gas/dpa 

To d a t e  we have done two i r r a d i a t i o n s  wi th  t h i s  new t r i p l e  i o n  

f a c i l i t y  u s ing  a pure s t a i n l e s s  s t ee l  t a r g e t  and t h e  tempera tures  625 

and 7 5 O o C ,  dpa = 70, He/dpa = 20, and H/dpa = 50, t o  s imula t e  f u t u r e  

f u s i o n  r e a c t o r  i r r a d i a t i o n .  Analys is  of t h e  m i c r o s t r u c t u r e s  i s  

incomple te ,  bu t  a t e n t a t i v e  conc lus ion  i s  t h a t  helium has  t h e  dominant 

r o l e  i n  a l t e r i n g  t h e  s w e l l i n g  behavior .  

4.2.5 E f f e c t  of  T e n s i l e  Stress on t h e  Growth of Helium Bubbles i n  a 
Model S t a i n l e s s  S t e e l L U  - D. N. B r a s k i ,  H. Schroeder ,L1 
and H. UllmaierL1 

H e l i u m  embr i t t l emen t  poses  one of t h e  more s e r i o u s  problems f o r  

s t r u c t u r a l  a l l o y s  f o r  bo th  f i s s i o n  and f u s i o n  r e a c t o r s .  The goa l  of 

t h i s  experiment  w a s  t o  p rov ide  d a t a  t h a t  would h e l p  understand the  

b a s i c  mechanism of  helium embr i t t l ement .  We determined t h e  e f f e c t  of 

t i m e  and stress on t h e  growth of hel ium bubbles  i n  a s imple  model 

s t a i n l e s s  s t e e l -  Fe-20 w t  % Cr-18 w t  % N i .  The e f f e c t  of hel ium 

bubb les  on t h e  c r e e p  p r o p e r t i e s  of  t h e  a l l o y  w a s  a l s o  s t u d i e d .  

20Summary of  r e s e a r c h  conducted by D. N. B rask i  wh i l e  on ass ign-  

* l K F A ,  J i l i c h ,  West Germany. 
ment t o  KFA, Jiiilich, West Germany. 
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The a l l o y  i s  a s t a b l e ,  s ingle-phase f c c  a l l o y  wi th  no c a r b i d e  p rec ip i -  

t a t e s .  Fine-grained f o i l s  ( 1 2 0  pm t h i c k )  were f a b r i c a t e d  i n t o  t e n s i l e  

specimens and then  were i n j e c t e d  wi th  about  158 a t .  ppm He  w i t h  a 

c y c l o t r o n .  The specimens were c r e e p  t e s t e d  i n  high-vacuum ( < l o  UPa, 

lT7 t o r r )  c r e e p  machines under c o n s t a n t  stress a t  750°C ( 1 0 2 3  K ) .  

Transmiss ion  e l e c t r o n  microscopy (TEM) showed t h a t  helium bubbles  grew 

i n  t h e  absence of a p p l i e d  stress a t  d i f f e r e n t  r a t e s  depending on t h e i r  

l o c a t i o n  i n  t h e  m i c r o s t r u c t u r e .  Bubbles i n  t h e  m a t r i x  grew q u i t e  

s l o w l y  compared wi th  those  l o c a t e d  on g r a i n  boundaries  o r  g r a i n  boun- 

d a r y  i n t e r s e c t i o n s  ( t r i p l e  p o i n t  j u n c t i o n s ) .  An a p p l i e d  t e n s i l e  stress 

enhanced helium bubble  growth,  e s p e c i a l l y  a t  t h e  g r a i n  boundar ies  and 

j u n c t i o n s ,  as shown i n  Fig.  4.10. F igu re  4.11 shows t h e  r e s u l t s  of 

bubble  measurements made on d i f f e r e n t  specimens t h a t  had been annea led  

a t  750°C f o r  v a r i o u s  times and stress l e v e l s .  The mean r a d i u s ,  r, i s  

r e l a t e d  t o  t i m e ,  t, by t h e  exponent n, as fo l lows :  
- 
r 0: tn. 

The v a l u e s  o f  n f o r  u n s t r e s s e d  samples of about  0.2 compared 

f a v o r a b l y  w i t h  those  r epor t ed  f o r  niobium a t  similar homologous 

 temperature^.^^,^^ 
0.06 t o  0.83 and could no t  be r e l a t e d  d i r e c t l y  t o  any s i n g l e  e x i s t i n g  

growth model f o r  bubbles  under stress. The number of helium bubbles  i n  

t h e  g r a i n  boundar ies  decreased  r a p i d l y  w i t h  t i m e  and then  l e v e l e d  o f f .  

T h i s  r e s u l t  i n d i c a t e d  t h a t  a mechanism of bubble mig ra t ion  and 

coa le scence  w a s  o p e r a t i v e ,  perhaps a s s i s t e d  by g r a i n  boundary s l i d i n g .  

No s m a l l  helium bubbles  were observed a f t e r  t h e  s h o r t e s t  annea l ing  time 

( 8  h ) ,  and,  t h e r e f o r e ,  bubble  n u c l e a t i o n  w a s  p robably  a c t i v e  o n l y  

d u r i n g  t h e  e a r l y  s t a g e s  o f  annea l ing  o r  c reep .  Th i s  l a t t e r  o b s e r v a t i o n  

coupled w i t h  estimates of  t h e  amount of hel ium i n  t h e  bubbles  a l s o  

sugges ted  t h a t  most of  t h e  helium p r e c i p i t a t e d  i n  bubbles  e a r l y  du r ing  

The v a l u e s  of n f o r  s t r e s s e d  samples ranged from 

22D.  Aitken ,  P. J. Goodhew, and M. B. Waldron, "Helium Bubble 
Formation and Migra t ion  i n  Niobium, "Nature (Phys .  Sei.) 244:  15-16 
( 1 973 ) . 
"Transmission E l e c t r o n  Microscopy on Helium Implanted Niobium Tens i le -  
Specimens," J .  Nuel. Mater. 66: 203-08 (1977).  

23L. A. C h a r l o t ,  J. L. Brimhal l ,  and D. G. A t t e r i d g e ,  
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0.1 urn 

Fig. 4.10. Effect of Stress 
Helium Bubble Growth in Fe-20% Cr- 
after 60 h (216 ks) at 750OC. M = 
matrix, GB = grain boundary, T = 
triple point junction. (a) Unstre 
( b )  0 = 9.8 MPa. (c) 0 = 19.6 MPa. 

on 
-18% Ni 

Issed. 
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i 1 
5 MATRIX 1 

I I .  

5 io5 2 5 lo6 2 5 
1 '  

2 

Fig .  4.11. H e l i u m  Bubble Growth i n  F e 2 0 %  Cr-18% N i  a t  
D i f f e r e n t  S t r e s s  Levels  as a Funct ion  of T i m e  a t  75OoC. 
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t h e  annea l .  Growth was then  be l i eved  t o  occur  main ly  by mig ra t ion  and 

coa le scence  and,  l a t e r ,  as t h e  bubbles  were q u i t e  l a r g e ,  by t h e  stress- 

a s s i s t e d  d i f f u s i o n  of  vacanc ie s  t o  t h e  bubbles .  With t h e  g r a i n  boun- 

d a r i e s  s e r v i n g  as both  sou rces  and conductors  of vacanc ie s ,  one would 

e x p e c t  t h e  bubbles  a t  t h i s  l o c a t i o n  t o  grow more r a p i d l y ,  as w a s  

ob  served.  

The presence  of hel ium i n  F e 2 0 %  Cr-18% N i  specimens 

i n c r e a s e d  t h e i r  c r e e p  rates and caused premature f a i l u r e s .  Scanning 

e l e c t r o n  microscopy showed t h a t  t h e  f r a c t u r e  mode f o r  ruptured  speci-  

mens con ta in ing  hel ium w a s  e n t i r e l y  i n t e r g r a n u l a r ,  wh i l e  t h a t  f o r  

unimplanted specimens w a s  a mix tu re  of i n t e r g r a n u l a r  f r a c t u r e  and duc- 

t i l e  t e a r i n g .  Gra in  boundary s l i d i n g  w a s  t he  dominant mechanism f o r  

c r e e p  i n  unimplanted specimens,  and when helium w a s  p r e s e n t ,  t h i s  pro- 

cess w a s  accentua ted .  Consequently,  hel ium-"embri t t led" specimens of 

t h e  s o f t ,  d u c t i l e ,  model a l l o y  o f t e n  demonstrated o n l y  s l i g h t l y  reduced 

d u c t i l i t y  d e s p i t e  t h e  s h o r t e r  r u p t u r e  times. Cracks appeared t o  be 

i n i t i a t e d  a t  t r i p l e  p o i n t  j u n c t i o n s  i n  c r e e p  specimens con ta in ing  

helium. 

4.2.6 R a d i a t i o n  Effects i n  Ordered A l l o y s  - E. A. Kenik and 
R. W. Carpenter  

Van de  Graaff  n i c k e l  i o n  (4 MeV) i r r a d i a t i o n  exper iments  f o r  

nickel-molybdenum a l l o y s  have been extended dur ing  the  p a s t  year  t o  

h i g h e r  doses  and t o  i n c l u d e  t h e  e f f e c t s  of simultaneous helium in j ec -  

t i o n  t o  enhance c o n d i t i o n s  f o r  vo id  n u c l e a t i o n .  A s  repor ted24 l a s t  

y e a r ,  lower molybdenum a l l o y s  such as Ni-7 a t .  % Mo a l l o y s  are much 

more r e s i s t a n t  t o  vo id  s w e l l i n g  than  e l emen ta l  n i c k e l  under s imple 

n i c k e l  i o n  i r r a d i a t i o n .  The "nuc lea t ion"  dose f o r  vo ids  w a s  about  100 

dpa,  and a l a r g e  amount of  s w e l l i n g  occurred  a t  200 dpa. Al loys  of 

Ni-20 a t .  % Mo, i n  which shor t - range  o r d e r  i s  s t a b l e  dur ing  irra- 

d i a t i o n ,  d i d  no t  e x h i b i t  any  vo id  n u c l e a t i o n  under t h e  same c o n d i t i o n s  

24R. W. Ca rpen te r ,  E. A. Kenik, and M. H. Yoo, " E f f e c t s  of 
Chemical Ordering and Coherent P r e c i p i t a t i o n  on Void Nuclea t ion  During 
I r r a d i a t i o n , "  Metals and Ceramics Diu. Mater. Sei. Annu. Prog. Rep. 
June 30, 1977, ORNL-5311, pp. 69-70. 
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of n icke l - ion  i r r a d i a t i o n  up t o  a dose of 100 dpa. Both a l l o y s  were of 

h i g h  p u r i t y  t o  avoid  any  chemical  impur i ty  e f f e c t s  on t h e  i r r a d i a t i o n  

expe r imen ta l  r e s u l t s .  The h i g h  p u r i t y  of t h e  a l l o y s  caused concern 

t h a t  t h e  appa ren t  s w e l l i n g  r e s i s t a n c e  was a r e s u l t  of t h e  absence of 

g a s  i n  t h e  a l l o y  l a t t i c e ,  thought  necessa ry  f o r  vo id  n u c l e a t i o n .  The 

i r r a d i a t i o n  tests were r epea ted  under t h e  same expe r imen ta l  c o n d i t i o n s  

p l u s  s imul taneous  helium i n j e c t i o n  a t  t h e  rate of 0.2 a t .  ppm He/dpa. 

The Ni-7 a t .  % Mo i r r a d i a t i o n  response w a s  as observed earlier;  no 

d e t e c t a b l e  s t e p  h e i g h t  w a s  observed a f t e r  an  i r r a d i a t i o n  t o  100 dpa a t  

675°C (948 K )  (20 a t .  ppm He t o t a l ) .  A f t e r  a 200-dpa dose a t  675°C ( 4 0  

a t .  ppm H e  t o t a l )  t he  ave rage  s t e p  h e i g h t  f o r  t h r e e  specimens w a s  166 

nm ( ~ 1 7 %  A V / V ) ,  a l a r g e  swe l l ing ,  as  observed earlier f o r  n icke l - ion  

i r r a d i a t i o n  wi thout  helium. These r e s u l t s  show t h a t  a t  least  i n  t h i s  

a l l o y  void  n u c l e a t i o n  w a s  n o t  s t r o n g l y  a f f e c t e d  by t h e  presence  of 

hel ium. When Ni-20 a t .  % Mo a l l o y s  were i r r a d i a t e d  a t  675OC t o  

d o s e s  of  100 and 200 dpa wi th  s imul taneous  hel ium i n j e c t i o n  of 0.2 a t .  

ppm/dpa (20 and 40 a t .  pprn t o t a l  H e ,  r e s p e c t i v e l y )  no measurable  s t e p  

h e i g h t  w a s  observed f o r  e i t h e r  dose.  Th i s  r e su l t  shows c o n c l u s i v e l y  

t h a t  t h i s  a l l o y ,  f o r  which shor t - range  o r d e r  is s t a b l e  under  t h e  irra- 

d i a t i o n ,  is v e r y  r e s i s t a n t  t o  s w e l l i n g  under f a v o r a b l e  c o n d i t i o n s  f o r  

v o i d  nuc lea t ion .  

4.2.7 The E f f e c t  - of Semicoherent P r e c i p i t a t i o n  on Void S w e l l i n g  i n  A l -  
Cu Al lovsL3 - R. W. CarDenter and M. H. Yo0 

A l l o y s  of  A 1 4  w t  % Cu p r e v i o u s l y  h e a t - t r e a t e d  (50 h a t  200°C) 

t o  c o n t a i n  semicoherent  8’ p r e c i p i t a t e  were n e u t r o n - i r r a d i a t e d  t o  a 

f a s t  f l u e n c e  of 2.8 x n/m2 0 0 . 1  M e V )  a t  55°C t o  de te rmine  t h e  

e f f e c t  o f  t h e  p r e c i p i t a t e  on void  s w e l l i n g  r e l a t i v e  t o  t h a t  i n  pure 

aluminum. The vo id  s w e l l i n g  v a l u e s  were about  1% and about  12% f o r  t h e  

a l l o y  and e l emen ta l  aluminum, r e s p e c t i v e l y .  

p r e c i p i t a t e  underwent a t  least  p a r t i a l  coherency l o s s ,  t h e  m a t r i x  

d i s l o c a t i o n  d e n s i t y  i n c r e a s e d ,  and some of t h e  transmutation-formed 

The broad f a c e s  of t h e  0’ 

25Summary of a paper  accepted  f o r  p u b l i c a t i o n  i n  MetaZZurgicaZ 
Transactions A. 
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s i l i c o n  seg rega ted  t o  8’ i n t e r f a c e s  and some t o  v o i d s  dur ing  the  irra- 

d i a t i o n .  The 8’ p a r t i c l e  s i z e  d i s t r i b u t i o n  d id  not  change s i g n i f i -  

c a n t l y  dur ing  t h e  i r r a d i a t i o n .  The swe l l ing  behavior  of t he  a l l o y  

under  i r r a d i a t i o n  was ana lyzed  by ex tending  the  rate theory  of swe l l ing  

t o  inc lude  r educ t ion  of i r r ad ia t ion -caused  po in t  d e f e c t  concen t r a t ion  

by  i n d i r e c t  recombinat ion,  a r e s u l t  of t r a p p i n g  free po in t  d e f e c t s  a t  

e’ i n t e r f a c e s .  Ca lcu la t ed  swe l l ing  i n  t h e  a l l o y  us ing  t h e  model agreed  

w e l l  wi th  t h e  exper imenta l  obse rva t ion .  According t o  t h e  model, t h e  

suppres s ion  of swe l l ing  by 8’ p r e c i p i t a t e  under t h e s e  i r r a d i a t i o n  con- 

d i t i o n s  occurs  by ex tens ion  of t h e  “knee“ of t h e  swe l l ing  curve ,  no t  by 

changing t h e  dose exponent f o r  swel l ing .  

T h i s  r e s u l t  i s  shown c l e a r l y  on the  c a l c u l a t e d  va lues  of swe l l ing  

v e r s u s  i r r a d i a t i o n  t i m e  ( i . e . ,  neut ron  dose)  i n  Fig.  4.12. Three cur- 

v e s  are shown. The s o l i d  curve  f o r  e lementa l  aluminum r e p r e s e n t s  t he  

c o n t r o l  specimen and t h e  c a l c u l a t e d  swe l l ing  of 10% agrees  w e l l  wi th  

t h e  exper imenta l  r e s u l t .  The curves  f o r  the  a l l o y  con ta in ing  8’ show 

t h a t  bo th  semicoherent  and incohe ren t  8’ p r e c i p i t a t e  w i l l  suppress  

s w e l l i n g ,  w i th  t h e  semicoherent  p r e c i p i t a t e  having the  s t r o n g e r  e f f e c t .  

The c a l c u l a t e d  suppress ion  of swe l l ing  i s  i n  good agreement with the  

observed swe l l ing  r e s u l t  of %l%. These c a l c u l a t e d  curves  r ep resen t  t he  

s w e l l i n g  behavior  of t h e  a l l o y  i f  t h e  p r e c i p i t a t e  i s  e i t h e r  semico- 

h e r e n t  o r  i ncohe ren t  throughout  t h e  e n t i r e  r a d i a t i o n  cyc le .  Our obser- 

v a t i o n s  showed t h a t  t h e  p r e c i p i t a t e  i s  semicoherent a t  t he  beginning of 

t h e  i r r a d i a t i o n  but  becomes incohe ren t  dur ing  t h e  i r r a d i a t i o n ;  t h u s  the  

t h e o r e t i c a l  t r ea tmen t  can be improved by imposing an i r r a d i a t i o n  t i m e  

dependence ( e q u i v a l e n t l y ,  a dose dependence) on t h e  s ta te  of coherency 

of  t h e  p r e c i p i t a t e .  

4.2.8 Neutron I r r a d i a t i o n  Damage i n  Molybdenum a t  High 
TemperaturesLb - J. Bent ley  and F. W. Wiffen 

Commercially pure  molybdenum (%30 w t .  ppm C> w a s  i r r a d i a t e d  i n  

EBR-I1  t o  a f l u e n c e  of about  6 x n/m2 0 0 . 1  MeV), which 

26Summary of paper p re sen ted  a t  107th Annual Meeting AIME, 
February  26-March 2,  1978, Denver, Colo. 
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Fig .  4.12. The Dose Dependence o f  Void Swel l ing  f o r  aluminum and 
A1-3.8 w t  % Cu Al loys  Containing D i f f e r e n t  Forms of 8' P r e c i p i t a t e .  

co r re sponds  t o  about  2 dpa. I r r a d i a t i o n s  were a t  nominal tempera tures  

o f  600, 900, 1100, 1300, and 1500°C (Q0.31 t o  0.62Tm). 

were c u t  from t h e  i r r a d i a t e d  r o d s  and th inned  f o r  t r ansmiss ion  electron 

microscopy and small-angle  x-ray s c a t t e r i n g .  

Specimens 

The i r r a d i a t e d  m i c r o s t r u c t u r e  c o n t a i n s  two components - v o i d s  

and d i s l o c a t i o n s .  D i s l o c a t i o n  d e n s i t i e s  w e r e  g e n e r a l l y  low, dec reas ing  

from about  2 x 1 0 1 4 / m 2  a t  600°C t o  about  5 x 10l1/m2 a t  1500°C. 

The d i s l o c a t i o n s  were i n  t h e  form of a network a t  a l l  tempera tures  

e x c e p t  a t  600"C, where some small loops  are a l s o  p r e s e n t .  

Voids were observed a t  a l l  tempera tures .  The vo id  c o n c e n t r a t i o n  

dec reased  monotonica l ly  from about  2 x 1023/m3 a t  600°C t o  below 

1017/m3 a t  1500"C, and t h e  mean void  d iameter  i nc reased  from about  

4 nm a t  600°C t o  about  200 nm a t  15OO0C. The r e s u l t a n t  v a l u e s  of 

s w e l l i n g  are less than  0.7% and show a g e n e r a l  dec rease  wi th  i n c r e a s i n g  

i r r a d i a t i o n  tempera ture .  A t  t empera tures  of  600 and 900°C small-angle  
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e l e c t r o n  d i f f r a c t i o n  i n d i c a t e d  imperfec t  void o rde r ing  on a bcc 

s u p e r l a t t i c e ,  and f o r  tempera tures  up t o  l l O O ° C  t h e  equiaxed,  f a c e t e d  

v o i d s  were d i s t r i b u t e d  homogeneously. A t  i r r a d i a t i o n  tempera tures  of 

1300 and 1500°C t h e  v o i d s  were inhomogeneously d i s t r i b u t e d ,  and some 

e longa ted  o r  “ supe r”  v o i d s  were observed. 

e longa ted  v o i d s  was complex, w i th  examples of t h e  “long a x i s ”  of t he  

v o i d s  observed t o  be p a r a l l e l  t o  both high- and low-index d i r e c t i o n s .  

Also a t  1300 and 1500°C p r e c i p i t a t e s  of va r ious  morphologies and s i z e s  

were observed t o  be a s s o c i a t e d  wi th  the  voids .  Energy-dispers ive x-ray 

a n a l y s i s  f a i l e d  t o  r e v e a l  any  d e t e c t a b l e  i m p u r i t i e s  wi th  2 211 i n  t h e  

p r e c i p i t a t e s ;  f u r t h e r  a t t e m p t s  a t  i d e n t i f i c a t i o n  by e l e c t r o n  d i f f r a c -  

t i o n  w i l l  be made. 

The c r y s t a l l o g r a p h y  of t he  

The obse rva t ion  of  e longated  vo ids  i s  c o n s i s t e n t  w i th  prev ious  

o b s e r v a t i o n s ,  bu t  t h e  mechanism of format ion  i s  s t i l l  not  understood. 

A s  i n  quenched materials, e longa ted  v o i d s  o f t e n  form i n  a s s o c i a t i o n  

w i t h  p r e c i p i t a t e s  under c o n d i t i o n s  of low vacancy s u p e r s a t u r a t i o n  (slow 

quench, h igh  ag ing  tempera ture  o r  h igh  i r r a d i a t i o n  tempera tures ,  low 

neu t ron  f l u x ) .  

The r e s u l t s  w i l l  be used i n  c o r r e l a t i o n s  wi th  p o s i t r o n  ann ih i l a -  

t i o n  and small-angle  x-ray s c a t t e r i n g  s t u d i e s .  

4.2.9 F a u l t e d  Loops i n  Neut ron- I r rad ia ted  Zirconium27 - 
A. J o s t s o n s , L 6  R. G. Blake,L6 J. G. Napier ,n  
P. M. Kel ly ,28  and K. Far re l l  

The r a d i a t i o n  damage m i c r o s t r u c t u r e  i n  a-zirconium c o n s i s t s  pr i -  

m a r i l y  of d i s l o c a t i o n  loops .  It i s  necessa ry  t o  c h a r a c t e r i z e  the  

n a t u r e  of  t h e s e  loops  i n  o r d e r  t o  determine how t h e  damage s t r u c t u r e  

evolves .  Usual ly  the loops  are perfect  (1/3) (1120) type .  

r e c e n t l y  d i scove red  some unusual ,  l a r g e  f a u l t e d  loops  i n  h igh-pur i ty  

z i rconium i r r a d i a t e d  a t  723 K t o  1.3 x l oz5  neutrons/m2 (>0 .1  MeV). 

The t r ansmiss ion  e l e c t r o n  microscopy c h a r a c t e r i z a t i o n  of t hese  

(1/6)  (20%) f a u l t e d  loops on (0001) is  desc r ibed  i n  d e t a i l .  

We have 

The f a u l t e d  

27Summary of J .  NucZ. Mater. 68(3):  267-76 (1977). 
28Materials Div i s ion ,  AAEC Research Es tab l i shment ,  Lucas 

He igh t s ,  N. S.W. A u s t r a l i a .  
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loops  were i n v a r i a b l y  vacancy i n  c h a r a c t e r  a l though  t h e  c o e x i s t i n g  

p o p u l a t i o n  of p e r f e c t  (1 /3)  (1120) loops  was of a mixed i n t e r s t i t i a l -  

vacancy n a t u r e .  The f a u l t e d  loops  were observed i n  specimens of  o n l y  

two ou t  of  f i v e  ba t ches  of h igh -pur i ty  z i rconium i r r a d i a t e d  i n  t h i s  

exper iment .  Even i n  t h e s e  two specimens,  t h e  presence  of f a u l t e d  loops 

w a s  r e s t r i c t e d  t o  t h e  723 K i r r a d i a t i o n  tempera ture ;  a t  673 K o n l y  per- 

f e c t  ( 1 / 3 )  (11TO) loops  were seen .  

4.2.10 Damage S t r u c t u r e s  i n  Zirconium A l l o y s - I r r a d i a t e d  a t  300 and 
650°C (573 and 923 K) - R .  W. G i l b e r t L Y  and K. Far re l l  

Zirconium and i t s  a l l o y s  are unusual  because they  seem t o  be 

immune t o  rad ia t ion- induced  void  format ion .  The cause  of t h i s  immunity 

i s  n o t  known. The tempera ture  dependence of damage s t r u c t u r e s  i n  z i r -  

conium has  n o t  been e x t e n s i v e l y  c h a r a c t e r i z e d .  S ince  t h e r e  i s  a g r e a t  

t e c h n o l o g i c a l  need f o r  t h e  development of  s w e l l i n g - r e s i s t a n t  a l l o y s ,  

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

damage s t r u c t u r e  o f  z i rconium and f o r  p u r s u i t  of t h e  source  of i t s  vo id  

r e s i s t a n c e .  Accordingly,  t h e  m i c r o s t r u c t u r e s  of  annea led  zirconium, 

Zircaloy-2,  and Zr-2.5 w t  % Nb a l l o y  and Zr-2.5% Nb c o n t a i n i n g  

a’ were s t u d i e d  a f t e r  f a s t -neu t ron  i r r a d i a t i o n s  t o  f l u e n c e s  of about  

1 x 1025 n/m2 i n  t h e  tempera ture  range  3O0-65O0C, where v o i d s  

might  be expec ted .  None were found. The p r i n c i p a l  form of  damage w a s  

d i s l o c a t i o n  l o o p s ,  which inc reased  i n  s i z e  and decreased  i n  d e n s i t y  

w i t h  i n c r e a s i n g  tempera ture  and d i d  no t  e x i s t  above 500°C. 

v e c t o r  of t h e  loops  w a s  c o n s i s t e n t  w i t h  (a/3)(1120) .  

t h e  loops  were o f  t h e  vacancy type .  There w a s  no d i s l o c a t i o n  network. 

An i r r ad ia t ion - induced  p r e c i p i t a t e  of B-niobium formed i n  t h e  a’ phase 

i n  quenched-and-aged Zr-2.5% Nb. T h i s  demonst ra tes  t h a t  i n  a-zirconium 

t h e  loop  s t r u c t u r e s  s a t u r a t e  w i t h  f l u e n c e  and do n o t  deve lop  i n t o  

d i s l o c a t i o n  s t r u c t u r e .  These m i c r o s t r u c t u r a l  changes are  d i f f e r e n t  

from t h o s e  i n  f c c  and bcc  metals t h a t  s w e l l  r e a d i l y .  It is  

argued t h a t  t h e  b i a s  of l o o p s  f o r  s e l f - i n t e r s t i t i a l  atoms i n  

The Burgers  
- 

Half o r  more of 

29Atomic Energy of Canada, Ltd . ,  Chalk River  Nuclear  
L a b o r a t o r i e s ,  On ta r io ,  Canada. 
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a-zirconium i s  v e r y  weak, p e r m i t t i n g  compe t i t i ve  development of vacancy 

and i n t e r s t i t i a l  l o o p s ,  p reven t ing  growth of t h e  loops i n t o  a d i s loca -  

t i o n  s t r u c t u r e ,  and depres s ing  t h e  vacancy s u p e r s a t u r a t i o n  so t h a t  

v o i d s  cannot  n u c l e a t e .  

4.2.11 Mic ros t ruc tu re  and T e n s i l e  P r o p e r t i e s  of Heavi ly  I r r a d i a t e d  
1100-0 AluminumJU - K. Far re l l  and A. E. Richt31 

Aluminum 1100-0 i s  a s o f t  and d u c t i l e  grade of commercially pure 

aluminum t h a t  i s  used i n  some water-cooled nuc lea r  r e a c t o r s  f o r  app l i -  

c a t i o n s  where h igh  s t r e n g t h  i s  n o t  requi red .  I ts  mechanical p r o p e r t i e s  

have never  been i n v e s t i g a t e d  a f t e r  ve ry  h i g h  neut ron  doses .  

examines t h e  m i c r o s t r u c t u r a l  changes and the  r e s u l t i n g  a l t e r a t i o n  of 

t e n s i l e  p r o p e r t i e s  t h a t  are caused by neut ron  i r r a d i a t i o n s  up t o  1.4 x 

This  work 

n/m2 0 0 . 1  M e V )  and 2.3 x n/m2 (<0.025 eV) a t  about 

55°C (328 K, 0.35 T >, corresponding  t o  displacement  l e v e l s  of 200 

dpa and the  gene ra t ion  of 5.5 w t  % S i .  The m a t e r i a l  d i sp layed  up t o  

about  8% swel l ing .  M i c r o s t r u c t u r a l  f e a t u r e s  inc luded  d i s l o c a t i o n  

t a n g l e s ,  a p r e c i p i t a t e  of e lementa l  s i l i c o n ,  and he terogeneous ly  

d i s t r i b u t e d  vo ids  coa ted  wi th  s i l i c o n .  

s h e e t s  of l a r g e  vo ids .  These m i c r o s t r u c t u r a l  f e a t u r e s  are shown t o  be 

r e s p o n s i b l e  f o r  i n c r e a s i n g  t h e  0.2% f low stress and the  u l t i m a t e  ten- 

s i l e  stress a t  50°C by f a c t o r s  of 5 and 3 t o  v a l u e s  of 220 and 250 MPa, 

r e s p e c t i v e l y ,  and by f a c t o r s  of 6.5 and 3.5 t o  about 190 MPa a t  150°C 

(423 K, 0.45Trn]. 
t e a u  a t  12% i n  t h e  f luence  range 4 x 

0 0 . 1  MeV), fol lowed by a sha rp  f a l l  t o  4% a t  t h e  h ighes t  f l u e n c e s ,  t h e  

l a t t e r  concomitant w i t h  a change t o  i n t e r g r a n u l a r  f r a c t u r e .  I n  t h e  

150°C tests t h e  e l o n g a t i o n  dec l ined  from 56% t o  4 %  a t  t h e  h i g h e s t  

f l u e n c e s ,  where i n t e r g r a n u l a r  f r a c t u r e  p reva i l ed .  Most of t h i s  l o s s  i n  

rn 

Alongside g r a i n  boundaries  were 

Elongat ion  was reduced a t  50°C from 32% t o  a pla- 

n/m2 t o  7 x n/m2 

30Summary of a paper t o  be presented  a t  ASTM 9 t h  I n t e r n a t i o n a l  
Symposium on Effects of Radiation on StmctwaZ Materials, J u l y  
11-13, 1978, Richland,  Wash., and t o  be publ i shed  i n  t h e  
proceedings.  

31N0w wi th  Union Carbide Corpora t ion ,  South Char les ton ,  W.V. 
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d u c t i l i t y  i s  accoun tab le  i n  terms of d i s p e r s i o n  hardening through 

changes i n  s t r a i n  hardening  parameters .  

i n t e r g r a n u l a r  f r a c t u r e s  are caused by t e a r i n g  of s h e e t s  of v o i d s  adja-  

We sugges t  t h a t  t h e  appa ren t  

c e n t  t o  

4.2.12 

g r a i n  boundar ies .  

T e n s i l e  P r o p e r t i e s  of Neu t ron - I r r ad ia t ed  6061 Aluminum A l l o y  
i n  Annealed and Prec ip i ta t ion-Hardened  C o n d i t i o n s j L  - 
K. Farrel l  and R. T. King 

The aluminum a l l o y  6061 h a s  a nominal composi t ion of  1 w t  % Mg and 

0.6 w t  % S i  and can  be hardened by p r e c i p i t a t i o n  of  Mg2Si. I n  t h e  

p rec ip i t a t ion -ha rdened ,  o r  "T6" c o n d i t i o n ,  t h e  a l l o y  i s  used f o r  high- 

s t r e n g t h  a p p l i c a t i o n s  i n  some water-cooled r e a c t o r s .  

o r  "0" c o n d i t i o n ,  i t  i s  much weaker and i s  more d u c t i l e ,  bu t  i t s  mecha- 

n i c a l  response  t o  v e r y  h i g h  neu t ron  doses  has  never  been measured. 

T h i s  work i n v e s t i g a t e s  and compares t h e  t e n s i l e  p r o p e r t i e s  of 6061-0 

w i t h  those  of 6061-T6 a t  s e v e r a l  t es t  tempera tures  a f t e r  i r r a d i a t i o n  i n  

water a t  55°C ( 3 2 8  K, 0.35T ) t o  f a s t  0 0 . 1  MeV) f l u e n c e s  up t o  1.8 x 

I n  an  annea led ,  

m 
n/m2 and thermal  (<0.025 eV) f l u e n c e s  up t o  3.0 x 

n/m2. 

o v e r  7 w t  % S i  was c r e a t e d  from t r ansmuta t ion  r e a c t i o n s .  The major 

m i c r o s t r u c t u r a l  d e f e c t s  were v o i d s ,  d i s l o c a t i o n s ,  and a p r e c i p i t a t e  of 

s i l i c o n .  Swel l ing  from v o i d s  was less than  1%. I n  t h e  "T6" material 

t e s t e d  a t  50°C ( 3 2 3  K, 0.35Tm) and 100°C ( 3 7 3  K, 0.41;,) 

d i a t i o n  r a i s e d  t h e  0 .2% f l o w  stress and t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  

by  45 t o  60% from t h e  u n i r r a d i a t e d  v a l u e s  of about  280 and 330 MPa, 

r e s p e c t i v e l y ;  d u c t i l i t y  w a s  reduced from 15 t o  about  9%. A t  150°C (423 

K ,  0.452' ) t h e r e  w a s  a similar degree of hardening ,  but  d u c t i l i t y  

f e l l  t o  about  5%. The a l l o y  i n  t h e  "0" c o n d i t i o n  remained s o f t e r ,  by 

125 t o  150 MPa, t h a n  t h e  i r r a d i a t e d  "T6" a l l o y ,  and i t s  e l o n g a t i o n  

remained above 10%. I n  a l l  cases t h e  l o s s  i n  d u c t i l i t y  occur red  pr in-  

c i p a l l y  through r educ t ion  i n  uniform s t r a i n .  F r a c t u r e s  were d u c t i l e .  

The cor responding  maximum disp lacement  l e v e l  was 260 dpa ,  and 

irra- 

m 

32Paper t o  be p re sen ted  a t  ASTM 9 t h  I n t e r n a t i o n a l  Symposium on 
Effects of Radiation on Structural Materials, J u l y  11-1 3 ,  1978, 
R ich land ,  Wash., and t o  be pub l i shed  i n  Proceedings.  
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4.2.13 S imula t ion  of I r r a d i a t i o n  Creep Using L i g h t  I o n s  - 
T. C. R e i l e y ,  R. L. AubleYJ3 and R. H. Shannon 

I r r a d i a t i o n  c r e e p  is  t h e  phenomenon whereby r a d i a t i o n ,  which 

c a u s e s  a tomic d isp lacement  e v e n t s ,  can i n c r e a s e  t h e  ra te  of deformation 

o f  load-bearing materials. T h i s  behavior  i s  impor tan t  under neut ron  

i r r a d i a t i o n  and i s  observed i n  s t r u c t u r a l  materials ( s t a i n l e s s  s teels ,  

niobium-base a l l o y s ,  z i rconium a l l o y s ,  g r a p h i t e ) ,  as w e l l  as nuc lea r  

f u e l s  (U02, UC,  U). The common technique  f o r  s tudy ing  i r r a d i a t i o n  

c r e e p  has  been t h e  use of loaded  s p r i n g s  o r  p r e s s u r i z e d  tubes  placed i n  

r e a c t o r  and removed a t  v a r i o u s  i n t e r v a l s  f o r  dimensional  i n s p e c t i o n .  A 

d i f f e r e n t  approach h a s  been t aken  a t  ORNL, among o t h e r  l a b o r a t o r i e s ,  i n  

which a beam of e n e r g e t i c  l i g h t  i o n s  (60-MeV He2+) from a c y c l o t r o n  

i s  focused on a specimen under load .  The p a r t i c l e  beam may be 

c o n t r o l l e d  t o  provide  a n  atomic displacement  environment t h a t  simula- 

t e s  a r e a c t o r  environment.  The exper imenta l  c o n t r o l  i s  s u p e r i o r  t o  

t h a t  ob ta ined  i n  r e a c t o r  and cont inuous  exper imenta l  i n fo rma t ion  may be 

ob ta ined  . 
During t h i s  yea r  , a f t e r  s e v e r a l  p r e l i m i n a r y  experiments  , a suc- 

c e s s f u l  i r r a d i a t i o n  c r e e p  experiment  w a s  performed. The r e s u l t s  from 

t h i s  experiment  are g iven  i n  Fig.  4.13, i n  which t h e  observed c reep  

r a t e  i s  p l o t t e d  v e r s u s  i r r a d i a t i o n  t i m e  f o r  20%-cold-worked type 316 

s t a i n l e s s  s tee l  a t  a n  ave rage  tempera ture  of 462OC (735 K ) ,  a stress of 

140 MPa, and a c a l c u l a t e d  displacement  ra te  of 1.3 x lo4 dpa/s .  

The r a p i d  t r a n s i e n t  i n  c r e e p  ra te  is  c o n s i s t e n t  w i th  o t h e r  obse rva t ions  

f o r  l igh t - ion-  and n e u t r o n - i r r a d i a t e d  s t a i n l e s s  steels.  

M i c r o s t r u c t u r a l  i n v e s t i g a t i o n s  are under way t o  i d e n t i f y  t h e  hardening 

mechanisms involved .  

Concern has  been r a i s e d  about  t h e  use  of l i g h t  i o n s  r ega rd ing  t h e  

deg ree  t o  which l i g h t  i o n s  s imula t e  t h e  neut ron  i r r a d i a t i o n .  We have 

modeled t h e s e  d i f f e r e n c e s  by cons ide r ing  t h e  cascade s i z e  d i s t r i b u t i o n s  

caused  by d i f f e r e n t  i r r a d i a t i n g  p a r t i c l e s ,  and ,  i n  p a r t i c u l a r ,  t h e  

cascade  annea l ing  and a s s o c i a t e d  d e f e c t  recombinat ion.  Our conclus ion  

i s  t h a t ,  acco rd ing  t o  displacement  c r o s s  s e c t i o n s ,  l i g h t  i o n s  are on ly  

3Physics  Div is ion .  
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Fig.  4.13. I r r a d i a t i o n  Creep Rate of 20%-Cold-Worked-Type 316 
S t a i n l e s s  S t e e l  Under 60 M e V  a - P a r t i c l e  I r r a d i a t i o n .  

s l i g h t l y  more e f f e c t i v e  than  neu t rons  (by  a f a c t o r  o f  Q 2 )  i n  producing 

f r e e  i n t e r s t i t i a l s  a b l e  t o  c o n t r i b u t e  t o  t h e  i r r a d i a t i o n  c r e e p  process .  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  a v a i l a b l e  d a t a  on t h e  c r e e p  under l i g h t  

i o n s  of p r e i r r a d i a t e d  s t a i n l e s s  s t ee l .  D i f f e r e n c e s  between t h e  ine- 

l a s t i c  s c a t t e r i n g  p rocesses  under neu t ron  and l i g h t - i o n  i r r a d i a t i o n  are 

c u r r e n t l y  be ing  cons idered .  

One impor tan t  s i d e  b e n e f i t  of t h e  development of t h e  l r r a d i a t i o n  

Creep F a c i l i t y  (ICF) i s  t h a t  a n  a p p a r a t u s  capab le  of d e t e c t i n g  t h e  

ex t r eme ly  low ra tes  of  deformat ion  a s s o c i a t e d  wi th  i r r a d i a t i o n  c reep  

can  a l s o  d e t e c t ,  w i t h  h i g h  p r e c i s i o n ,  t h e r m a l l y  induced deformation.  

While c h a r a c t e r i z i n g  t h e  v i b r a t i o n  s e n s i t i v i t y  of t h e  ICF, w e  made t h e  

l e n g t h  v s  t i m e  measurements shown i n  Fig.  4.14. Th i s  g i v e s  an  ind ica-  

t i o n  of t h e  h i g h  degree  of  accu racy  a v a i l a b l e  f o r  moni tor ing  mechanical 

behav io r  when t h e  specimen i s  no t  be ing  s u b j e c t e d  t o  i r r a d i a t i o n .  
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Fig .  4.14. Thermal Creep T e s t i n g  of Type 316 S t a i n l e s s  Stee l  
Du r i n g  Ca 1 i b r a  t ion-Re s o l  u t  i o n  Ex per  imen t s f o r  t h e  I r r a d i a t i o n  Creep  
F a c i l i t y .  

4.2.14 The E f f e c t  of Thickness  on t h e  Creep of Type 316 S t a i n l e s s  
S t e e l  Tes t ed  i n  Vacuum and i n  Helium - P. G. JungJ4 and 
T. C. R e i l e y  

To perform i r r a d i a t i o n  c r e e p  tests us ing  l i g h t  i o n s  ( s e e  Sect. 

4.2.13) r e q u i r e s  t h i n  specimens,  about  100 urn. One should cons ide r  

t h r e e  areas in which t h i c k n e s s  may a f f e c t  t h e  r e s u l t s  of e leva ted-  

t empera tu re  mechanical  tests:  (1) t h e  i n t e r a c t i o n  of  d i s l o c a t i o n s  with 

t h e  s u r f a c e ,  ( 2 )  t h e  ease of g r a i n  boundary s l i d i n g  f o r  specimens 

having  g r a i n  boundar ies  t r a v e r s i n g  o r  n e a r l y  t r a v e r s i n g  t h e  specimen 

t h i c k n e s s ,  and (3 )  chemical  i n t e r a c t i o n  wi th  t h e  tes t  environment.  

34Guest S c i e n t i s t  from KFA, J i l i c h ,  FRG. 
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To tes t  t h e  degree t o  which specimen t h i c k n e s s  a f f e c t s  c r e e p  pro- 

p e r t i e s ,  a vacuum c r e e p  a p p a r a t u s  w a s  modif ied t o  accommodate t h i n  spe- 

cimens. It was modif ied such t h a t  an  e n t i r e  l oad ing  and s t r a i n  

measuring system could be housed i n  t h e  vacuum system. The specimens 

were spr ing-loaded and hea ted  wi th  a r e s i s t i v e l y  hea ted  tantalum enclo- 

s u r e .  Tests could be performed i n  vacuum ((10 VPa, t o r r )  o r  i n  

p u r i f i e d  helium. An oxygen meter showed t h e  helium t o  c o n t a i n  less 

t h a n  1 ppm 02  d u r i n g  t h e s e  experiments .  

The r e s u l t s  of experiments  performed on type 316 s ta in less  s tee l  

(20% cold-worked) are shown i n  Fig.  4.15. The specimens t e s t e d  had 

g r a i n  s i z e s  of about 10 p m .  T h i s  demons t r a t e s  t h a t  f o r  the tes t  t e m -  

p e r a t u r e  and stress chosen, 538°C (811 K) and 140 MPa, r e s p e c t i v e l y ,  

t h e r e  i s  no marked e f f e c t  of t h i c k n e s s  between 25 and 200 pm i n  helium 

o r  vacuum. 

ORNL- DWG 77-!4436 

0 SS 346 -20% C. W. Torr 5 3 8 ° C  440 MPa 
SS 346-20"/0 C.W. HELIUM 538°C 440 MPa 

0 400 200 
THICKNESS ( p m )  

Fig.  4.15. Thermal Creep of Thin 20%-Cold-Worked Type 316 
S t a i n l e s s  S t e e l ,  Measured a t  about 170 h ;  Grain S i z e  GlO pm. 
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4.3 FACILITY AND TECHNIQUE DEVELOPMENT 

4.3.1 E l e c t r o n  Microscouv Ins t rumen ta t ion  

4.3.1.1 E l e c t r o n  Energy Loss Spectroscopy - N. J. Zaluzec 

The a d d i t i o n  of an  E l e c t r o n  Energy Loss Spectrometer  (EELS) t o  a 

t r a n s m i s s i o n  e l e c t r o n  microscope (TEM) r e s u l t s  i n  a unique a n a l y t i c a l  

system. C h a r a c t e r i s t i c  i n fo rma t ion  about  t he  specimen i s  der ived  from 

changes i n  t h e  angu la r  and energy d i s t r i b u t i o n  of e l e c t r o n s  t r a n s m i t t e d  

th rough  a t h i n  sample. Measuring t h e  d i s t r i b u t i o n  of i n e l a s t i c a l l y  

s c a t t e r e d  e l e c t r o n s  can provide  e l emen ta l  i n fo rma t ion  from microvolumes 

of  material. Of p a r t i c u l a r  s i g n i f i c a n c e  i s  t h e  a b i l i t y  t o  perform 

l igh t -e lement  a n a l y s i s  such as d e t e c t i o n  of t h e  i n t e r s t i t i a l s  C ,  N ,  and 

0 ,  which cannot  be measured wi th  conven t iona l  x-ray energy-d ispers ive  

techniques .  Add i t iona l  i n fo rma t ion  about t h e  atomic and e l e c t r o n i c  

s t r u c t u r e  of t h e  specimen can be ob ta ined  from measurements of t h e  

o s c i l l a t o r y  extended f i n e  s t r u c t u r e  on a b s o r p t i o n  edges (EXAFS) as w e l l  

a s  by t h e  shape and p o s i t i o n  of  c h a r a c t e r i s t i c  plasmon l o s s  peaks. 

S p a t i a l  r e s o l u t i o n  of t h i s  technique  i s  l i m i t e d  o n l y  by beam broadening 

e f f e c t s  w i t h i n  t h e  specimen and can be less than  5 nm. 

From t h e  t h r e e  types  of  spec t romete r s  cons idered  w e  chose t h e  

magnet ic  s e c t o r  design.  E l e c t r o n - o p t i c a l  c a l c u l a t i o n s  on t h e  rela- 

t i o n s h i p  between des ign  parameters  and spec t rometer  performance were 

c a r r i e d  o u t ,  and a d e s i g n  w a s  developed €or  t h e  spec t rometer  po le  

p i e c e .  The spec t romete r  i s  of t h e  ' /z magnet ic  s e c t o r  t ype ,  wi th  a 

c e n t r a l  r a d i u s  o f  200 ran. The e n t r a n c e  and e x i t  p l anes  of t h e  po le  

p i e c e  are t i l t e d  wi th  r e s p e c t  t o  t h e  i n c i d e n t  beam and shaped t o  pro- 

v i d e  both  double  focus ing  and p a r t i a l  second-order a b e r r a t i o n  correc-  

t i o n .  Double focus ing  - t h a t  i s ,  focus ing  i n  t h e  p lane  of 

d i s p e r s i o n  ( p l a n e  of t h e  f i g u r e )  as w e l l  as i n  t h e  p lane  pe rpend icu la r  t o  

t h e  d i s p e r s i o n  p lane  - i s  c r i t i c a l  t o  t h e  o p t i m i z a t i o n  of t h e  

system because of t h e  low level  of i n e l a s t i c  s c a t t e r i n g  r e l a t i v e  t o  t h e  

u n s c a t t e r e d  beam. The c a l c u l a t e d  r e s o l u t i o n  of t h e  spec t rometer  i s  2.3 

e V  when o b j e c t  and image s l i t s  are 5 pm i n  d i ame te r ,  wh i l e  t h e  
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uncor rec t ed  second-order a b e r r a t i o n s  a t  a n  i n p u t  d ive rgence  of 10- 3 r a d  

have been c a l c u l a t e d  t o  be l ess  than  0.25 eV. C o n s t r u c t i o n  of a 

s p e c t r o m e t e r  t o  t h e s e  s p e c i f i c a t i o n s  i s  now i n  p rogres s .  

4.3.1.2 I n t e r f a c i n g  Data A c q u i s i t i o n  Equipment f o r  A n a l y t i c a l  E l e c t r o n  
Microscope I n v e s t i g a t i o n s  - N. J. Zaluzec and R. W. Ca rpen te r  

The u s u a l  ou tpu t  of e l e c t r o n  microscope i n v e s t i g a t i o n s  c o n s i s t s  of 

a ser ies  of micrographs,  which show m i c r o s t r u c t u r a l  f e a t u r e s .  I n  some 

i n s t a n c e s  a c c u r a t e  q u a n t i t a t i v e  a n a l y s i s  r e q u i r e s  numerical  r e s u l t s  

r a t h e r  t han  photomicrographs.  The g e n e r a l  procedure has  been t o  o b t a i n  

such  r e s u l t s  u s ing  microdensi tometer  traces of t h e  image d e t a i l s .  

Direct d i g i t i z a t i o n  through t h e  use  of p h o t o e l e c t r o n  m u l t i p l i e r  t u b e s  

p r o v i d e s  more a c c u r a t e  in fo rma t ion  and can d e t e c t  even s i n g l e  e l e c t r o n s .  

I n  a d d i t i o n  t o  t h e  r eco rd ing  p r o c e s s  some type  of d a t a  a c q u i s i t i o n  

system i s  r e q i r e d  f o r  bo th  s t o r a g e  and a n a l y s i s  of i n fo rma t ion .  For t h e  

case o f  a n a l y t i c a l  e l e c t r o n  microscopy (AEM) t h i s  i n fo rma t ion  problem 

becomes even more a c u t e .  Not on ly  i s  the m i c r o s c o p i s t  i n t e r e s t e d  i n  

q u a n t i t a t i v e  a n a l y s i s  of image d e t a i l  (TSEM) but a l s o  r e l a t i v e  in t en -  

s i t i e s  i n  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  (TSED), a c c u r a t e  measurement of 

c h a r a c t e r i s t i c  x-ray emission u s i n g  x-ray ene rgy  d i s p e r s i v e  spec t roscopy  

(XEDS) and t h e  a n a l y s i s  of complex e l e c t r o n  ene rgy  l o s s  s p e c t r a  (EELS). 

I n  o r d e r  t o  handle  t h i s  l a r g e  d a t a  a c q u i s i t i o n ,  s t o r a g e ,  and a n a l y s i s  

problem, a ded ica t ed  minicomputer h a s  been acqu i red  and i s  being i n t e r -  

f a c e d  t o  t h e  microscope. The computer system (PDP 11/34) c o n s i s t s  of 16 

K words of CMOS memory, a dua l  f l oppy  d i s k  mass s t o r a g e  system, a n  La 36 

Dewriter t e r m i n a l ,  and a T e k t r o n i c s  4010-1 Graphics  Di sp lay  Terminal.  

4.3.1.2.1 Software Developments. I n t e r a c t i v e  so f tware  developed a t  

t h e  U n i v e r s i t y  of I l l i n o i s 3 5  h a s  been modif ied and is  being i n t r o -  

duced i n t o  ou r  system, which p rov ides  a range of g r a p h i c s  as w e l l  as 

d a t a  a n a l y s i s  c a p a b i l i t i e s .  A d d i t i o n a l  so f tware  a l lowing  d a t a  t r a n s f e r  

between t h e  computer system and t h e  KEVEX X-ray Mult ichannel  Analyzer 

35N. J. Zaluzec,  An AnalyticaZ Electron Microscope Stud9 of the 
Omega Phase Tpansformation In Zirconium-Niobium Alloys, Ph.D. T h e s i s ,  
U n i v e r s i t y  of I l l i n o i s ,  1978. 
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has  been developed, and expansion of t h e  system c a p a b i l i t i e s  i s  i n  

p rogres s .  

4.3.1.2.2 Hardware Modi f i ca t ions .  The x-ray mul t ichannel  ana- 

l y z e r  (MCA) system ob ta ined  from KEVEX h a s  been modif ied t o  i n c o r p o r a t e  

a n  a d d i t i o n a l  d a t a  a c q u i s i t i o n  mode, mu l t i channe l  s c a l i n g  (MCS). 

Inc luded  i n  t h i s  m o d i f i c a t i o n  i s  a n  external channel  advance system 

coupled wi th  a n  ana log - to -d ig i t a l  c o n v e r t e r ,  which provides  a synchro- 

nous i n t e r f a c e  between t h e  MCS and t h e  e l e c t r o n  microscope. 

system we can o b t a i n  d i g i t i z e d  l i n e  scans  of e i t h e r  a t r ansmiss ion  

image (TSEM) o r  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  (TSED); i t  w i l l  a l s o  be 

adap ted  f o r  r eco rd ing  e l e c t r o n  energy  l o s s  s p e c t r a  (EELS). In a d d i t i o n  

t o  t h e  s e q u e n t i a l  add res s ing ,  t h e  microscope scanning system has  been 

modi f ied  t o  a l l o w  o p e r a t i o n  i n t e r a c t i v e  c o n t r o l  of t h e  scan  l e n g t h ,  

p o s i t i o n ,  and r e l a t i v e  o r i e n t a t i o n ,  a l l  of which can be observed on t h e  

microscope f l u o r e s c e n t  s c r e e n  o r  on a CRT d i s p l a y .  

Using t h i s  

4.3.1.3 High-Voltage E l e c t r o n  Microscope (HVEM) Modi f i ca t ion  f o r  Side- 
E n t r y  Conversion - E. A. Kenik 

Equipment f o r  t h e  convers ion  of t h e  1-MV microscope from top  e n t r y  

t o  s i d e  e n t r y  has  been i n s t a l l e d .  The s ide -en t ry  c o n f i g u r a t i o n  w i l l  

a l l o w  a wide range  o f  i n - s i t u  s t u d i e s  t o  be under taken ,  i nc lud ing  gas- 

s o l i d  r e a c t i o n s ,  deformat ion ,  and r a d i a t i o n  damage. The h igh  tilt  

c a p a b i l i t i e s  of t h e  b a s i c  s t a g e  w i l l  f a c i l i t a t e  d e f e c t  and p r e c i p i t a t e  

a n a l y s i s .  A v a r i e t y  of specimen h o l d e r s  compat ib le  wi th  t h e  s t a g e  are 

p r e s e n t l y  on hand, and s e v e r a l  o t h e r s  are on order .  These inc lude :  

1. ambient s i n g l e - t i l t  h o l d e r ,  2 60" t i l t ;  

2. ambient d o u b l e - t i l t  h o l d e r ,  1 6 0 '  t ilt  on main axis ,  245" tilt on 

o r thogona l  a x i s ;  

3.  s i n g l e - t i l t  h e a t i n g  h o l d e r ,  f a s t  thermal  response ,  t 5 0 "  t i l t ,  room 

tempera ture  t o  1300 K r ange ,  55 K s t a b i l i t y ,  compat ib le  w i t h  

environment a1 s t a g e  ; 

4 .  d o u b l e - t i l t  h e a t i n g  h o l d e r , ? 3 0 "  t i l t  on main a x i s ,  230" t i l t  on 

o r thogona l  a x i s ,  room temperature-1100 K r ange ,  s t a g e  tempera ture  

monitored +2 K s t a b i l i t y ;  
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5. 

6.  

s i n g l e - t i l t  hard  s t r a i n i n g  h o l d e r ,  +30° t i l t ;  

s i n g l e - t i l t  hard  s t r a i n i n g  h e a t i n g  h o l d e r ,  +15" t i l t ,  room t e m -  

pera ture-900 K r a n g e ,  55 K s t a b i l i t y .  

A l l  t h e  d o u b l e - t i l t i n g  h o l d e r s  have o r thogona l  t i l t  axes .  

I n  a d d i t i o n ,  a n  environmental  c e l l  has  been obta ined .  It w i l l  

a l l o w  gas - so l id  r e a c t i o n s  t o  be s t u d i e d  i n  s i t u .  

4.3.1.4 High-Voltage E l e c t r o n  Microscope Modi f i ca t ions  f o r  Energy- 
D i s p e r s i v e  X-Ray Ana lys i s  - E. A. Kenik, N. J. Zaluzec ,  
and  J. Ben t l ey  

I n  suppor t  o f  t h e o r e t i c a l  c a l c u l a t i o n s  on t h e  improvement of x-ray 

a n a l y s i s  a t  h i g h  v o l t a g e s  ( s e e  Sect. 4.3.2.41, exper iments  on t h e  HVEM 

have  been planned. 

des igned  and are be ing  cons t ruc t ed .  

1. 

Seve ra l  m o d i f i c a t i o n s  of t h e  system have been 

These inc lude :  

e l e c t r i c a l l y  i s o l a t i n g  f l a n g e s  t o  i n t e r f a c e  t h e  x-ray d e t e c t o r  t o  

t h e  HVEM. 

2. a low-atomic-number specimen ho lde r  t o  minimize ex t r aneous  x-ray 

s i g n a l  s , 
3. a n  x-ray c o l l i m a t o r  f o r  t h e  d e t e c t o r ,  

4. a n  a p e r t u r e  system t o  minimize high-energy x r a y s  and e l e c t r o n  

t a i l s  i n c i d e n t  on t h e  specimen and ho lde r .  

I n i t i a l  s t u d i e s  should  be completed by t h e  end of t h e  f i s c a l  year .  

4.3.2 E l e c t r o n  Microscopy Research 

4.3.2.1 S t u d i e s  of Contamination P rocesses  on Thin Metal F o i l s  - 
J. Bent ley  and E. A. Kenik 

A series of experiments  i s  i n  p rogres s  t o  s tudy  t h e  p rocesses  

o c c u r r i n g  i n  t h e  format ion  of  contaminants  on metal f o i l s ,  which can 

o c c u r  when h igh-cur ren t -dens i ty  probes are used. Contaminat ion i s  an 

impor t an t  o b s t a c l e  p reven t ing  t h e  r e a l i z a t i o n  of t h e  f u l l  p o t e n t i a l  of 

a n  a n a l y t i c a l  e l e c t r o n  microscope (AEM). Major consequences of con- 

t amina t ion  inc lude :  ( 1 )  a l a c k  of s p a t i a l  r e s o l u t i o n  and e r r o r s  i n  

q u a n t i t a t i v e  a n a l y s i s  du r ing  energy-d ispers ive  x-ray a n a l y s i s ;  
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(2 )  s eve re  l i m i t a t i o n s  on micro-microdi f f rac t ion   technique^;^^ ( 3 )  

p r e c l u s i o n  of d e t a i l e d  a n a l y s i s  on a s i n g l e  small r eg ion  s i n c e  image 

d e t a i l  i s  t o t a l l y  obscured i n  a s h o r t  time; ( 4 )  e r r o r s  i n  and p o s s i b l y  

p reven t ion  of e l e c t r o n  energy  l o s s  spec t roscopy ( S e c t .  4.3.1.1) a t  h igh  

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

S t u d i e s  by o t h e r   worker^^^,^^ i n d i c a t e  t h a t  t h e  mechanism of 

contaminat ion  invo lves  t h e  s u r f a c e  mig ra t ion  of hydrocarbon molecules  

t o  t h e  e l e c t r o n  beam, where t h e y  are polymerized. The source  of t h e  

hydrocarbon molecules  i s  e i t h e r  t h e  ins t rument  vacuum o r  contaminat ion 

c a r r i e d  i n t o  t h e  high-vacuum r e g i o n  on t h e  specimen (and/or  h o l d e r ) ,  o r  

bo th .  

Modi f i ca t ions  t o  t h e  vacuum system of t h e  JEM lOOC A E M  were made 

t o  minimize t h e  i n s t r u m e n t a l  c o n t r i b u t i o n  t o  contaminat ion.  A s  a 

r e s u l t  of t h e s e  changes,  r o u t i n e  p r e s s u r e  of about  10 pPa (1  x 

lT7 t o r r )  i s  now achieved.  

minum specimens i n d i c a t e d  l i t t l e  d i f f e r e n c e  i n  t h e  s u r f a c e  con- 

t amina t ion  of f r e s h l y  e l e c t r o p o l i s h e d  specimens and specimens examined 

fo l lowing  i n s e r t i o n  i n t o  t h e  A E M .  

Auger e l e c t r o n  spec t roscopy on a lu-  

4.3.2.2 Small-Angle E l e c t r o n  S c a t t e r i n g  i n  t h e  Transmission E lec t ron  
Microscope39 - R. W. Ca rpen te r ,  J. Bent ley ,  and 
E .  A. Kenik 

The pr imary advantages  a s s o c i a t e d  wi th  t h e  use  of e l e c t r o n s  f o r  

small-angle  s t u d i e s  i n  a t r a n s m i s s i o n  microscope are f i r s t ,  t h a t  a 

real-space image and high-angle d i f f r a c t i o n  p a t t e r n  of t h e  s c a t t e r i n g  

36R. W. Ca rpen te r ,  J. Bent ley,  and E. A. Kenik, "Ana ly t i ca l  
E l e c t r o n  Microscopy I n v e s t i g a t i o n  of S t r u c t u r a l  and S p a t i a l  Composition 
V a r i a t i o n  i n  Lamellar Mult iphase Alloys,"  pp. 411-22 i n  Scanning 
EZectron Microscopy, Vol. 1, I I T  Research I n s t i t u t e ,  Chicago, 1977. 

37J. T. Four i e  , "Contamination Phenomena i n  Cryopumped T E M  and 
U1 tra-High Vacuum Field-Emission STEM Systems ," pp. 53-60 i n  
Scanning Electron Microscopy, Vol. I, I I T  Research I n s t i t u t e ,  Chicago, 
1977. 

E l e c t r o n  Beam," Ultramicroscopy 1: 175-80 (1976). 

CrystaZ Zography 

38W. A. b o x ,  "Contamination Formed Around a Very Narrow 

39Summary of paper  t o  be publ i shed  i n  J o u m Z  of AppZied 
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o b j e c t  can be e a s i l y  ob ta ined ,  and second,  t h a t  v e r y  h igh  a n g u l a r  reso- 

l u t i o n  i s  poss ib l e .  F u r t h e r ,  i n  a microscope,  small-angle  s c a t t e r i n g  

around high-angle  Bragg maxima can be s t u d i e d  as e a s i l y  as small-angle  

s c a t t e r i n g  around t h e  d i r e c t  beam. These advantages accrue  t o  t h e  

e l e c t r o n  case because e l e c t r o n s  can be e a s i l y  focused by electromagne- 

t i c  l e n s e s .  

S c a t t e r i n g  a t  small a n g l e s  around t h e  d i r e c t  o r  Bragg beams can be 

examined i n  s e v e r a l  ways. Two g e n e r a l  requi rements  must be s a t i s f i e d :  

s u f f i c i e n t  angu la r  r e s o l u t i o n  must e x i s t  and the  e f f e c t i v e  camera 

l e n g t h ,  L ,  must be l a r g e  enough. Angular r e s o l u t i o n  i s  p r i n c i p a l l y  

determined by t h e  i n c i d e n t  beam d ive rgence ,  a = r /L ,  where r i s  the 

r a d i u s  of t h e  d i r e c t  beam i n  t h e  d i f f r a c t i o n  p a t t e r n .  The e l e c t r o n  

probe-forming l e n s e s  ( u s u a l l y  t h e  f i r s t  and second condensers )  are 

o p e r a t e d  nea r  m a x i m u m  f i e l d  s t r e n g t h  t o  form a s t r o n g l y  demagnif ied 

image o f  t h e  e l e c t r o n  gun c rossove r  above t h e  specimen. A small second 

condenser  a p e r t u r e  i s  a l s o  used t o  reduce f u r t h e r  t h e  i n c i d e n t  beam 

divergence .  The e f f e c t i v e  camera l e n g t h ,  L, i s  determined by d i f f r a c -  

t i o n  p a t t e r n  magn i f i ca t ion  w i t h  t h e  image forming l e n s e s  fo l lowing  t h e  

specimen. 

T h e  two methods most o f t e n  used f o r  examinat ion  of small-angle  

s c a t t e r i n g  i n  a microscope are  t h e  long-camera-length method and t h e  

well-known se l ec t ed -a rea  d i f f r a c t i o n  method. The long-camera-length 

method r e q u i r e s  t h a t  t h e  o b j e c t i v e  l e n s  be swi tched  o f f ,  and an  i n t e r -  

med ia t e  l e n s  i s  u s u a l l y  used t o  form t h e  d i f f r a c t i o n  p a t t e r n  i n  t h e  

o b j e c t  p lane  of t h e  p r o j e c t o r  l e n s .  Camera l e n g t h s  a t t a i n a b l e  by t h i s  

method are h i g h ,  up t o  about  150 m,  and t h e  h i g h e s t  a n g u l a r  r e s o l u t i o n  

h a s  been demonstrated by use of t h i s  method. We have e a s i l y  r e so lved  

many o r d e r s  of  Bragg maxima from a chromium-shadowed cross- ru led  

g r a t i n g  r e p l i c a  of 2160 lines/mm, cor responding  t o  a "two-dimensional" 

c r y s t a l  w i th  a " l a t t i c e  c o n s t a n t "  of 463 nm. The a n g u l a r  r e s o l u t i o n  a t  

t h e  low-order Bragg maxima was 1.7 prad.  Small-angle s c a t t e r i n g  a t  

somewhat s h o r t e r  camera l e n g t h s  can be observed by t h e  well-known 

s e l e c t e d - a r e a  d i f f r a c t i o n  (SAD) method. I n  e a r l y  t r ansmiss ion  

microscopes w i t h  th ree - l ens  imaging sys tems,  camera l e n g t h s  f o r  SAD 

\ 
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p a t t e r n s  were l i m i t e d  t o  about  0.8 m. 

four-  o r  f ive - l ens  imaging sys tems,  camera l e n g t h s  of up t o  10 m have 

been ob ta ined  and longe r  l e n g t h s  may be p o s s i b l e .  Angular r e s o l u t i o n  

f o r  t h i s  method is  u s u a l l y  poorer  t han  f o r  t h e  f i r s t  method desc r ibed ,  

because t h e  i l l u m i n a t i o n  system is  ope ra t ed  wi th  lower l e n s  exc i t a -  

t i o n s ,  c l o s e r  t o  c o n d i t i o n s  used f o r  imaging. T y p i c a l l y ,  angu la r  reso- 

l u t i o n  i n  t h e  range 0.1 t o  1.0 mrad can be achieved  by us ing  a small 

condenser  a p e r t u r e  and over-focusing t h e  second condenser  l e n s .  This  

i s  adequate  f o r  s tudy  of many phenomena of  i n t e r e s t  i n  i no rgan ic  

c r y s t a l s .  

l e n g t h  method l i e s  i n  t h e  r e l a t i o n s h i p  of t h e  rea l - space  image of t h e  

specimen a r e a  from which t h e  small-angle p a t t e r n  i s  formed. Small- 

a n g l e  p a t t e r n s  can be taken  from well-def ined areas i n  t h e  image on t h e  

o r d e r  of 0.5 urn i n  d iameter  by t h e  SAD method, wh i l e  t h e  specimen area 

c o n t r i b u t i n g  t o  a small-angle  e l e c t r o n  s c a t t e r i n g  p a t t e r n  (SAES) by t h e  

long-camera-length method i s  c o n s i d e r a b l y  l a r g e r .  

I n  newer in s t rumen t s  having 

The advantage  of t h e  SAD method r e l a t i v e  t o  t h e  long-camera- 

An example u s i n g  t h e  SAD method i s  shown i n  Fig.  4.16. The speci-  

men was a T a 4 %  W-2% Hf a l l o y  i n t e r n a l l y  oxid ized  i n  low- 

p r e s s u r e  oxygen a t  1000°C. The oxygen formed a dense a r r a y  of coherent  

c l u s t e r s  w i th  hafnium through t h e  specimen volume. The image shows t h e  

c l u s t e r s  a r ranged  i n  t h e  well-known tweed morphology. The d i f f u s e  

i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  SAES p a t t e r n  ex tends  about  0.15a* from 

t h e  (020) and ( 2 3 i )  Bragg p o s i t i o n s ,  where a" is  t h e  r e c i p r o c a l  l a t t i c e  

c o n s t a n t ,  and i s  more i n t e n s e  a t  t h e  high-angle s i d e  of t h e  Bragg posi- 

t i o n s .  The asymmetry i n  t h e  i n t e n s i t y  r e s u l t s  from t h e  i n t e r s t i t i a l  

n a t u r e  of t h e  s t r a i n  f i e l d s  a t  t h e  Hf-0 c l u s t e r s .  The r o t a t i o n  of t h e  

double-lobed d i f f u s e  i n t e n s i t y  d i s t r i b u t i o n  away from t h e  [ 2371 d i rec-  

t i o n  i s  caused by t h e  e l a s t i c  a n i s o t r o p y  of t h e  a l l o y  l a t t i c e .  

Measurements of t h e  i n t e n s i t y  i n  such SAES d i s t r i b u t i o n s  r e l a t i v e  

t o  i n t e n s i t y  i n  t h e  Bragg peaks can be used t o  c a l c u l a t e  t he  magnitude 

o f  t h e  c l u s t e r  s t r a i n  f i e l d s  i n  t h e  l a t t i c e  i n  s imple cases. Some 

 measurement^^^ of  t h i s  kind have been made by t h e  Grigson method. 

F u r t h e r  experiments  are i n  p rogres s  us ing  a mul t ichannel  ana lyze r  t o  

r e c o r d  t h e  i n t e n s i t y  d i s t r i b u t i o n  (Sec t .  4.3.1.2). 
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Fig.  4.16. D i f f u s e  E l e c t r o n  S c a t t e r i n g  Around [ O Z O ]  and [231]  
Bragg R e f l e c t i o n s  of a Ta-8% W-2% H f  A l loy  Conta in ing  3000 ppm 
0. 
by t h e  presence  o f  oxygen. 

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

4.3.2.3 App l i ca t ion  of Weak Beam Dark F i e l d  (WBDF) Imaging t o  
R a d i a t i o n  E f f e c t s  i n  Alloys40 - R. W. Carpenter  and 
M. H. ~ o r e t t o 4 1  

Observa t ions  of d i s l o c a t i o n s  i n  t h e  immediate neighborhood of 8’ 

p r e c i p i t a t e  i n t e r f a c e s  i n  n e u t r o n - i r r a d i a t e d  A l 4 %  Cu a l l o y s  have 

been made by WBDF and b r i g h t  f i e l d  (BF) t r ansmiss ion  microscopy. This  

40Summary of  paper  t o  be pub l i shed  i n  t h e  Proceedings of the 

41Guest s c i e n t i s t  from t h e  U n i v e r s i t y  of Birmingham, England. 
Ninth InternationaZ Congress on Electron Microscopy, Toronto,  1978. 
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a l l o y  i s  more r e s i s t a n t  t o  void  swe l l ing  than  e l emen ta l  aluminum as a 

r e s u l t  of t he  presence  of t h e  i n i t i a l l y  semicoherent  p r e c i p i t a t e  ( s e e  

S e c t .  4.2.7). P o s t i r r a d i a t i o n  T E M  examinat ion showed, i n  BF, t h a t  some 

changes had occurred  i n  t h e  appearance of t h e  p r e c i p i t a t e - m a t r i x  i n t e r -  

f a c e ,  bu t  c o n t r a s t  o v e r l a p  from t h e  p r e c i p i t a t e  i t s e l f  prevented any 

d e t a i l e d  obse rva t ions .  I n  images of t h e  same area i n  WBDF us ing  a 

m a t r i x  r e f l e c t i o n  t h e  p r e c i p i t a t e  c o n t r a s t  w a s  suppressed and t h e  

n a t u r e  of t h e  changes a t  t h e  i n t e r f a c e  w a s  c l e a r l y  v i s i b l e .  An example 

i s  shown i n  Fig.  4.17. A t  "A" i n  t h e  WBDF micrograph a number of 

d i s l o c a t i o n  loops  are a d j a c e n t  t o  t h e  i n t e r f a c e s ;  many of t hese  loops  

have f l a t  s i d e s  where t h e y  i n t e r s e c t  t h e  i n t e r f a c e .  These i n t e r s e c -  

t i o n s  are p a r t  of t h e  f i r s t  s t a g e  of p r e c i p i t a t e  coherency l o s s  under 

i r r a d i a t i o n .  The BF micrograph shows t h e  p r e c i p i t a t e  c o n t r a s t  t o  

ex tend  over  t h e  r eg ions  occupied by t h e  d i s l o c a t i o n  loops  and "covers  

up" t h e  loop  c o n t r a s t .  The r educ t ion  i n  p r e c i p i t a t e  c o n t r a s t  i n  WBDF 

i s  a r e s u l t  of t h e  low s e n s i t i v i t y  of WBDF c o n t r a s t  t o  l a t t i c e  defor- 

mat ion of slow s p a t i a l  v a r i a t i o n .  The l a t t i c e  deformation from a 

d i s l o c a t i o n  i s  r e l a t i v e l y  l o c a l  and produces a sha rp  image. This  

imaging method i s  being used t o  s t u d y  coherency l o s s  i n  Al-4% Cu 

and i n  s e v e r a l  o t h e r  a l l o y s .  

4.3.2.4 Optimum Condi t ions  f o r  X-ray Mic roana lys i s  i n  a T E M  - 
E .  A. Kenik, N. J. Zaluzec ,  and J. Bent ley  

The u l t i m a t e  s e n s i t i v i t y  of mic roana lys i s  us ing  x-ray emission 

depends on s e l e c t i n g  those  exper imenta l  c o n d i t i o n s  t h a t  maximize the  

measured peak-to-background ( P I B )  r a t i o .  T h e o r e t i c a l   calculation^^^ 
of t h e  v a r i a t i o n  i n  t h e  P I B  r a t i o  have been extended t o  t h e  case of 

i r r a d i a t i o n  by 1-MeV e l e c t r o n s .  The r e s u l t s  show a monotonic i n c r e a s e  

i n  P I B  w i t h  i n c r e a s i n g  ove rvo l t age  f o r  a l l  e lements .  I n c r e a s e s  i n  P I B  

a s  much as 2.5 times t h e  100-keV r e s u l t s  are expec ted ,  i n d i c a t i n g  t h e  

p o s s i b i l i t y  

Modi f i ca t ions  t o  t h e  H i t a c h i  1-MV HVEM are now i n  p rogres s  t o  examine 

t h e  f e a s i b i l i t y  of such an experiment .  

o f  i nc reased  s e n s i t i v i t y  f o r  x-ray a n a l y s i s  on HVEMs. 
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Fig .  4 .17 .  Transmission E l e c t r o n  Microscope Images of D i s l o c a t i o n  Loops  a t  8’ I n t e r f a c e s .  
( a )  WBDF, (b) BF. 
Neutron dose  3 X n / m 2  at 57°C (330 K) . B [103], g = [020] .  

Note suppres s ion  of 8’ s t r a i n  c o n t r a s t  i n  ( a )  re la t ive t o  ( b ) ,  and loops  a t  A .  



123 

4.3.2.5 I d e n t i f i c a t i o n  of  P r e c i p i t a t e  i n  Lithium-Doped Magnesium 
Oxide - J. Ben t l ey  and J. N a r a ~ a n ~ ~  

A n a l y t i c a l  e l e c t r o n  microscopy h a s  been used t o  i d e n t i f y  L i z 0  

p r e c i p i t a t e  i n  Li-doped M g O .  The low c o n c e n t r a t i o n  ($2.5 x 

1019/m3) and d iameter  ($22 nm) of t h e  p r e c i p i t a t e  p a r t i c l e s  

prec luded  convent iona l  i d e n t i f i c a t i o n  by se l ec t ed -a rea  d i f f r a c t i o n .  

Moir6 p a t t e r n s  were ob ta ined  f o r  several combinat ions of d i f f r a c t i n g  

v e c t o r s  and beam d i r e c t i o n s .  F r inges  of  1.7 nm p e r i o d i c i t y  obta ined  

w i t h  (220) r e f l e c t i o n s  i n d i c a t e d  a probable  p r e c i p i t a t e  l a t t i c e  

c o n s t a n t  of e i t h e r  0.461 o r  0.378 nm. To de te rmine  t h e  l a t t i c e  

c o n s t a n t  of t h e  p r e c i p i t a t e  and i t s  c r y s t a l  s t r u c t u r e  uniquely  a d i r e c t  

o b s e r v a t i o n  of t h e  d i f f r a c t i o n  p a t t e r n  i s  r equ i r ed .  

A scanning t r ansmiss ion  image was ob ta ined ,  and t h e  probe s topped 

n e a r  t h e  p r e c i p i c a t e  p a r t i c l e .  F i n a l  ad jus tmen t s  t o  t h e  second con- 

dense r  focus ,  a s t igma t i sm c o r r e c t i o n ,  and p o s i t i o n i n g  of t h e  probe were 

t h e n  made wh i l e  t h e  image d e t a i l  i n  t h e  (000) d i f f r a c t i o n  d i s k  was 

observed.  The c r o s s o v e r  o f  t h e  probe w a s  p o s i t i o n e d  e x a c t l y  i n  t h e  

specimen p lane  o n l y  f o r  t h e  s h o r t  times necessa ry  t o  photograph t h e  

d i f f r a c t i o n  p a t t e r n ,  i n  o r d e r  t o  minimize t h e  contaminat ion.  The 

d i f f r a c t i o n  p a t t e r n s  were recorded  a t  120 kV wi th  a 20-um-diam con- 

dense r  a p e r t u r e  and a n  i n c i d e n t  beam divergence  of about 0.7 mrad. The 

minimum probe d iameter  under t h e s e  c o n d i t i o n s  i s  expected t o  be about 

20 nm. 

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  i n d i c a t e d  a cube-on-cube o r i e n t a t i o n  

of  t h e  p r e c i p i t a t e  w i t h  a l a t t i c e  c o n s t a n t  of 0.46 nm, which 

co r re sponds  t o  Li20. T i l t i n g  exper iments  helped t h e  i n t e r p r e t a t i o n  

o f  double  d i f f r a c t i o n  e f f e c t s ,  and t h e  observed absence of 200-type 

r e f l e c t i o n s  from t h e  p r e c i p i t a t e  i s  a l s o  c o n s i s t e n t  wi th  t h e  CaF2 

( f l u o r i t e )  s t r u c t u r e  of  Li20. The 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  

as  L i z 0  appea r s  c e r t a i n .  

c e n t r a t i o n  of  t h e  p r e c i p i t a t e ,  w e  deduce t h a t  most of t h e  400 a t .  ppm 

L i  i s  con ta ined  i n  t h e  L i z 0  p r e c i p i t a t e .  

From t h e  average  p a r t i c l e  s i z e  and con- 

42So l id  S ta te  Div is ion .  
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Th i s  p o s i t i v e  i d e n t i f i c a t i o n  t o g e t h e r  w i th  r e s u l t s  from high- 

tempera ture  annea l ing  and e l e c t r o n  i r r a d i a t i o n  s t u d i e s  conf i rm t h a t  t h e  

p r e c i p i t a t e  is  a source  of l i t h i u m  i o n s  t h a t  produce s t a b l e  [Li]O 

c e n t e r s  and r e s u l t  i n  a s i g n i f i c a n t  suppres s ion  of r a d i a t i o n  damage. 

4.3.3 Opera t ion  and Improvements of t h e  Dual Van De Graaf f  I r r a d i a t i o n  
F a c i l i t y  - M. B. L e w i s ,  M. B. Inman, and G. F. Wellsjj 

The d u a l  Van de  Graaff  i r r a d i a t i o n  f a c i l i t y  i s  used e x t e n s i v e l y  

f o r  i o n  i m p l a n t a t i o n  and s t u d i e s  of r a d i a t i o n  damage of a l l o y s .  During 

t h e  p a s t  yea r  n i c k e l  beam c u r r e n t s  have been d e l i v e r e d  on more t h a n  100 

t a r g e t  a s sembl i e s ,  each  c o n t a i n i n g  up t o  n i n e  specimens.  The t o t a l  

t a r g e t  specimen i r r a d i a t i o n  damage amounted t o  approximate ly  50,000 

d p a .  

bardments.  Approximately 70% of t h i s  machine t i m e  w a s  a l l o c a t e d  t o  

a l l o y  development programs and 30% t o  t h e  b a s i c  r e s e a r c h  program. The 

t o t a l  machine use  du r ing  t h e  p a s t  year  was about  1100 h .  

The 5-MV Van d e  Graaff was used e x c l u s i v e l y  f o r  n i c k e l  i o n  bom- 

The 0.4-MV Van d e  Graaff was used i n  one of t h r e e  modes: (1)  

i m p l a n t a t i o n  of a l l o y  specimens wi th  hel ium and/or  hydrogen before  

n i c k e l  i o n  bombardment, ( 2 )  imp lan ta t ion  of specimens s imul t aneous ly  

w i t h  n i c k e l  i o n  bombardment, and ( 3 )  n u c l e a r  mic roana lys i s  i n  an  i o n  

s c a t t e r i n g  chamber. The t o t a l  machine use  w a s  approximate ly  540 h 

d u r i n g  t h e  p a s t  y e a r ,  o f  which about  200 h w a s  used f o r  r a d i a t i o n  

damage exper iments ,  wh i l e  t h e  remainder was used t o  develop a new 

energy  ramping system and t o  c a r r y  o u t  n u c l e a r  m i c r o a n a l y t i c a l  

exper iments .  

Upgrading work on t h e  energy  ramping system c o n s i s t e d  of two 

p a r t s :  (1) The sawtooth o r  l i n e a r  g e n e r a t o r  was r ep laced  by a s i n e  wave 

g e n e r a t o r .  Th i s  improved c o n s i d e r a b l y  t h e  depth  p r o f i l e  un i fo rmi ty  

d u r i n g  i o n  implan ta t ion .  ( 2 )  The mechanical  focus  l e n s  d r i v e  mechanism 

was r ep laced  by a l i g h t  p i p e  and p u l s i n g  l i g h t  c o n t r o l .  The new system 

promises  smoother and more r e l i a b l e  o p e r a t i o n  du r ing  energy ramping. 

A d d i t i o n a l  upgrading work c o n s i s t e d  of i n s t a l l i n g  a two-axis 

goniometer  i n  t h e  i o n  s c a t t e r i n g  chamber. T h i s  goniometer makes i t  

p o s s i b l e  t o  o r i e n t  t h e  t a r g e t  w i th  0.1' p r e c i s i o n  about  two independent  
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axes. T h i s  system has  been c a l i b r a t e d  wi th  s i l i c o n  and vanadium 

c r y s t a l s  by l o c a t i n g  some of t h e i r  c r y s t a l l o g r a p h i c  axes .  I n  a d d i t i o n ,  

a t a r g e t  chamber f o r  l i g h t - i o n  b a c k s c a t t e r i n g  i s  being assembled on the  

5-MV beam l i n e .  

4.4 NUCLEAR MICROANALYSIS 

4.4.1 The Source  of Oxygen i n  t h e  Anodiza t ion  of Vanadium43 
M. B. L e w i s  and R. A. perk in^^^ 

S i n c e  vanadium oxide  i s  p a r t l y  s o l u b l e  i n  water, a s p e c i a l  anodi- 

z a t i o n  technique  us ing  a s o l u t i o n  wi th  a minimum amount o f  water had 

p r e v i o u s l y  been developed. However, t h e  source  of  oxygen t h a t  i s  
t r a n s f e r r e d  t o  t h e  anode from t h i s  kind of  s o l u t i o n  is not  w e l l  

understood.  A b e t t e r  unders tanding  i s  needed i n  o r d e r  t o  anodize  

metals wi th  i s o t o p i c a l l y  en r i ched  oxygen f o r  l a t e r  depth  p r o f i l i n g  o r  

t r a c i n g  oxygen mig ra t ion  i n  metals and oxides .  

S i n g l e  c r y s t a l s  of  vanadium were anodized i n  an  acetic a c i d  solu- 

t i o n  t o  trace t h e  t r u e  sou rce  of  oxygen i n  t h e  r e s u l t i n g  oxide  f i lm.  

The s o l u t i o n  con ta ined  acet ic  a c i d ,  water, and sodium t e t r a b o r a t e .  The 

ace t ic  a c i d  and water were s e p a r a t e l y  tagged wi th  l80 i n  two d i f -  

f e r e n t  experiments .  The i s o t o p i c  c o n t e n t s  of t h e  r e s u l t i n g  f i l m s  were 

measured by a n u c l e a r  mic roana lys i s  method u t i l i z i n g  t h e  l60 (d ,p )  , 
I 8 0 ( d , p ) ,  and l80 (p , a )  r e a c t i o n s .  

t h o s e  f o r  z i rconium c o n v e n t i o n a l l y  anodized i n  an  180-enriched water- 

based s o l u t i o n .  The r e s u l t s  showed t h a t  t h e  oxygen probably  came from 

t h e  sodium t e t r a b o r a t e  du r ing  t h e  a n o d i z a t i o n  of vanadium. 

The r e s u l t s  were compared wi th  

4.4.2 I m p l a n t a t i o n  and Depth P r o f i l i n g  of Deuterium and Helium - 
M. B. L e w i s  

I r r a d i a t i o n  o f  a l l o y s  us ing  t h e  technique  of s imul t aneous ly  

imp lan t ing  helium (and more r e c e n t l y  deuter ium)  whi le  c a r r y i n g  out  

43Summary of a paper  submi t ted  t o  Journal of Ezectrochemical 

4 4 N o ~  a t  Owens-Corning F i b e r g l a s ,  G r a n v i l l e ,  Ohio. 
Socie ty .  
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heavy-ion bombardments r e q u i r e s  a knowledge of t h e  helium and deuter ium 

dep th  p r o f i l e s .  

n u c l e a r  m i c r o a n a l y t i c a l  methods. 

Such p r o f i l e s  can be measured n o n d e s t r u c t i v e l y  by 

A t a r g e t  chamber wi th  a n  I O N I X  3072 t a r g e t  p o s i t i o n e r  h a s  been set 

up  on t h e  0.4-MV Van d e  Graaff and has  been used t o  measure hel ium and 

deuter ium depth  p r o f i l e s  i n  metals. N icke l ,  s t a i n l e s s  s teel ,  and ura- 

nium t a r g e t s  were implanted wi th  hel ium o r  deuter ium t o  a l e v e l  of 

about  1 a t .  %. I n  one case, t h e  imp lan ta t ion  w a s  c a r r i e d  ou t  w i th  a 

0.2 t o  0.4 M e V  i o n  energy  range  u s i n g  a s i n e  wave f u n c t i o n  g e n e r a t o r  t o  

v a r y  c o n t i n u o u s l y  t h e  a c c e l e r a t o r  energy.  The r e s u l t i n g  p r o f i l e  showed 

good depth  un i fo rmi ty  between t h e  l i m i t s  400 and 850 nm. 

I n  a n o t h e r  exper iment ,  t h e  hel ium w a s  f i r s t  implanted a t  0.3 M e V  

i n  a n i c k e l  specimen and t h e  p r o f i l e  measured. Another i m p l a n t a t i o n  

w a s  c a r r i e d  ou t  subsequen t ly  wh i l e  a t a r g e t  w a s  he ld  a t  700°C; a t h i r d  

t a r g e t  was s imul t aneous ly  bombarded wi th  4-MeV n i c k e l  i o n s  and a l s o  

main ta ined  a t  70OoC. I n  t h e  l a t t e r  cases t h e  measured p r o f i l e  when 

compared wi th  t h e  f i r s t  showed a p p r e c i a b l e  depth  broadening. For  

example,  t h e  RMS dep th  d e v i a t i o n  i n  t h e  room-temperature case w a s  0.10 

urn, whereas t h e  700°C case showed 0.15 pm and t h e  700°C p l u s  n i c k e l  i o n  

bombardment showed 0.17 pm. I n  a l l  c a s e s  t h e  c e n t e r  of t h e  d i s t r i b u -  

t i o n s  was 0.65 pm. 

I n  a t h i r d  exper iment ,  c u r r e n t l y  i n  p r o g r e s s ,  samples of n i c k e l ,  

s t e e l ,  and uranium are be ing  implanted wi th  hydrogen a t  room t e m -  

p e r a t u r e .  Some w i l l  be p r o f i l e d ,  h e a t e d ,  and r e p r o f i l e d  t o  s tudy  

t r a p p i n g .  I n  one case, p r e i r r a d i a t i o n  wi th  n i c k e l  i o n s  has  been 

c a r r i e d  ou t  t o  see how e f f e c t i v e l y  i r r a d i a t e d  material can t r a p  

hydrogen. 

4.5 COOPERATIVE STUDIES WITH UNIVERSITIES AND OTHER RESEARCH 
ORGANIZATIONS 

S e v e r a l  groups a t  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 r g a n i z a t i o n s  

are  t ak ing  advantage  o f  t h e  unique f a c i l i t i e s  a v a i l a b l e  i n  t h e  

R a d i a t i o n  E f f e c t s  and M i c r o s t r u c t u r a l  Analys is  Group. 
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The h igh  p e n e t r a t i n g  power of t h e  1-MV e l e c t r o n  microscope has  

a t t r a c t e d  s u b s t a n t i a l  i n t e r e s t  i n  t h e  b i o l o g i c a l  community. W. B. 

Lushbaugh, Medical U n i v e r s i t y  of South Caro l ina ,  Char l e s ton ,  i s  us ing  

t h e  microscope t o  s t u d y  p a r a s i t e s  t h a t  cause d i a r r h e a  i n  an imals  and 

humans. 

examinat ion of specimens a t t a c h e d  t o  the  i n t e s t i n e .  R. Bagby and 

R.  Abercrombie, U n i v e r s i t y  of Tennessee,  Knoxvi l le ,  a r e  i n v e s t i g a t i n g  

t h e  mechanism of  c o n t r a c t i o n  of muscles us ing  th i ck - sec t ion  s t e r e o  

p a i r s .  A. L. O l ins  and D. E. O l i n s ,  Un ive r s i ty  of Tennessee,  Oak Ridge 

Graduate  School f o r  Biomedical Science and ORNL Biology Div i s ion ,  are 

a l s o  us ing  th i ck - sec t ion  s t e r e o  p a i r s  t o  examine the  s p a t i a l  arrange-  

ment of  t h e  2C-30-nm chromatin f i b e r s  i n  s e c t i o n s  of chicken 

e r y t h r o c y t e  n u c l e i .  

The t h i c k  s e c t i o n s  t h a t  may be viewed a t  h igh  v o l t a g e s  a l low 

Members of t h e  s t a f f s  of t h e  Westinghouse Advanced Reactor 

D iv i s ion  and t h e  General E l e c t r i c  Breeder Reactor Department have used 

t h e  Van de Graaff f a c i l i t y  f o r  heavy-ion damage i n  m a t e r i a l s  of 

i n t e r e s t  t o  t h e  F a s t  Breeder Reactor  Cladding-Duct Alloy Development 

Program. 

3. Schneider  and M. S. Wechsler,  Iowa S t a t e  Un ive r s i ty .  Metal  oxide 

t a r g e t s  were i r r a d i a t e d  f o r  J. Narayan, ORNL S o l i d  S t a t e  Div is ion .  

Add i t iona l  i r r a d i a t i o n s  of vanadium have been c a r r i e d  out  f o r  

A major neut ron  i r r a d i a t i o n  experiment c u r r e n t l y  i n  EBR-I1 con- 

t a i n s  specimens f o r  J. Motef f ,  Un ive r s i ty  of C i n c i n n a t i ,  and f o r  

D .  Seidman, Corne l1  Un ive r s i ty .  Specimens from previous i r r a d i a t i o n  

exper iments  are being examined a t  s e v e r a l  l a b o r a t o r i e s  i n  t h i s  count ry  

and abroad. R. W. G i l b e r t ,  Chalk River  Nuclear L a b o r a t o r i e s ,  Canada, 

i s  completing a s tudy  of specimens of zirconium and Zircaloy.  

A. Jos t sons  , Lucas Heights  Labora tory ,  A u s t r a l i a ,  i s  i n v e s t i g a t i n g  

damage i n  v a r i o u s  g rades  of neu t ron - i r r ad ia t ed  zirconium and t i t an ium.  

H e  i s  a l s o  working wi th  K. Far re l l ,  ORNL, i n  a coope ra t ive  s t u d y  of t he  

f l u e n c e  dependence of damage i n  pure aluminum and i n  d i l u t e  aluminum- 

s i l i c o n  and aluminum-indium a l l o y s .  

R. L. McConville, U n i v e r s i t y  of I l l i n o i s  Center  f o r  E lec t ron  

Microscopy, i s  s tudy ing  neu t ron  damage i n  a s e r i e s  of magnesium- 

aluminum a l l o y s .  J. T. S t a n l e y ,  Arizona S t a t e  Un ive r s i ty ,  Tempe , i s  
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us ing  magnet ic  measurements t o  i n v e s t i g a t e .  t h e  development of f e r r i t e  

i n  n e u t r o n - i r r a d i a t e d  s t a i n l e s s  s teels .  W. E l l i s ,  U n i v e r s i t y  of 

F l o r i d a ,  G a i n e s v i l l e ,  is  looking  into t h e  p o s s i b i l i t y  of u s i n g  y-y angu- 

l a r  c o r r e l a t i o n  measurements t o  probe  low-swell ing a l l o y s .  

Specimens of  n e u t r o n - i r r a d i a t e d  aluminum, aluminum-si l icon,  and 

aluminum-magnesium a l l o y s  have been s e n t  t o  J. D. McGervey, Case 

Western Reserve Unive r s i ty ,  f o r  i n v e s t i g a t i o n  by p o s i t r o n  a n n i h i l a t i o n  

t echn iques .  C. L. Snead, Jr., Brookhaven Na t iona l  Labora tory ,  i s  a l s o  

u s i n g  p o s i t r o n  a n n i h i l a t i o n  measurements t o  i n v e s t i g a t e  vacancy charac- 

t e r i s t ics  i n  a series of d i l u t e  b i n a r y  n icke l -base  a l l o y s  t h a t  are 

be ing  inc luded  i n  ORNL i r r a d i a t i o n  exper iments .  Damage s t r u c t u r e s  w i l l  

be  examined f o r  sys t ema t i c  v a r i a t i o n s  t h a t  can be r e l a t e d  t o  t h e  

p o s i t r o n  a n n i h i l a t i o n  measurements. 

D.  J. Bradley ,  Michigan State  U n i v e r s i t y ,  and G. R. Gessel, Iowa 

S t a t e  U n i v e r s i t y ,  completed Ph.D. r e s e a r c h  programs whi l e  working i n  t h e  

Group under ORAU g r a d u a t e  fe ' l lowships .  

J o i n t  t h e o r e t i c a l  s t u d i e s  are be ing  conducted wi th  W. G. Wolfer ,  

U n i v e r s i t y  of  Wisconsin,  Madison, and A. D. B r a i l s f o r d ,  Ford Motor 

Company. Wolfer i s  a l s o  c o n s u l t i n g  w i t h  us  on use  of e c c e n t r i c  

p r e s s u r i z e d  tubes  t o  determine stress e f f e c t s  on s w e l l i n g  and on deve- 

lopment of  t echn iques  t o  use Van de Graaff  i r r a d i a t i o n s  t o  estimate 

i r r a d i a t i o n  c r e e p  rates.  
J. J. Wert, Vanderb i l t  Un ive r s i ty ,  and C. L. White,  ORNL, are con- 

d u c t i n g  a j o i n t  i n v e s t i g a t i o n  o f  t h e  mechanisms of g r a i n  boundary frac- 

t u r e  r e s u l t i n g  from s o l u t e  and impur i ty  s e g r e g a t i o n .  H. L. Marcus, 

U n i v e r s i t y  o f  Texas, A u s t i n ,  h a s  consu l t ed  wi th  us  on f r a c t u r e  and 

f a t i g u e  problems. We have suppor ted  an  undergraduate  t h e s i s  p r o j e c t  

under  t h e  d i r e c t i o n  of Marcus a t  t h e  U n i v e r s i t y  of Texas t o  e v a l u a t e  

m i n i a t u r e  specimen des igns .  



5. ENGINEERING MATERIALS SCIENCE 

5.1 FUNDAMENTALS OF WELDING AND J O I N I N G  - G. M. Goodwin and 
J. M. L e i t n a k e r  

A l l  energy  systems c o n t a i n  j o i n t s .  Metals, of d i f f e r e n t  o r  t h e  

same k ind ,  must be j o i n e d  by some k ind  of welding p rocess  f o r  reasons  of 

economy. Unfo r tuna te ly ,  t h e  r e g i o n  i n  o r  nea r  t h e  weld c o n s t i t u t e s  a 

p o r t i o n  of  t h e  system o v e r l y  s e n s i t i v e  t o  f a i l u r e .  It fo l lows  t h a t  t h i s  

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

and  c o s t  e f f e c t i v e n e s s  of  energy  systems.  To t h i s  end,  t h e  Materials 

Sc ience  and Materials Engineer ing  S e c t i o n s  have developed a j o i n t  

program i n  t h i s  area. The e v e n t u a l  g o a l ,  of c o u r s e ,  i s  t o  be a b l e  t o  

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

j o i n i n g  problem. 

A weld has  t h r e e  r e g i o n s  of  i n t e r e s t :  t h e  weld i t s e l f ,  t h e  

m e t a l ( s )  being jo ined ,  and t h e  r eg ion  between t h e  weld and t h e  metal 

be ing  jo ined ,  t h a t  i s ,  t h e  hea t - a f f ec t ed  zone. The t i m e  pe r iod  of 

i n t e r e s t  beg ins  du r ing  any  p recond i t ion ing  and ex tends  through t h e  l i f e  

of t h e  material. Materials of  i n t e r e s t  i n c l u d e  both  a u s t e n i t i c  and 

f e r r i t i c  a l l o y s ,  p r i m a r i l y  i r o n  and n i c k e l  base.  

We are i n v e s t i g a t i n g  phase t r a n s f o r m a t i o n s  t h a t  occur  w i t h i n  weld- 

ments.  The i n i t i a l  phase t r a n s f o r m a t i o n s  invo lve  s o l i d i f i c a t i o n .  

F u r t h e r  t r a n s f o r m a t i o n s  occur ,  bo th  i n i t i a l l y  on coo l ing  and on ag ing  a t  

s e r v i c e  tempera tures .  Numerous such t r ans fo rma t ions  occur ;  a few have 

been p a r t i a l l y  q u a n t i f i e d .  The t h r u s t  of t h e  program i s  t o  q u a n t i f y  as 

many as p o s s i b l e  and t o  e s t a b l i s h  t h e i r  e f f e c t  on p r o p e r t i e s .  I n  t h i s  

way t h e  a b i l i t y  t o  p r e d i c t  and c o n t r o l  p r o p e r t i e s  of welds  w i l l  be 

ob ta ined .  

5.1.1 Weld Pool  S o l i d i f i c a t i o n  C o n t r o l  S t u d i e s  - S .  A. David 

T h i s  r e s e a r c h  i s  aimed a t  ga in ing  a fundamental  unders tanding  of 

t h e  b a s i c  s o l i d i f i c a t i o n  c h a r a c t e r i s t i c s ,  t h a t  i s ,  development of s t ruc -  

t u r e  and s e g r e g a t i o n  and i t s  c o n t r o l  i n  a u s t e n i t i c  s ta inless  s tee l  weld- 

ments.  P a r t i c u l a r  emphasis w i l l  be g iven  t o  i n v e s t i g a t i n g  welding 



parameters t h a t  i n f l u e n c e  m i c r o s t r u c t u r a l  v a r i a b i l i t y  i n  welded s t ruc -  

t u r e s ,  such as coo l ing  ra te  and chemical composi t ions.  S o l i d i f i c a t i o n  

s t r u c t u r e s  w i l l  be r e l a t e d  t o  t h e  s t a b i l i t y  of t h e  m i c r o c o n s t i t u e n t s ,  

bo th  equ i l ib r ium and nonequi l ibr ium,  and t h e i r  e f f e c t  on mechanical 

p r o p e r t i e s .  

5.1.1.1 S o l i d i f i c a t i o n  Behavior of Type 308 S t a i n l e s s  S t e e l  F i l l e r  
Metal 

A series of experiments  i nvo lv ing  a combination of thermal  a n a l y s i s  

and i n t e r r u p t e d  s o l i d i f i c a t i o n  were c a r r i e d  out  t o  understand t h e  

s o l i d i f i c a t i o n  behavior  of type  308 s t a i n l e s s  s tee l  weld metal. R e s u l t s  

i n d i c a t e  t h e  sequence of phase occurrence  dur ing  s o l i d i f i c a t i o n  t o  be 

L + L + d + L + G + y + y + G .  

The f e r r i t e  observed a t  room temperature  has  been i d e n t i f i e d  as t he  

u n t r a n s f  ormed pr imary & f e r r i t e  t h a t  formed dur ing  the  i n i t i a l  s t a g e s  of 

s o l i d i f i c a t i o n .  The mode of f r e e z i n g  and t h e  e x t e n t  of s o l i d - s t a t e  d i f -  

f u s i o n  c o n t r o l  t h e  amount and d i s t r i b u t i o n  of f e r r i t e .  Experimental  

ev idence  i n d i c a t e s  e x t e n s i v e  s o l i d - s t a t e  t r ans fo rma t ion  due t o  homogeni- 

z a t i o n  dur ing  s o l i d i f i c a t i o n  and coo l ing  from t h e  nonequi l ibr ium s o l i d u s  

t o  room temperature .  

5.1.1.2 S o l i d i f i c a t i o n  Behavior of Model A u s t e n i t i c  Weld Systems 

A program t o  understand and model s o l i d i f i c a t i o n  behavior  of aus te -  

n i t i c  s t a i n l e s s  s t ee l  weld metal us ing  t h e  Fe-Ni-Cr system as a model 

system i s  i n  p rogres s .  Ternary  Fe-Ni-Cr a l l o y s  and a l l o y s  wi th  systema- 

t i c  a d d i t i o n s  of o t h e r  a l l o y i n g  e lements  have been prepared.  Experi-  

menta l  i n v e s t i g a t i o n s  of t h e s e  a l l o y  systems w i l l  c o n t r i b u t e  t o  t h e  

unders tanding  of  t h e  r o l e  of v a r i o u s  a l l o y i n g  elements on the  s o l i d i f i c a -  

t i o n  s t r u c t u r e  development and format ion  and s t a b i l i t y  of the  micro- 

c o n s t i t u e n t s  i n  a u s t e n i t i c  s t a i n l e s s  s teel .  
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5.1.2 Transformat ion  R e a c t i o n s  of Aged Weldments - J. M. Le i tnake r  

5.1.2.1 Transformat ion  o f  + F e r r i t e  t o  Sigma - J. M. L e i t n a k e r ,  
J. Bent ley ,  and D. P. Edmonds 

On ag ing ,  f e r r i t e  t r ans fo rms  t o  sigma phase ,  a hard  i n t e r m e t a l l i c  

phase ,  which i s  g e n e r a l l y  be l i eved  t o  be d e l e t e r i o u s  t o  metall ic s t ruc -  

t u r e s .  The format ion  o f  sigma phase g e n e r a l l y  l e a d s  t o  a decrease  i n  

o v e r a l l  d u c t i l i t y ,  w i t h  c r a c k s  opening up a long  t h e  aus ten i te -s igma 

bo und ar y . 
S t i e g l e r  e t  a1.l have shown a l a r g e  and unexplained v a r i a b i l i t y  

i n  t h e  rate of sigma phase format ion  i n  type  308 s t a i n l e s s  s teel  weld- 

ments.  The v a r i a b i l i t y  enabled  them t o  show t h a t  c r a c k s  opened up 

d u r i n g  c reep  tests o n l y  i n  r e g i o n s  i n  which sigma phase was formed. 

Specimens t h a t  had l i t t l e  o r  no sigma phase were as s t r o n g  as and,  

o v e r a l l ,  more d u c t i l e  t han  those  c o n t a i n i n g  q u a n t i t i e s  of sigma. 

The weld metal 16-8-2 (nominal ly  16 w t  % C r ,  8 w t  % N i ,  2 w t  % Mo, 

ba lance  Fe) shows v e r y  l i t t l e  i f  any  sigma phase a f t e r  aging up t o  

10,000 h a t  732OC. 

t h e y  remained f e r r i t e  bu t  a f t e r  t h i s  ag ing  t i m e  were surrounded by M23C6. 

Sigma i s  no t  s een  o p t i c a l l y  because t h e  o r i g i n a l  f e r r i t e  conta ined  w i t h i n  

t h e  specimens i s  t h i n .  Thus,  t h e  ev idence  f o r  t h e  absence of sigma phase 

i s  nega t ive .  

Reg.ions of what were fe r r i te  c l e a r l y  showed t h a t  

The absence of  sigma phase i n  16-8-2 welds  i s  c o n s i s t e n t  w i th  two 

o t h e r  f a c t o r s :  o v e r a l l  composi t ion and morphology of the  f e r r i t e .  The 

morphology of  t h e  f e r r i t e  i s  impor tan t  f o r  t h e  fo l lowing  reason:  i f  t h e  

chromium n e c e s s a r y  t o  form sigma can d i f f u s e  t o  t h e  f e r r i t e - a u s t e n i t e  

i n t e r f a c e ,  i t  forms M23C6 more r a p i d l y  t h a n  it  forms sigma phase.  

Secondly,  t h e  o v e r a l l  composi t ion of 16-8-2 i s  cons ide rab ly  lower i n  

chromium e q u i v a l e n t  t h a n  i s  type  308 weld metal; t h u s ,  t h e  d r i v i n g  f o r c e  

f o r  format ion  of  sigma phase i s  lower.  

lJ. 0. S t i e g l e r ,  R. T. King, and G. M. Goodwin, " E f f e c t  of  Res idua l  
Elements  on F i x t u r e  C h a r a c t e r i s t i c s  and Creep D u c t i l i t y  of Type 308 
S t a i n l e s s  S t e e l  Weld Metal," J .  Eng. Mater. Technol. 97: 245-50 (1975).  
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5.1.2.2 Transformat ion  of A u s t e n i t e  t o  M a r t e n s i t e  - J. M. L e i t n a k e r  and 
D.  P. Edmonds 

During c o o l i n g ,  cast  weld metal i n  t h e  composi t ion range  of 16-8-2 

(16 w t  % C r ,  8 w t  % N i ,  2 w t  % Mo, b a l a n c e  Fe) can undergo a m a r t e n s i t i c  

t r a n s f o r m a t i o n  from t h e  f c c  a u s t e n i t e  phase  t o  a bcc  phase .  

of s e m i q u a n t i t a t i v e l y  measuring t h e  amount of t h e  bcc  phase  p r e s e n t  i s  

by  magnet ic  means. We repor t ed  p r e v i o u s l y 2  t h a t  t h e  amount of f e r r i t e  

o b t a i n e d  v i a  t h e  t r ans fo rma t ion  depends on t h e  ag ing  t i m e .  Aging t h e  

samples  a t  650 and 732OC r e s u l t s  i n  p r e c i p i t a t i o n  of c a r b i d e s  and c h i  

phase ,  which changes t h e  composi t ion of t h e  matrix and pe rmi t s  addi- 

t i o n a l  m a r t e n s i t e  t o  form on coo l ing .  

A u s e f u l  way 

Aging t h e  welds  a t  482°C produces a d i f f e r e n t  result .  Although 

c a r b i d e s  p r e c i p i t a t e  and one expects from d a t a  ob ta ined  a t  h ighe r  tern 

p e r a t u r e s  t h a t  a m a r t e n s i t i c  t r ans fo rma t ion  should have occur red ,  t h e  

magnet ic  measurements produced a n e g a t i v e  r e s u l t .  No m a r t e n s i t e  was 

b e l i e v e d  t o  have formed i n  t h e  samples cooled from 482 " C .  

t h i n n i n g  t h e  samples and examining i n  t h e  e l e c t r o n  microscope showed t h e  

h e a v i l y  d i s l o c a t e d  bcc phase t y p i c a l  of t h e  m a r t e n s i t i c  phase t r a n s f o r -  

mat ion.  Unaged samples of  t h e  same composi t ion can be th inned  success-  

f u l l y  wi thou t  t h e  t r a n s f o r m a t i o n ;  t h u s ,  t h e  ag ing  a p p a r e n t l y  i s  making 

t h e  sample s u s c e p t i b l e  t o  t r a n s f o r m a t i o n ,  as  a t  h ighe r  tempera tures .  We 

b e l i e v e  t h i s  t r ans fo rma t ion  occur s  du r ing  p r e p a r a t i o n  of t h e  e l e c t r o n  

microscopy specimens.  The t h i n n i n g  of t h e  p o l y c r y s t a l l i n e  sample q u i t e  

l i k e l y  removes some r e s t r a i n i n g  f o r c e s ,  e a s i n g  t r ans fo rma t ion .  However, 

i t  i s  p e r f e c t l y  c lear  t h a t  t h e  s t r i k i n g  d i f f e r e n c e  i n  t r ans fo rma t ion  

behav io r  between samples cooled  from 650°C and those  cooled from 482OC 

i s  n o t  understood a t  p r e s e n t .  

However, 

2J.M. Lei tnake r  and D. P. Edmonds, " I n v e s t i g a t i o n  of F e r r i t e  Content  
o f  A u s t e n t i c  Welds," Metals and Ceramics Diu. Mater. Sei. Annu. Prog. 
Rep.  June 30, 2977, ORNL-5311, pp. 30-31. 
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5.1.3 P r e c i p i t a t i o n  Reac t ions  i n  Weldments - J. M. Le i tnake r  

5.1.3.1 Competi t ion of  Chromium and Titanium f o r  Carbon - 
J. M. L e i t n a k e r ,  J. Bent ley ,  and A. F. Rowcliffe  

A f t e r  ag ing  of type  321 s t a i n l e s s  s t e e l ,  which i s  b a s i c a l l y  type  

304 w i t h  t h e  a d d i t i o n  of about 0.5 w t  % T i ,  bo th  M23Cg and T i c  have 

been observed. Examination of type  321 s t a i n l e s s  steel t h a t  has  been 

aged 1 7  y e a r s  i n  s e r v i c e  i n  a supe rhea te r  of a steam p l a n t  revea led  only  

T i c  and no M23Cg. 

i s  t h e  s t a b l e  phase.  

The o b s e r v a t i o n  sugges t s  t h a t  T i c  r a t h e r  than M23Cg 

Experiments revea led  t h a t  by l i m i t i n g  t h e  amount of t i t an ium p lus  

carbon i n  t h e  s t ee l  one can  produce a homogeneous m a t e r i a l  i n  which a 

t i t an ium l e v e l  of  5 times t h e  weight percent  of carbon is  s u f f i c i e n t  t o  

p reven t  t h e  format ion  of M23Cg. 

must be c o n t r o l l e d  a t  l e v e l s  t h a t  depend on t h e  temperature  a t  which 

s o l u t i o n  annea l ing  i s  t o  be done. The product  of t h e  t i t an ium con- 

c e n t r a t i o n  times t h e  carbon c o n c e n t r a t i o n ,  e s s e n t i a l l y  a s o l u b i l i t y  pro- 

d u c t ,  K, can be expressed  as 

The t o t a l  amount of t i t an ium and carbon 

over  t h e  range  1000 t o  1200°C. 

A s  an  i l l u s t r a t i v e  example, f o r  0.5 w t  % T i  i n  s o l u t i o n  i n  a t y p e  321 

s t a i n l e s s  s tee l ,  one could have o n l y  0.005 w t  % C i n  s o l u t i o n  a t  1050°C 

accord ing  t o  E q .  (1). 

demonst ra tes  why manufac turers  are unable  t o  e l i m i n a t e  t h e  s t r i n g e r s  

found i n  t h i s  s teel .  

T h i s  i s  one-tenth t h a t  u s u a l l y  p re sen t  and 

5.1.3.2 X-ray I n t e n s i t i e s  of M23Cg i n  S t e e l  and Weld Specimens - 
J . M .  L e i t n a k e r ,  0. B. Cavin,  and H. L. Yakel 

The c r y s t a l  s t r u c t u r e  of Cr23Cg was f i r s t  descr ibed  by Westgren3 i n  

1933. It i s  a complicated s t r u c t u r e  wi th  92 metal  at0m.s and 24  carbon 

3A. Westgren, "Den kubiska kromkarbidens k r i s t a l l b y g g n a d  och 
sammansattnig," Jernkontorets Ann. 117: 501-12 (1933). 
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atoms p e r  u n i t  c e l l .  

l a b e l e d  M23c6 because of t h e  s o l u t i o n  of  a d d i t i o n a l  e lements ,  a l s o  

d i s s o l v e s  molybdenum but  appea r s  n o t  t o  do so  randomly. Th i s  can be 

deduced from x-ray i n t e n s i t i e s ,  which are observed4 t o  be d i f f e r e n t  

from those  from a random s u b s t i t u t i o n  of  molybdenum on t h e  Cr23Cg 

l a t t i c e .  

Th i s  phase ,  which is common i n  aged s tee ls  and 

Measurement o f  t h e  r e l a t i v e  i n t e n s i t i e s  of  a number of  l i n e s  from 

x-ray p a t t e r n s  of 15 d i f f e r e n t  specimens of M23Cg r e v e a l e d  t h a t  t h e  

r e l a t i v e  i n t e n s i t i e s  from l i k e  samples were r e p r o d u c t i b l e  from specimen 

t o  specimen w i t h i n  t h e  count ing  u n c e r t a i n t i e s .  However, t h e  d e v i a t i o n  

from a c a l c u l a t e d  i n t e n s i t y  f o r  t h e  M23C6 c r y s t a l  s t r u c t u r e  w a s  g r e a t e r  

t h a n  t h e  count ing  u n c e r t a i n t i e s  f o r  s e v e r a l  of t h e  l i n e s .  

denum w a s  added t o  t h e  specimen t h e  v a r i a t i o n  from t h e  c a l c u l a t e d  va lue  

w a s  g r e a t e r  t h a n  when o n l y  F e ,  C r ,  and N i  were p r e s e n t .  That  i s ,  t h e  

c a l c u l a t e d  i n t e n s i t i e s  f o r  M23Cg i n  s t a i n l e s s  s tee l  specimens do n o t  

appea r  t o  f i t  t h e  exper imenta l  d a t a ,  and t h e  arrangement of atoms 

a p p e a r s  t o  be less w e l l  understood than  had been p r e v i o u s l y  supposed. 

We are  i n v e s t i g a t i n g  t h i s  problem on a number of f r o n t s .  We are 

When molyb- 

v a r y i n g  t h e  r e l a t i v e  l o c a t i o n s  of t h e  atoms i n  t h e  u n i t  c e l l  a t t e m p t i n g  

t o  o b t a i n  a c a l c u l a t e d  i n t e n s i t y  t h a t  a g r e e s  wi th  t h e  observed in ten-  

s i t y .  Long-term a g i n g s  of  a number of i ron-base a l l o y s  c o n t a i n i n g  C r ,  

C r  and N i ,  and C r ,  N i ,  and Mo are  under way. The M23C6 p r e c i p i t a t e  

w i l l  be examined as a f u n c t i o n  of  t i m e  t o  see i f  r e l a t i v e  changes i n  

i n t e n s i t i e s  occur .  F i n a l l y ,  w e  hope t o  g e t  a s i n g l e  c r y s t a l  of Cr23Cg 

t o  i n v e s t i g a t e  t h e  c r y s t a l  s t r u c t u r e  of  t h e  pa ren t  compound. 

5 . 1 . 3 . 3  Formation of  an  Fe2P and (Fe,Cr)2As-Like Phase on Long-Term 
Aging of S t e e l -  J. Ben t l ey  and J. M. L e i t n a k e r  

A f t e r  long-term aging  a t  650°C of  commerical t ype  321 s t a i n l e s s  

s t ee l ,  a long  need le - l ike  p r e c i p i t a t e  h a s  been s e e n ,  as shown i n  Fig.  5.1. 

4Yu. B. Kuz'ma and T. F. Fedorov, "Phase E q u i l i b r i a  i n  t h e  System 
Molybdenum-Chromium-Carbon ," Sou. Powder MetaZZ. Met. Ceram. (EngZ. 
TransZ.) 25(1):  920-22 (1965).  
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Fig .  5.1. Needle l ike  Phase i n  Aged Type 321 S t a i n l e s s  S t e e l .  

D i f f r a c t i o n  p a t t e r n s  i n  s e v e r a l  o r i e n t a t i o n s  showed t h a t  t h e  phase w a s  

hexagonal.  

m a t r i x  is:  

The o r i e n t a t i o n  r e l a t i o n s h i p  between t h e  p r e c i p i t a t e  and 

(0001) p r e c i p i t a t e  I I (001)  ma t r ix ,  

( I T I O )  p r e c i p i t a t e  I I (110)  mat r ix .  

The l a t t i c e  c o n s t a n t s  of t h e  phase were determined t o  be a. = 0.608 nm 

and eo = 0.364 nm. 

are c o n s i s t e n t  w i th  t h e  e22 s t r u c t u r e  of Fe2P. 

w i t h  an  (Fe,Cr)zAs s t r u c t u r e  i d e n t i f i e d  by H 0 1 l a n . ~  

The e/a r a t i o ,  0.599, and t h e  hexagonal s t r u c t u r e  

It is  a l s o  c o n s i s t e n t  

E f f o r t s  t o  e x t r a c t  

5L. Hollan,  " i t u d e  S t r u c t u r a l e  e t  Magngtique D'ArsGniures Mixtes 
M ~ A s , "  Ann. Chim. 1: 437-48 (1966).  
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a phase c o n t a i n i n g  phosphorus and arsenic e l e c t r o l y t i c a l l y  have been 

u n s u c c e s s f u l ,  p o s s i b l y  because t h e  phase hydro lyzes .  

From t h e  chemical  a n a l y s i s  w e  conclude t h a t  t h e  s teel  c o n t a i n s  

ample a r s e n i c  and phosphorus t o  account  f o r  t h e  amount of t h e  phase seen  

i n  t r ansmiss ion .  It seems reasonab le  t o  suppose t h a t  t h e  two i m p u r i t i e s  

a re  combined t o  y i e l d  a (Fe,Cr)z(P,As)  phase.  A similar appea r ing  

need le - l ike  phase has  been seen  i n  i r r a d i a t e d  s tee l s ,  a s s o c i a t e d  wi th  

v o i d s Y 6  and may be t h e  same. 

5.1.3.4 L i m i t s  on Formation of  Sigma Phase i n  A u s t e n i t e  - 
J. M. Le i tnake r  and J. Ben t l ey  

Sigma phase ,  which forms i n  a u s t e n i t i c  s teels ,  i s  b a s i c a l l y  a n  i ron-  

chromium i n t e r m e t a l l i c  compound, which a l s o  d i s s o l v e s  s i g n i f i c a n t  quan- 

t i t i e s  of o t h e r  a l l o y i n g  e lements  such  as N i ,  Mo, Mn, and S i .  The 

phase ,  a complicated s t r u c t u r e  wi th  32 atoms pe r  u n i t  c e l l ,  forms 

s lowly ,  and t h e  l i m i t s  o f  t h e  one-phase r eg ion  i n  multicomponent a l l o y s  

a re  n o t  w e l l  known because of  t h i s  s l u g g i s h n e s s  of format ion;  expe r i -  

ments r e q u i r e  exceed ing ly  long  times a t  tempera tures  nea r  650OC. 

From shor t - t ime exper iments ,  Hul l7  and o t h e r s  have deduced formulas  

t o  set l i m i t s  on t h e  e x t e n t  of t h e  a u s t e n i t e  boundary i n  t h e  presence  of 

sigma phase.  We have examined t h e  l i m i t  of  t h e  boundary f o r  a type  321 

s t a i n l e s s  s tee l .  Based on H u l l ' s  formula f o r  a l i m i t i n g  " C r  e q u i v a l e n t , "  

w e  found t h e  l i m i t i n g  e q u i v a l e n t  t o  be 17.9. T h i s  va lue  should be 

r a t h e r  c l o s e ,  s u b j e c t  o n l y  t o  chemical  a n a l y s i s  e r r o r s ,  t o  a " t r u e "  

v a l u e  f o r  a l i m i t i n g  chromium e q u i v a l e n t  f o r  type  321 s t a i n l e s s  s teel .  

However, f o r  s tee l s  va ry ing  s i g n i f i c a n t l y  i n  composi t ion,  H u l l ' s  formula 

i s  n o t  as a c c u r a t e  as impl ied  by t h r e e  s i g n i f i c a n t  d i g i t s  i n  the  

l i m i t i n g  e q u i v a l e n t .  The r eason  is t h a t  a d d i t i o n s  of such  e lements  as 

molybdenum do n o t  have a s i n g l e  e f f e c t ;  t h e y  no t  o n l y  a f f e c t  t h e  s t a b i l i t y  

~~ ~ ~ ~ 

6E.  E. Bloom and J. 0. S t i e g l e r ,  " E f f e c t  on t h e  M i c r o s t r u c t u r e  and 
Creep-Rupture P r o p e r t i e s  of Type 316 S t a i n l e s s  Steel ,"  pp. 360-80 i n  
ASTM Spec. Tech. &bl. 529, American S o c i e t y  f o r  T e s t i n g  of  Materials, 
P h i l a d e l p h i a ,  1973. 

S t a i n l e s s  Steel ,"  Weld J .  (Miami) 52: 104-s-413-s (1973).  
7F. C. H u l l ,  " E f f e c t s  of Composition on Embri t t lement  of A u s t e n i t i c  
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of the sigma phase,  they  a l s o  a f f e c t  t h e  a c t i v i t y  of t h e  chromium 

i n  s o l u t i o n .  Thus, a s ingle-va lued  term i n  molybdenum, f o r  example, i s  

n o t  a p p r o p r i a t e  i f  p r e c i s i o n  i s  d e s i r e d .  The e p i t a x i a l  r e l a t i o n s h i p s  

between sigma and t h e  ma t r ix  were examined, and g e n e r a l  agreement wi th  

t h e  l i t e r a t u r e  noted.  

5.1.3.5 Formation of  Chi and Laves Phases i n  A u s t e n i t i c  S t a i n l e s s  
S t e e l s  - J. M. L e i t n a k e r ,  D. P. Edmonds, and A. F. Rowcliffe  

Both Laves and c h i  phases  occur  i n  a u s t e n i t i c  s t a i n l e s s  s tee l s  con- 

t a i n i n g  molybdenum. The Laves appea r s  t o  be based on a s imple b ina ry  

Fe2Mo. The c h i  phase,  on t h e  o t h e r  hand, a l s o  r e q u i r e s  t h e  presence of 

chromium. The presence  of n e i t h e r  phase i s  be l ieved  t o  be b e n e f i c i a l .  

B e n e f i c i a l  e lements  as s i l i c o n  o r  t i t a n i u m  w i l l  s eg rega te  t o  and 

d i s s o l v e  i n  e i t h e r  phase.  Consequently,  t h e r e  appears  t o  be no reason 

t o  p e r m i t  t h e  presence of e i t h e r  of t h e s e  phases .  

Molybdenum i n c r e a s e s  t h e  tendency t o  form sigma phase; however, i f  

t h e  "chromium equ iva len t "  i s  lowered below some va lue ,  sigma phase w i l l  

n o t  form. The c h i  and Laves phases  can s t i l l  form i f  t h e  molybdenum 

c o n t e n t  of t h e  a l l o y  i s  s i g n i f i c a n t .  A t  about  14 t o  14.5 w t  % C r ,  9 t o  

1 4  w t  % N i ,  and 2 w t  % Mo, f o r  example, no sigma phase w i l l  form; 

however, e i t h e r  c h i  o r  Laves phase can form i f  t h e  molybdenum con ten t  i s  

above about 1 w t  %. Apparent ly  t h e  n i c k e l  conten t  of t h e  ma t r ix  de te r -  

mines which phase forms. A t  14 w t  % N i  t h e  Laves phase forms wi th  

g r e a t e r  than  about  1 w t  % Mo, wh i l e  a t  9 w t  % N i  t h e  c h i  phase 

forms wi th  g r e a t e r  than  about  1 wt: % Mo. There must be  a th ree -  

phase r e g i o n  i n  which Laves,  c h i ,  and a u s t e n i t e  c o e x i s t .  

5.1.4 P r e c i p i t a t i o n  i n  Nicke l  A l loys  - D. J. Bradley,8 J. M. L e i t n a k e r ,  
and F. H. Horne' 

5.1.4.1 P r e c i p i t a t i o n  of Carbon i n  Nickel and Nickel-Titanium Alloys - 

Carbon i s  an  impor tan t  element i n  nickel-base a l l o y s .  Its 

s y n e r g i s t i c  e f f e c t s  w t ih  o t h e r  e lements  can have dramat ic  e f f e c t s  on 

~ ~~~~ 

*ORAU Graduate  Fellow. 

9Department of Chemistry,  Michigan State  Un ive r s i ty .  

P re sen t  a d d r e s s ,  Department of Chemistry,  
Un ive r s i ty  of  C a l i f o r n i a ,  Berkeley. 
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mechanical  p r o p e r t i e s  of t h e s e  a l l o y s .  For example,  i n c r e a s i n g  t h e  car- 

bon con ten t  of Ni-12% M0-7% Cr-0.5% T i  a l l o y  from 0.01 t o  0 .1  w t  % 

changes t h e  c r e e p  r u p t u r e  l i f e  by approximate ly  4 o r d e r s  o f  magnitude. 

The p r e s e n t  s tudy  o r i g i n a t e d  from s e v e r a l  puzz l ing  o b s e r v a t i o n s  

made i n  t h e  cour se  of  examining n icke l -base  a l l o y s .  Examination of an- 

o d i c a l l y  e x t r a c t e d  p r e c i p i t a t e s  from n i c k e l  and Ni-3% T i  samples ,  i n  

which a l l  t h e  carbon w a s  known t o  be i n  s o l u t i o n  a t  t empera tu re ,  l e d  t o  

t h e  fo l lowing  seeming anomalies:  F i r s t ,  x-ray d i f f r a c t i o n  i n t e n s i t i e s  

on e x t r a c t e d  p r e c i p i t a t e s  appeared ex t r eme ly  low. Second, t h e  amount of 

p r e c i p i t a t e  e x t r a c t e d  appeared t o  be independent  of t h e  tempera ture  be- 

tween 760 and 1200°C. And, f i n a l l y ,  t h e  ana lyzed  composi t ion of  t h e  pre- 

c i p i t a t e  appeared t o  be more than  50 w t  % C ;  i t  c o n s i s t e d  of carbon p l u s  

absorbed  metal l ic  c h l o r i d e s  from t h e  e x t r a c t i n g  s o l u t i o n .  

C a r e f u l  measurement of s e v e r a l  p r e c i p i t a t e s  r evea led  t h a t  n e a r l y  

a l l  t h e  carbon p r e s e n t  i n  t h e  sample w a s  recovered  as a p r e c i p i t a t e  

a f t e r  quenching s ingle-phase a l l o y s  from 1200°C. Only two e x p l a n a t i o n s  

appea r  p o s s i b l e :  ( 1 )  t he  carbon p r e c i p i t a t e d  on coo l ing ,  o r  ( 2 )  t h e  

carbon agglomerated dur ing  e x t r a c t i o n .  D i f f u s i o n  c a l c u l a t i o n s  can 

j u s t i f y  t h e  f i r s t  p o s s i b i l i t y .  The second p o s s i b i l i t y  seems v e r y  un- 

l i k e l y .  If t h e  carbon does p r e c i p i t a t e  on coo l ing  the  i n t e r p r e t a t i o n  of 

c e r t a i n  i n t e r n a l  f r i c t i o n  da ta 'mus t  be a l t e r e d .  

5.1.4.2 Thermodynamics of Carbon i n  Nickel  and Nickel  A l loys l0  

Because of  t h e  importance of carbon i n  n i c k e l  a l l o y s ,  t h e  a c t i v i t y  

o f  carbon w a s  measured i n  pure n i c k e l ,  i n  n i c k e l  p lus  t i t a n i u m ,  and i n  

n i c k e l  p lus  t i t a n i u m  wi th  va ry ing  a d d i t i o n s  of chromium and molybdenum. 

The measurements were made a t  900, 1100, and 1200°C. Carbon 3beyed 

Henry 's  l a w  up t o  t h e  s o l u b i l i t y  l i m i t  i n  a l l  a l l o y s  s t u d i e d  and a t  a l l  

t empera tu res .  Ti tanium lowered 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  

n i c k e l ;  t h a t  i s ,  carbon i s  more s o l u b l e  i n  t h e  n i cke l - t i t an ium a l l o y  than  

i t  i s  i n  pure n i c k e l .  The i n c r e a s e  i s  l a r g e s t  a t  900°C and smallest a t  

1200°C. Chromium a d d i t i o n s  a l s o  i n c r e a s e  t h e  s o l u b i l i t y  of carbon a t  a 

lOSummary of D. J. Bradley,  The Thermodynamics of Carbon in 
NickeZ-Based Multicomponent Solid SoZutions, ORNL/TM-6282 (Apr i l  1978 ) 
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g iven  a c t i v i t y ,  bu t  molybdenum has  t h e  o p p o s i t e  e f f e c t .  A s  w i t h  t i t a -  

nium, t h e  magnitude o f  t h e  e f f e c t s  v a r i e s  w i th  temperature .  

The a c t u a l  wid th  of t h e  s ing le-phase  a u s t e n i t e  r eg ion  i s  decreased  

when molybdenum i s  added t o  t h e  system, because of t h e  a b i l i t y  of t h e  

molybdenum t o  form cub ic  M03C2 and d i s s o l v e  i n  t h e  T i c .  Addi t ion  of 

chromium has  a f u r t h e r  e f f e c t  on t h e  a c t i v i t y  of molybdenum, f u r t h e r  

narrowing t h e  range  of  t h e  s ingle-phase reg ion .  

5.1.4.3 P r e c i p i t a t e  Phases  i n  Nickel  Alloys 

P r e c i p i t a t e  phases  can e i t h e r  improve o r  degrade t h e  p r o p e r t i e s  of 

n icke l -base  a l l o y s .  I n  a l l o y s  of t h e  H a s t e l l o y  N t ype ,  about  16 w t  % Mo 

and 7 w t  % C r y  t h e  u b i q u i t o u s  carbon causes  format ion  of a massive 

M12C phase a t  t h e  g r a i n  boundar ies  and causes  t h e  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  i n  a b r i t t l e  manner. Adding about  2 w t  % T i ,  however, 

and lowering t h e  molybdenum con ten t  t o  12 t o  1 3  w t  % can avoid  t h e  

M12C phase and improve t h e  d u c t i l i t y  and s t r e n g t h .  

A d d i t i o n a l  c a r b u r i z a t i o n  of t h e  a l l o y ,  p a s t  t h a t  u s u a l l y  accom- 

modated i n  t h e  MC phase ,  r e s u l t s  i n  t h e  format ion  of a long ,  needle- l ike  

phase  w i t h i n  t h e  a l l o y ,  t h e  c r y s t a l l o g r a p h i c  n a t u r e  of which has  no t  y e t  

been determined.  For example, e q u i l i b r a t i n g  a t  1215°C wi th  a carbon 

a c t i v i t y  of  0.27 r e l a t i v e  t o  g r a p h i t e  r e s u l t s  i n  t h e  three-phase 

mix tu re :  a l l o y ,  MC phase ,  and t h e  unknown p r e c i p i t a t e .  

5.1.5 Thermodynamics o f  t h e  Face-Centered Cubic Fe-C S s t e m  - 
D. J. Brad leyYa  J. M. L e i t n a k e r ,  and F. H. Horne 6 

The thermodynamics of  t h e  Fe-C system i s  impor t an t ,  bo th  i n t r i n -  

s i c a l l y  and because t h e  system i s  used as a s t anda rd  a g a i n s t  which o t h e r  

t h i n g s  can be measured. Our r e -eva lua t ion  d i s c l o s e d  t h a t  two v a l u e s  f o r  

t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  CO-CO2 r e a c t i o n  are i n  g e n e r a l  use i n  

t h e  l i t e r a t u r e .  

The d i sc repancy  i n  t h e  va lue  f o r  t h e  e q u i l i b r i u m  c o n s t a n t  , which 

amounts t o  about  l o%,  a r i ses  from d i f f e r e n c e s  i n  t h e  va lue  of t h e  en t ropy  

t a k e n  f o r  CO(g). Ana lys i s  of s p e c t r o s c o p i c  d a t a  r e v e a l s  t h a t  two sets 

o f  h igh-prec is ion  d a t a  f avor  one va lue  of t h e  en t ropy  f o r  CO(g), whi le  

a n o t h e r  set  of  low-precis ion d a t a  f a v o r s  a d i f f e r e n t ,  h ighe r  va lue .  

s t u d y  i n d i c a t e s  t h e  lower va lue  t o  be t h e  c o r r e c t  one. 

Our 
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35th Meeting of the Electron Microscopy Society of America, Boston, 
Massachusetts, August 22-26, 1977 

R. W. Carpenter'' and E. A. Kenik, "Stability of Chemical Order 
in NiqMo Under Fast Electron Irradiation" 

E. A. Kenik and J. Bentley, "Influence of X-Ray Induced 
Fluorescence on Energy Dispersive of X-Ray Analysis of Thin Foils" 

E. A. Kenik, "Solu te  Segregation in Stainless Steel Under 
Irradiation" 

>? 

* 

15th International Thermal Conductivity Conference, Ottawa, Canada, 
August 24, 1977 

D. L. McElroy, R. K. Williams, J. P. Moore, and F. J. Weaver, 
"The Physical Properties of Inconel Alloy 718 from 300 to 1000°C" 

J. P. Moore" and R. S. Graves, "The Ettingshausen-Nernst 
Coefficients and Physical Properties of Nickel and Alumel" 

* 

Fifth International Conference on High-Voltage Electron Microscopy, 
Kyoto Kaikan, Kyoto, Japan, August 29-September 1, 1977 

R. W. Carpenter" and E. A. Kenik, "In Situ Radiation Response of 
Nickel-Molybdenum Alloys in an HVEM" 
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Fourth European Crystallographic Meeting, Oxford, England, 
August 29-September 2, 1977 

ik R. W. Hendricks, "The ORNL 10-Meter Small-Angle X-Ray Scattering 
Camera" 

International Conference on Nuclear Structure, Tokyo, Japan, 
September 5-10, 1977 

* S. Raman, R. V. Gentry, C. J. Sparks, Jr., W. H. Christie, 
M. 0. Krause, E. Ricci, C. A. Gossett, and J. B. Bates, "New 
Results from Studies on Radioactive Giant Halos" 

American Ceramic Society Fall Meeting of the Nuclear and Basic 
Science Divisions, Hyannis, Massachusetts, September 25-28, 1977 

* R. A. Perkins, J. B. Bates, and L C Manley, Jr., "Tritium 
Diffusion in Rutile" 

Joint Working Group on Uraniam Alloys, Golden, Colorado, 
September 14-15, 1977 

9; R. A. Vandermeer, J. C.  Ogle, and W. B. Snyder, "Shape Memory 
Effects in an Uranium-6 w/o Niobium Alloy" 

State University of New York at Stony Brook, New York, Sept. 28, 1977 

G. M. Stocks, "Abinitio Theory of Electronic States in Random 
Substitutional Alloys" 

Fourth International Conference on Small-Angle Scattering of X Rays 
and Neutrons, Gatlinburg, Tennessee, October 3 7 ,  1977 

9; S. K. Baczek, R. S. Stein, R. D. Carlson, and R. W. Hendricks, 
"The Use of Anisotropic Small-Angle X-Ray Scattering Data for 
the Study of Deformation in Polymer Systems'' 

R. D. Carlson, M. E. Druyan, and P. W. Goaz, "Small-Angle X-Ray 
Scattering from Developing Teeth" 

R. W. Carpenter, J. Bentley, and E. A. Kenik, "Small-Angle 
Electron Scattering in the Transmission Electron Microscope" 

R. W. Hendricks, "The ORNL 10-Meter Small-Angle X-Rav 
Scattering Camera" 

J. S. Lin, 0. B. Cavin, R. W. Hendricks, and E. L. Fuller, Jr., 
"Characterization of an Alumina-Supported Cobalt-Molybdate 
Catalyst I'  

J. S. Lin, R. W. Hendricks, L. A. Harris, and C. S. Yust, 
"Microporosity and Micromineralogy in a Bituminous Coal by 
SAXS and EM" 

S. Liu, J. Moteff, R. W. Hendricks, and J. S. Lin, "Small-Angle 
X-Ray Scattering Studies of Voids in Neutron-Irradiated 
Molybdenum" 

* 

* 

* 

* 

* 

* 
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J. Schelten* and R. W. Hendricks, J; 11 Recent Developments in 

X-Ray and Neutron Small-Angle Scattering Instrumentation and 
Data Analysis" 

J. M. Schultz, J. S. Lin, and R. W. Hendricks, "A Dynamic Study 
of the Crystallization of Polyethylene from the Melt" 

S. Spooner, H. R. Child, and F. W. Wiffen, "Small-Angle Neutron 
Scattering of Reactor-Irradiated Niobium" 

R. L. Stephenson, R. W. Hendricks, and J. S. Lin, "A Computerized 
Small-Angle Scattering Bibliography" 

;k 

* 

>k 

Seminar at the Department of Metallurgy and Materials Science, 
Lehigh University, Bethlehem, Pennsylvania, October 4 ,  1977 

A. DasGupta, k I I  Superconducting Properties, Materials, and 

Ap p 1 i ca t ions" 

University of Tennessee Graduate Seminar, Department of Chemical and 
Metallurgical Engineering, Knoxville, Tennessee, October 18, 1977 

J; I t  J. D. Holder, Soret-Modified Eutectic Constitutional Super- 
cooling Criterion" 

J. D. Holder" and G. W. Clark, "Directional Solidification by 
Internal Zone Melting of Cr203-Mo Composites" 

University of Illinois, Urbana, Illinois, October 20, 1977 

R. A. Vandermeer, "Shape Memory Effects in Uranium Alloys" 

TMS-AIME Fall Meeting, Chicago, Illinois, October 24-27, 1977 
J; P. T. Carlson, "Intrinsic Diffusion and Vacancy Flow Effects in 

Vanadium-Titanium Alloys" 

A. DasGuptaft and D. M. Kroeger, "Flux Pinning by Small 
Perturbations of the Order Parameter in Type I1 Superconductors" 

D. S. Easton, Stress Behavior of Superconducting Composites 
Containing Filaments with Varying Thicknesses of Nb3Sn" 

J. S. Faulkner, "Electronic States in Metals and Alloys" 

R. W. Hendricks, Materials Science Research Applications of 
the ORNL 10-Meter Small-Angle X-Ray Scattering Camera" 

C. C. Koch, "Recent Developments in Fluxoid Pinning and Stress 
Effects" 

D. M. Kroeger, D. S. Easton, J. 0. Scarbrough, and A. DasGupta, 
"Dependence of H (T) on Tensile Stress for Some Super- 
conducting Composite Conductors" 

C. J. McHargue,^ "Annealing of Defects Produced by Irradiation" 

R. A. Perkins, "Diffusion of Oxygen in Oxygen Stabilized 
a-Z ir cal oy- 4" 

Jc I I  

k 

9; I I  

J( 

J; 

c? 
J- 

* 
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* 
C. J. Sparks, Jr., "Uses of Synchrotron Radiation for Materials 
Science Re search" 

R. A. Vandermeer and W. B. Snyder, Jr., "Recrystallization of 
Deformed Tantalum Single Crystals'' 

M. H. Y o 0  and J. 0. Stiegler, "Growth Kinetics and 'Preference 
Factor' of Frank Loops During Electron Irradiation" 

* 

Stanford Synchrotron Radiation Project Users Meeting, Stanford, 
California, October 27-28, 1977 

)* C. J. Sparks, Jr., E. Ricci, S. Raman, M. 0. Krause, H. L. Yakel, 
and R. V. Gentry, "X-Ray Fluorescence Analysis with Synchrotron 
Rad ia t ion'' 

University of Louisville, Louisville, Kentucky, October 28, 1977 
* 

L. K. Mansur, "Theory of Radiation-Induced Swelling in Metals 
and Alloys" I 

University of Texas, Materials Science Laboratory, Austin, Texas, 
October 20, 1977 

* R. A. McKee, "Current Research in the Surface and Solid State 
Reactions Group" 

Materials ResearcLSociety Conference on Catalysis, Boston, 
Massachusetts, November 14-16, 1977 

9; G. S. Painter, "Theoretical Studies of the Electronic Structure 
and Bonding Properties of Stepped Metal Surfaces" 

Solar Energy Review Meeting, Ames Laboratories, Ames, Iowa, 
November 29-30, 1977 

9c J. D. Holder, C. B. Finch, R. A. Hartzell, and G. W. Clark, 
"EFG and IZG Studies of Potential Significance to Si Crystal 
Growth" 

National Bureau of Standards Metallurgy Seminar Series, 
Gaithersburg, Maryland, January 11, 1978 

-1. 

R. A. McKee," "The Oxidation of Fe in Pure Sulfur Vapor" 

Duke University College of Engineering, Invited Seminar, Durham, 
North Carolina, January 20, 1978 

* I t  R. W. Carpenter, Analytical Electron Microscopy" 

Robert A. Welch Foundation Lecture Program, Texas A 6 M University, 
February 22, Sam Houston State University, February 23, and West 
Texas State University, February 24, 1978 

* C. J. Sparks, Jr., "Synchrotron Radiation-Intense Photon Source 
to Study the Chemistry of Materials or Synchrotron Radiation- 
Applications to Materials Science Research" 
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AIME Annual Meeting, Denver, Colorado, February 26-March 2, 1978 
k J. Bentley and F. W. Wiffen, "Neutron Irradiation Damage in 

Molybdenum at High Temperatures" 

W. A. Coghlan" and M. H. Yoo, "Modeling the Growth Kinetics of 
Frank Loops Under HVEM Irradiation Using Calculated Defect 
Preference Factors" 

R. W. Hendricks" and W. C. Koehler, "The National Small-Angle 
Neutron Scattering Facility" 

R. W. Hendricks, "The ORNL 10-Meter Small-Angle X-Ray 
Scattering Camera" 

J. M. Leitnaker" and J. Bentley, "Precipitation Phases in 
Type 321 Stainless Steel After Aging 17 Years at Approximately 
600°C" 

J. M. Leitnaker" and D. P. Edmonds, "Aging of 16-8-2 Welds 
Produces Changes in Martensite Content Wick Can Be Explained 
By Micros t r uc t ur a1 Ana 1 y s i. s ' I  

M. H. Yoo, "Nucleation and Growth of Interstitial Dislocation 
Loops in Irradiated Foils" 

k 

Atomics International Division of Rockwell International, Rocky Flats 
Plant, February 24, 1978 

R. A. Vandermeer, "The Physical Metallurgy of the Uraniue6 w/o 
Niobium Alloy" 

Case Western Reserve University, Cleveland, Ohio, March 7, 1978 

Theory and Experiment" 
G. M. Stocks, "Electronic States in Random Substitutional Alloys: 

American Chemical Society Meeting, Anaheim, California, 
March 12-19, 1978 

k P. H. Karr, P. W. Predecki, R. W. Hendricks, and J. S. Lin, 
"Melting Temperature and Lamellar Thickening During Isothermal 
Crystallization of Bulk Polyoxymethylene" 

Oak Ridge Associated Universities Invited Lecture, March 14, 1978 

R. W. Carpenter, "High-Voltage and Analytical Electron 
Micro s c o p y " 

9; 

International Association for Dental Research, Washington, DC, 
March 16-19, 1978 

>t 
M. E. Druyan, P. W. Goaz, R. D. Carlson, and R. W. Hendricks, 
"Small-Angle X-Ray Scattering from Developing Teeth" 
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American Crystallographic Association Meeting, Norman, Oklahoma, 
March 19-24, 1978 * 

R. W. Hendricks and W. C. Koehler, "The National Small-Angle 
Neutron Scattering Facility" 

C. J. Sparks, Jr., "X-Ray Cross Sections for Microanalytical 
Detect ion Limit s t 1  

a 

Vanderbilt University, Nashville, Tennessee, March 22, 1978 * C. L. White, "Application of Auger Electron Spectroscopy to 
the Study of Interfacial Segregation" 

American Physical Society Meeting, Washington, DC, March 27-30, 1978 
* 11 P. T. Carlson, The Concentration and Temperature Dependence of 

Cd Diffusivity Enhancement in Pb-Cd Alloys" 

A. DasGupta and D. M. Kroeger, "Flux Pinning by the First Order 
Perturbation of Ginzburg-Landau Free Energy in Type I1 
Superconductor s t 1  

J. S. Faulkner, "Krein's Theorem and Cluster Calculations" 

R. W. Hendricks and W. C. Koehler, "The National Small-Angle 
Neutron Scattering Facility" 

G. S. Painter and G. M. Stocks, "Surface Electronic Structure of 
Cu-Ni Alloys in a Thin Film Model" 

J. M. Schultz, J. S. Lin, and R. W. Hendricks, "A Dynamic Study 
of the Crystallization of Polyethylene from the Melt" 

G. M. Stocks, B. L. Gyorffy, and W.M.E. Temmerman, "A Complete 
Solution of the KKR-CPA Equations" 

G. M. Stocks" and G. S. Painter, "Cluster Calculation of the 
Electronic Structure of Oxygen Chemisorbed on the Aluminum (111) 
Surf ace" 

* 1 1  F. J. Pinski and W. H. Butler, Electron-Phonon Interaction in 
Nb and Mo: Theory" 

F. J. Pinski, P. B. Allen, and W. H. Butler, "Calculation of 
Resistivity and Electron-Phonon Coupling in Pd" 

C. L. Snead, Jr., K. G. Lynn, A. N. Goland, and F. W. Wiffen, 
"Swelling of Neutron-Irradiated Mo and M d . 5  Ti by Means of 
Positron Annihilation'' 

R. K. Williams and W. H. Butler, "Electron-Phonon Interaction 
and Lattice Thermal Conductivity of Metals" 

* 

* 
* 

* 

it 

>k 

-L 

* 

* 

* 

Fifth International Conference on Textures of Materials, Rheinisch- 
Westfalische Technische Hochschule, Aachen, West Germany, March 29- 
April I, 1978 

R. A. Vandermeer and 0. B. Cavin, "The Development of Texture 
and its Role in Shape Memory Behavior in a Uranium Alloy" 

* 
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Workshop on Large Coil Project Forced-Flow Conductors, ORNL, March 31, 1978 * 
D. S. Easton and D. M. Kroeger, "Effect of Layer Thickness and 
Void Formation in Nb3Sn Superconductors" 

Workshop on Use of Dual-Ion Beams in Basic Radiation Effects Research, 
ORNL, April 12-13, 1978 

9; K. Farrell, "Dual-Ion Studies at ORNL" 

L. K. Mansur, 
Dual-Ion Beams" 

* 
"Outline of Important Areas for Research Using 

First Annual Symposium on Solid State Science Materials Problems 
Associated with Solar Energy, Arizona State University, Tempe, 
Arizona, April 12-14, 1978 

* A. S. Roy, "Economic Viewpoints on Solar Photovoltaic Cells" 

Scanning Electron Microscopy Meeting, Los Angeles, California, 
April 17-21, 1978 

L. A. Harris* and C. S. Yust, "SEM and EMA Studies of an SRC 
Pilot Plant Carbonaceous Plug" 

Nb3Sn Workshop, ORNL, April 26-27, 1978 
J* 

D. S. Easton" and D. M. Kroeger, "Stress Effects in Nb3Sn 
Conductors'' 

American Society for Metals Educational Seminar, Knoxville-Oak Ridge 
ASM Chapter, Oak Ridge, April 28, 1978 

* 
9< 

D. S. Easton, "Stress Effects in Superconducting Composites" 

J. D. Holder, "Metal Oxide-Metal Eutectic Composites: 
Synthesis and Applications" 

American Ceramic Society, Detroit, Michigan, May 6-11, 1978 

C. F. Yen, C. S. Yust, and G. W. Clark, "Mechanical Strength of 
T iB 2-Fe Compos i t e s 'I  

International Conference on Residual Additives and Materials Properties, 
London, May 15-17, 1978 

k C. L. White, R. E. Clausing, and L. Heatherly, "The Effect of 
Trace Element Additions on the Grain Boundary Composition of 
Ir + 0.3% W Alloys" 

University of Oxford Metallurgy Department Seminar, Oxford, England, 
May 18, 1978 

C. L. White," Grain Boundary Segregation and Fracture in Iridium 
Alloys'' 
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Electrochemical Society Meeting, Seattle, Washington, May 21-26, 1978 
* R. A. McKee, J. V. Cathcart, and R. E. Pawel, "Oxidation 

Kinetics of Zircaloy in Steam and Oxygen" 

R. E. Pawel," J. V. Cathcart, and R. A. McKee, "The Kinetics of 
Oxidation of Zircaloy-4 in Steam at High Temperatures" 

R. A. McKee" And G. F. Petersen, "Preparation and Characterization 
of High Purity Pyrrhotite" 

R. A. McKee" and R. E. Druschel, "The Oxidation of Iron in Pure 
Sulfur Vapor at 0.01 mm Hg and 700°C 

-I. 

Superconductivity Panel Meeting of the Interagency Advanced Power Group, 
ORNL, May 22, 1978 

* D. S. Easton and D. M. Kroeger, "The Superconducting and 
Mechanical Behavior of Superconducting Conductors Under 
Tensile Stress" 

A. DasGupta, "Recent Results on Flux Pinning in Type I1 Super- 
conductors and New Superconducting Materials'' 

American Nuclear Society, San Diego, California, June 19-22, 1978 
* T. C. Reiley, R. L. Auble, R. M. Beckers, E. E. Bloom, M. G. Duncan, 

P. Jung, and M. S. Saltmarsh, "The Oak Ridge Irradiation Creep 
Facility" 

6. PUBLICATIONS 

S. C. Abrahams, others and H. L. Yakel, "A. Crystalline," pp. 37-47 
in X-Ray, Neutron, and Electron Scattering, Report of a Materials Science 
Workshop he Zd a t  Oak Ridge Nationa 2 Laboratorg, A p r i  l 13-1 5, 1977, 
CONF-770449. 

B. W. Batterman, others and R. W. Hendricks, "E. Defects, Inhomo- 
geneities, and Polymers," pp. 77-85 in X-Ray, Neutron, and EZectron 
Scattering, Report o f  a Materials Science Workshop held a t  Oak Ridge 
National Laboratory, A p r i  2 13-15, 1977,  CONF-770449. 

G, S. Bauer and R. W. Carpenter, "Hydrogen Induced Twinning in Thin 
Nickel Foils," paper 2B12 in 2nd Int .  Congr. Hydrogen in Metals, Paris, 
June 6-11, 1977,  French Society for Metals, Paris. 

S. L. Bennett, C. B. Finch, H. L. Yakel, J. Brynestad, and G. W. Clark, 
"Crystal Growth of Monoclinic Eu2O3 from Molten NaF," J .  C r y s t .  Growth 
41: 309-10 (1977). 

A. D. Brailsford and L. K. Mansur, "Effect of Self-Ion Injection in 
Simulation Studies of Void Swelling," J .  Nucl. Mater. 71: 110-16 (1977). 
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H. Brumberger and R. W. Hendricks, Eds., Remarks Delivered at the 
Awards Ceremony (4th Int. Conf. Small-Angle Scattering of X Rays and 
Neutrons, Gatlinburg, Tenn., U.S.A., Oct. 3-7, 1977), ORNL/TM-6317. 

W. H. Butler, H. G. Smith, and N. Wakabayashi, "Electron-Phonon 
Contribution to the Phonon Linewidth in Nb: Theory and Experiment," 
Phys. Rev. Lett. 39(16): 1004-07 (October 1977). 

R. W. Carpenter and E. A. Kenik, "In-Situ Radiation Response of 
Nickel-Molybdenum Alloys in an HVEM," Proc. Fifth Intern. Conf. High 
Voltage Electron Microscopy, Kyoto, Japan, 577-80 (1977). 

R. W. Carpenter, editor, "Materials Requirements for Unconventional 
Energy Systems," Met. Trans. 9A, 142 (1978). 

J. V. Cathcart, "The Role of Stress Effects in the Oxidation 
Behavior of High Temperature Alloys," pp. 99-119 in Proc. Symp. Properties 
of High Temperature AZloys with Emphasis on Environmental Effects, 
Proc. V o l .  77-1, ed. by Z. A. Foroulis and F. S. Pettit, The Electro- 
chemical Society, Princeton, N. J., 1976. 

W. A. Coghlan and M. H. Yoo, "Modeling and Growth of a Finite 
Interstitial Loop Under Irradiation," (Summary) Trans. Am. Nucl. Soc. 
27(TANSAO 27): 330-32 (November-December 1977). 

D. G. Doran, G. R. Odette, L. K. Mansur, and R. L. Simons, "Damage 
Correlation in Theory and Practice," Radiation Effects in Breeder Reactor 
Structwal Materials, M. L. Bleiberg and J. W. Bennett, eds., American 
Institute of Mining, Metallurgical, and Petroleum Engineers, New York, 
591 (1977). 

K. Farrell, "3.7 Radiation Damage," pp. 325-27 in Conf. Proc. LOW 
Activation Materials Assessment for Fusion Reactors, Spec. Rep. 
EPRI-ER-328-SR, Electric Power Research Institute, March 1977. 

J. S. Faulkner, "Scattering Theory and Cluster Calculations," 
J. Phys .  C: Solid State Phys .  10: 4661-70 (1977). 

C. B. Finch, G. W. Clark, and M. M. Abraham, "Crystal Growth of 
Calcium Oxide from the Molten Solvent LiF-20 mole % CaF2," J. Cryst. 
Growth 39(2): 22326 (August 1977). 

C. B. Finch, R. L. Fellows, and J. P. Young, "Self-Luminescence of 
Several Fluorite-Structure Halides Doped with Curium or Berkelium," 
J. Lwnin. 16(1): 109-15 (1978). 

R. J. Gray, J. F. King, J. M. Leitnaker, and G. M. Slaughter, 
"Examination of a Failed Transition Weld Joint and the Associated Base 
Metals," pp. 11544 in Microstructural Science Volume 5 ,  ed. by J. D. Braun, 
H. W. Arrowsmith, and J. L. McCall, Elsevier, New York, 1977. 
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R. J. Gray, V. K. Sikka, J. M. Leitnaker, D. P. Edmonds, R. S. Crouse, 
and R. T. King, "A Metallographic Study of Ferrite - Sigma Transformation 
Using Ferromagnetic Colloid, Microprobe Analysis, and Color Etching," 
pp. 65-84 in Microstructural Science Volume 5 ,  ed. by J. D. Braun, 
H. W. Arrowsmith, and J. L. McCall, Elsevier, New York, 1977. 

R. Grynszpan, K. G. Lynn, C. L. Snead, Jr., A. N. Goland, and 
F. W. Wiffen, "Positron-Annihilation Investigation of High-Temperature 
Neutron-Irradiated Molybdenum," Phys .  L e t t .  62A(6): 459-62 
(19 September 1977). 

B. L. Gyorffy and G. M. Stocks, "Electronic States in Random 
Substitutional Alloys: 
I n f i n i t e  Structures,  ed. by P. Phariseau and L. Scheire, Plenum Press, 
NATO Advanced Study Institute Series, 1977. 

The CPA and Beyond," Electrons i n  F in i t e  and 

B. L. Gyorffy, G. M. Stocks, W. M. Temmerman, R. Jordan, D. R. Lloyd, 
C. M. Quinn, N. V. Richardson, "Angle Resolved Photo-emission from a 001 
Surface of Single Crystal Ni23Cu77 Random Solid Solution," Solid S ta te  
Cormnun. 23: 637-49 (1977). 

L. A. Harris, D. N. Braski, and C. S. Yust, "A Study of Factors 
Affecting Elemental Analyses by STEM," pp. 54-59 in Ceramic Micro- 
s tructures  ' 76 :  wi th  Rnphasis on Energy Related Applications,  ed. by 
R. M. Fulrath and J. A. Pask, Waterview Press, Boulder, Colorado, 1977. 

L. A. Harris, C. S. Yust, and R. S. Crouse, "Direct Determination 
of Pyritic and Organic Sulfur by Combined Coal Petrography and Microprobe 
Analysis (CPMA) - A  Feasibility Study," Fuel 56: 456-57 (October 1977). 

R. W. Hendricks, J. Schelten, and G. Lippmann, "Studies of Voids in 
Neutron-Irradiated Aluminum Single Crystals. 111. Determination of Void 
Surface Properties," PhiZos. Mag. 3 6 ( 4 ) :  907-21 (1977). 

R. W. Hendricks, "The ORNL 10-Meter Small-Angle X-Ray Scattering 
Camera," J .  Appl. Cryst. 11: 1530 (1978). 

A. Jostsons, R. G. Blake, J. G. Napier, P. M. Kelly, and K. Farrell, 
"Faulted Loops in Neutron Irradiated Zirconium, ' I  6. NucL. Mater. 
68: 267-76 (1977). 

E. A. Kenik, "Simulation of Radiation Damage and Stability in 
Type 316 Stainless Steel," (Summary) Tyans. Am. Nucl. Soc. 27(TANSAO 27): 
275 (November4ecember 1977). 

C. C. Koch and D. S. Easton, Mechanical Behavior and S t re s s  E f f e c t s  
i n  Hard Superconductors - A  Review, ORNLITM-5857 (November 1977). 

C. C. Koch and D. S. Easton, "A Review of  Mechanical Behavior and 
Stress Effects in Hard Superconductors," Cryogenics 17(7): 391-413 (1977). 
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T. G. Kollie, "Measurement of the Thermal Expansion Coefficients of 
Nickel from 300 to 1000 K and Determination of the Power Law Constants 
Near the Curie Temperature," Phys.  Rev. B 16(11): 4872-81 (1977). 

M. 0. Krause, C. W. Nester, Jr., C. J. Sparks, Jr., and E. Ricci, 
X-Ray Fluorescence Cross Sections for K and L X Rays of the  Elements, 
ORNL-5399 (June 1978). 

H. P. Krautwasser, R. L. Beatty, V. J. Tennery, and C. S. Yust, 
Comparison of Pyrolytic Carbon Microstructures, Derived from MAPP-Gas 
and Propylene," pp. 467-76 in Ceramic Microstmctures '76 with  Emphasis 
on Energy Related Applications,  ed. by R .  M. Fulrath and J. A. Pask, 
Westview Press, Boulder, Colorado, 1977. 

I t  

J. M. Leitnaker and J. Bentley, "Precipitate Phases in Type 321 
Stainless Steel After Aging 17 Years at 600°C," Metall .  Trans. 8A: 1605-13 
(October 1977). 

J. M. Leitnaker, G. A. Potter, D. J. Bradl.ey, J. C. Franklin, and 
W. R. Laing, The Composition of Eta Carbide in Hastelloy N A f t e r  Aging 
40,000 hr a t  815OC,  ORNL-5340 (November 1977). 

J. M. Leitnaker, G. A. Potter, D. J. Bradley, J. C .  Franklin, and 
W. A. Laing, "The Composition of Eta Carbide in Hastelloy N After Aging 
10,000 h at 815"C," MetalZ. Trans. A 9A: 397-4100 (March 1978). 

V. W. Lindberg, J. D. McGervey, and R. W. Hendricks, "Annealing 
Studies of Voids in Neutron-Irradiated Aluminum Single Crystals by 
Positron Annihilation," PhiZos. Mag. 36(1.) : 117-28 (July 1977). 

T. S. Lundy, "Use of the Hart-Mortlock Equation to Interpret Tracer 
Diffusion Results," Scr. MetaZZ. 12(1): 95-98 (1978). 

K. G .  Lynn, C. L. Snead; A. L. Goland, and F. W. Wiffen, "Positron- 
Annihilation Investigation of High-Temperature Neutron-Irradiated 
Molybdenum," P h y s .  Le t ters  62A: 459-62 ( 1 9 7 7 ) .  

L. K. Mansur and W. G. Wolfer, "Influence of a Surface Coating in 
Void Formation," J .  Nucl. Mater. 69/70(1&2) : 825-29 (February 1978). 

L. K. Mansur and W. G. Wolfer, A Study of the  E f f ec t  o f  void Surface 
Coatings on Radiation-Induced SweZZing, ORNL/TM-5670 (September 1977). 

L. K. Mansur, M. H. Yoo, and W. A. Coghlan, "The Effect of Impurities 
on Void Nucleation and Growth," (Summary) Trans. Am. Nucl. Soc. 27(TANSAO 27): 
332-35 (November-December 1977). 

L. K. Mansur and M. H. Yoo, The E f f ec t s  of Jmpurity Trapping on 
Irradiation-Induced Swelling and Creep, ORNL/TM-6134 (December 1977). 
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